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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 Metro-
politan Museum of Art and Princeton University, a museum at Harvard 

Arthur M. Sackler, M.D. 
1913–1987 
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University, and the Arthur M. Sackler Gallery of Asian Art in Washing-
ton, 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

B iodiversity—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 
“Cooperation and Conflict,” which was sponsored by the National 
Academy of Sciences on January 7–8, 2011, at the Academy’s Arnold 

and Mabel Beckman Center in Irvine, California. It is the fifth in a series of 
colloquia under the general title “In the Light of Evolution.” The first four 
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, 2009a), and The Human Condition (Avise and 
Ayala, 2009b). The current volume explores recent developments in the 
study of cooperation and conflict, ranging from the level of the gene to 
societies and symbioses.

Any student of history knows that we humans can be a vicious lot, 
but paradoxically we are also among nature’s great cooperators. Which of 
us, as an individual, can manufacture a cell phone or an airplane? Even 
our great conflicts—wars—are extremely cooperative endeavors on each 
side. Some of this cooperation is best understood culturally, but we are 
also products of evolution, with bodies, brains, and behaviors molded by 
natural selection. How cooperation evolves has been one of the big ques-
tions in evolutionary biology, and how it pays or does not pay is a great 
intellectual puzzle.

If nothing makes sense in biology except in the light of evolution 
(Dobzhansky, 1973), then for the first century after Darwin, cooperation 
and altruism did not make much sense. We could see that individual 
organisms sometimes helped others, even at a cost to their own fitness. It 
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was clear that such behavior could benefit the group or the population, the 
species, or even other species and whole communities. However, it was 
not obvious how such effects would be heritable. All our mathematical 
models—the hard work of the modern synthesis—were about individuals 
with one allele out-reproducing those with an alternative. This process 
would favor individuals with higher reproduction but would not be 
expected to produce self-sacrifice. Yet, apparent cooperation was routinely 
attributed to the good of the group, species, or community. This situation 
changed in the first decade of Darwinism’s second century. William D. 
Hamilton (1964a,b) argued that cooperation was important in nature, and 
that social evolution could be understood in terms of direct gains to the 
actor’s own fitness or indirect benefits to the fitness of others who share 
the cooperation allele. There followed an intense period of exploring the 
indirect effects of cooperation and altruism, reinterpreting sexual selec-
tion and many other phenomena in terms of individual advantage, and 
understanding frequency-dependent effects via game theory, efforts that 
continue to the present.

The puzzle of cooperation was the dominant theme of research in 
the early years, whereas recent work has emphasized its importance and 
ubiquity. Far from being a rare trait shown by social insects and a few 
others, cooperation is both widespread taxonomically and essential to life. 
Major transitions in the hierarchy of life have often involved cooperation 
among lower-level units to the point where they evolve into higher-level 
organisms (Buss, 1987; Maynard Smith and Szathmary, 1995). Examples 
include the assembly of the eukaryotic cell with its symbiotic organelles, 
the evolution of multicellular organisms, and the organismal colonies of 
some social insects. Organisms are, at multiple levels, those units that 
have evolved to have, within their boundaries, extreme cooperation and 
minimal conflict (Queller and Strassmann, 2009; Strassmann and Queller, 
2010). The depth of research on cooperation and conflict has increased 
greatly, most notably in the direction of small organisms. Microbes turn 
out to have highly developed cooperation (West et al., 2007a), and they, 
along with other model organisms, have proven instrumental in beginning 
to understand sociality at the genetic and molecular levels, the study of 
real selfish genes (Santorelli et al., 2008). The social evolution approach has 
given us new insights on diseases often caused by microbes (Foster, 2005). 
At the other end of the spectrum, we are getting a much better under-
standing of the cooperation and conflict that matter most to our species 
(Alexander, 1979). Cooperation has been central to humanity’s spectacular 
success and will be central to our short-term and long-term fate.
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Although most of this book is about the new topics that are being 
treated as part of social evolution, such as genes, microbes, and 
medicine, the old fundamental subjects still matter and remain the 

object of vigorous research. The first four chapters revisit some of these 
standard arenas, including social insects, cooperatively breeding birds, 
mutualisms, and how to model social evolution. 

There are many ways to think about and model social evolution. 
Inclusive fitness is one of the most venerable and most useful, and is 
the framework used by many authors in this book. In Chapter 1, David 
Queller revisits why inclusive fitness has been so useful and suggests ways 
to expand it to make it speak more directly to interactions besides kin 
selection. He delimits two other kinds of social selection that can be treated 
more explicitly in Hamilton’s rule. “Kind selection,” which involves syn-
ergisms between individuals expressing the same traits, groups together 
greenbeards (genes that in effect can identify the presence of copies of 
themselves in other individuals) and many cases of frequency-dependent 
games because these share the feature that individuals expressing the trait 
have different effects on other expressers compared to nonexpressers and 
they also share many differences from pure kin selection. “Kith selection” 
requires neither kin nor kind, but instead involves actors affecting partners 
in ways that feed back to the actor’s fitness. Mutualism and manipula-
tion are included in this category. The expanded version of Hamilton’s 
rule with kin, kith, and kind could bring the advantages of Hamilton’s 
methods to a broader range of social interactions.

 
Part I

THE FUNDAMENTALS OF  
EVOLUTIONARY COOPERATION

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


2 / Part I

Interactions between individuals of different species are a major type 
of kith selection, where individuals are selected to affect their partners 
in ways that ultimately benefit themselves (or their kin). Such interac-
tions need not be cooperative, but when they are, they typically involve 
exchange of different services that one partner needs and the other can 
easily provide, so partners can be very different. Accordingly, in Chapter 
2, Joel Sachs and colleagues explore associations or symbiosis among 
partners that are very different indeed, one being eukaryotic and the 
other prokaryotic. Such symbioses, by leading to mitochondria and chlo-
roplasts, were responsible for the evolution of the eukaryotic cell itself. 
But additional symbioses are widespread and sometimes ancient. These 
authors use a combination of broad-scale phylogenetic analyses and case 
histories of particular systems to explore several transitions. They find, 
for example, that there is little phylogenetic signal to indicate that some 
bacterial groups are preadapted for eukaryotic symbiosis. Instead, the 
genes required appear to be quite widely available through horizontal 
transmission. Mutualistic interactions appear to arise from both parasitic 
and free-living ancestors. Once acquired, these mutualistic interactions 
seem to be quite stable, with few reversions to nonmutualistic forms. 
Given the tendency of vertically transmitted symbionts to degrade and 
the propensity of horizontally transmitted ones to cheat, this stability is 
somewhat surprising. 

The social insects have long been viewed as the pinnacle of coopera-
tion. This view is most tenable if one ignores the cooperation that goes on 
in transitions that are already complete, such as to multicellular animals or 
the eukaryotic cell. But some social insect colonies are so cooperative and 
integrated that they are viewed as superorganisms (organisms made up 
of other organisms). The motive force behind the evolution of these soci-
eties, which consist of close relatives, is kin selection (Hamilton, 1964a). 
In Chapter 3, Peter Nonacs points out that predictions from kin selection 
theory have been both successful and also disappointing. The difference, 
he suggests, is not due to chance. The successful predictions from sex-ratio 
theory and worker-policing theory work because the predicted behaviors 
can be achieved using simple environmental cues that correlate with kin-
ship. It is easy to treat males differently from females, or workers from 
queens. The less successful kin selection predictions, such as parts of skew 
theory, may fail because they require genetic kin recognition mechanisms 
sufficient to detect closer from more distant relatives within colonies. This 
may not explain everything, because genetic kin recognition systems do 
exist, at least for distinguishing colony members from noncolony mem-
bers. The interaction between environmental and genetic recognition sys-
tems has scarcely been explored, and Nonacs runs computer simulations 
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The Fundamentals of Evolutionary Cooperation / 3

showing how greenbeard loci can perturb the outcomes expected under 
pedigree relatedness alone.

After the social insects, cooperative birds and mammals have attracted 
the most attention. Many bird species have helpers at the nest, usually 
offspring from previous broods who have remained at their natal site 
(Cockburn, 2006). Kinship is important here too. Helping systems usually 
evolve from monogamous ones, and discrimination evolves in systems 
that show variation in relatedness (Cornwallis et al., 2010). But the story 
is more complicated, for two reasons. First, although, some helpers gain 
kin-selected benefits through helping close kin, others may gain direct 
benefits. Compared with the social insects, more research on birds has 
addressed the particular benefits of remaining at home and on the ecologi-
cal constraints that may limit independent breeding. Variance in repro-
ductive success has played a role in these discussions, but in Chapter 4, 
Dustin Rubenstein moves it to a more central position. He suggests that 
cooperative breeders may be bet hedgers, gaining advantage from a more 
uniform reproductive output in cooperative groups. Rubenstein draws on 
many years of his field data on starlings in Africa, where there is much 
variation in both time and space, and he finds support for several predic-
tions of this hypothesis. 
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Inclusive fitness theory has a combination of simplicity, generality, and 
accuracy that has made it an extremely successful way of thinking about 
and modeling effects on kin. However, there are types of social interac-
tions that, although covered, are not illuminated. Here, I expand the 
inclusive fitness approach and the corresponding neighbor-modulated 
approach to specify two other kinds of social selection. Kind selection, 
which includes greenbeards and many nonadditive games, is where 
selection depends on an actor’s trait having different effects on others 
depending on whether they share the trait. Kith selection includes social 
effects that do not require either kin or kind, such as mutualism and 
manipulation. It involves social effects of a trait that affect a partner, with 
feedback to the actor’s fitness. I derive expanded versions of Hamilton’s 
rule for kith and kind selection, generalizing Hamilton’s insight that we 
can model social selection through a sum of fitness effects, each multi-
plied by an appropriate association coefficient. Kinship is, thus, only one 
of the important types of association, but all can be incorporated within 
an expanded inclusive fitness.

Hamilton’s rule and the associated concept of inclusive fitness 
(Hamilton, 1964a) have provided an extremely successful way of 
thinking about and modeling social evolution (West et al., 2007b). 

1

Expanded Social Fitness and 
Hamilton’s Rule for  
Kin, Kith, and Kind

DAVID C. QUELLER

Department of Biology, Washington University, St. Louis, Mo 63130. E-mail: queller@biology2.
wustl.edu.
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6 / David C. Queller

There are a number of reasons why this is true. It is simple, and therefore, 
users can apply its logic with ease; nevertheless, it is quite general. In 
some versions, it is exact, and even less exact versions are not necessar-
ily a strong concern for field or comparative studies, where we can only 
measure crudely anyway. Crucially, it is often sufficiently independent of 
the genetic details, such as dominance and recessiveness, the number of 
genes, and their allele frequencies. This allows it to become an important 
tool of the phenotypic gambit (Grafen, 1984) and optimality approaches. It 
can be used for traits where we do not understand the underlying genetics, 
and, in fact, we never fully understand the genetics. It also conveniently 
separates selection into two kinds of summary terms: effects on fitness 
(costs and benefits) and population structure (relatedness). This separation 
makes the process easy to think about and the equations easy to apply. 
Inclusive fitness points to cause-effect relations, specifically to the various 
effects caused by the actor’s behavior. This focus on what the actor can 
control allows us to tie into the long biological tradition of thinking of 
actors, or their genes, as agents. Additionally, it tells us that these agents 
should appear to be trying to maximize inclusive fitness.

Inclusive fitness is not perfect. It does not provide the most natural 
way to handle explicit dynamics. It usually takes population structure as 
a given, and when it does this, it may not yield insight into how popula-
tion structure emerges. Although, in principle, it covers everything, its 
summary parameters may sometimes conceal interesting complexity. Even 
its treatment of social causation is incomplete. For example, although it 
would include any benefits from mutualism in with other effects on the 
actor’s direct fitness, it does not usually separate out these effects or pro-
vide a causal treatment of them. Many or all of these deficits are fixable, 
although sometimes at the cost of making the models more complex and 
therefore, losing some of the advantages of the approach. In this paper, I 
will try to expand the types of social causation covered explicitly, while 
trying to maintain reasonable simplicity. For example, I will show how 
to specify mutualistic social effects in a category that I call kith selection, 
named after the largely archaic word for acquaintances, friends, and 
neighbors.

I will also argue that it is often worth distinguishing kin and kith 
selection from what I call kind selection, partly to properly capture social 
causality and partly because these forms of social selection act in very 
different ways. Inclusive fitness, developed by Hamilton (1964a), is 
closely associated with the process of kin selection, named by Maynard 
Smith (1964). However, they are not the same thing. Inclusive fitness is 
an accounting method and maximand. Kin selection is a process, and it 
can be described by other kinds of accounting. The obvious example is 
the neighbor-modulated approach that uses the same fitness partition as 
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inclusive fitness but groups by effects received rather than effects given 
(Taylor and Frank, 1996). However, models with other fitness partitions, 
such as multilevel selection models, also often describe kin selection 
(Price, 1972; Hamilton, 1975; Wade, 1980; Queller, 1992c). Another reason 
is that inclusive fitness includes standard selection where there are no 
kin effects at all. Finally, kin selection, when interpreted as resulting from 
genomewide genealogical relatedness, does not cover all indirect effects. 
The most commonly cited examples are greenbeard genes (Dawkins, 
1976b), which act based on their own identities rather than pedigree kin-
ship. These are commonly grouped under kin selection, but I will argue 
that greenbeards are one example of the distinct phenomenon that I will 
call kind selection.

Specifically, I derive an expanded Hamilton’s rule (1964a) or inclusive 
fitness effect (and neighbor-modulated fitness effect) as

 (1)

The first two terms look like the standard Hamilton’s rule but are not 
exactly the same, because some social effects have been split off into addi-
tional terms. Here, −c is nonsocial direct fitness but does not include some 
social components of direct fitness. These fitness effects, m (for mutualism 
or manipulation), are multiplied by a feedback coefficient  f to give the kith 
selection term. Also, kind effects d (deviation from additivity) multiplied 
by a kind coefficient s (synergism) are split off. These include greenbeard 
effects that are normally in indirect fitness and some frequency-dependent 
effects that are usually placed in direct fitness. This is an expanded form 
in two senses. First, it covers more kinds of social selection or at least, it 
covers more in a causal manner. Second, it expands out into the number of 
terms needed to describe this causation with two kinds of distinct terms: 
selection terms relating social actions to fitness components and associa-
tion coefficients that essentially describe the relative heritability of those 
effects. I continue to call this a version of Hamilton’s rule because of this 
key similarity.

In introducing kith and kind selection, I am not claiming to have 
discovered new forms of social selection. All of the social situations that 
I discuss have been explored in other ways. Nor should this treatment be 
viewed as invalidating the standard inclusive fitness approach; it can be 
viewed as a more detailed version of that approach. My goal here is to 
present a useful classification of social behaviors and derive a common 
theoretical framework that partakes of the many advantages of the inclu-
sive fitness approach.

+ b* r + d * s + m* f 0∑ ∑ ∑ >c– .
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MODELING SOCIAL EFFECTS

In this section, I illustrate the method I use to partition different kinds 
of selection using the methods of Queller (1992a,b). The approach closely 
parallels the causal modeling approach pioneered by Lande and Arnold 
(1983), which is further developed for social traits in the indirect genetics 
effects approach (Moore et al., 1997; Bijma and Wade, 2008; McGlothlin 
et al., 2010). I begin with Price’s (1970) equation 9 for the change in the 
average of some quantity—here, the average breeding value for a trait, 
G , which can be for a single gene or multiple loci affecting a trait. Price’s 
(1970) equation is an identity that always holds, but additional assump-
tions are often made. Here, I follow the common practice of ignoring its 
second term, which can incorporate effects like meiotic drive or change 
in environment, to focus on organismal selection and adaptation. Price’s 
(Hamilton, 1964a) equation can then be written as

 W G = (W,G),∆ Cov  (2)

showing that breeding value is expected to increase if it covaries positively 
with fitness. Now, consider a social trait where an individual’s fitness is 
affected by both his own trait and the trait of a partner. For the moment, 
we will assume that we know each individual’s genes for the trait, with a 
breeding value of G for the focal individual and G′ for its partner. Fitness 
can be written in the form of a regression

 GWG G WG G= α + β + β ′ + ε.′⋅ ′⋅W G  (3)

The α is the intercept, and it can be conceived of as the base fitness before 
any social actions. The β symbols are partial regression coefficients for the 
effect of the focal individual’s genes and the partner’s genes on the focal 
individual’s fitness, each holding the effect of the other individual con-
stant. The ε is the residual or remainder, including the effects of any other 
causes and any truly random effects. The regression equation might make 
it seem that we are interested purely in estimation, but it is also gives us a 
model of fitness that, depending on the predictors, can be useful, useless, 
or even misleading.

Substituting Eq. (2) into expression (1) yields

 
α β β ε∆ ⋅ ⋅Cov Cov Cov CovW G= ( ,G) + ( G,G) + ( G',G) + ( ,G).WG G' WG' G

 (4)

The first covariance drops out, because a constant has zero covariance. The 
last term drops out, because the residuals of a regression are uncorrelated 
with the predictor variables. If we are thinking in terms of a model, we 
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assume that ε and G are uncorrelated. Next, we can pull the constant β 
outside of the covariance terms to give

 
W G= (G,G) + (G,G ).WG G WG' Gβ β∆ ′⋅ ′ ⋅Cov Cov  (5)

Average breeding value DG  will increase when βWG∙G′Cov(G,G) + 
βWG′∙G′Cov(G′,G) > 0. Dividing through by the first covariance gives 
βWG∙G′ + βWG′∙GCov(G′,G)/Cov(G,G) > 0 or

  (6)

This is Hamilton’s rule, with the direct effect on fitness βWG.G′, the indi-
rect effect of a partner βWG′∙G, and a regression coefficient of relatedness 
βGG′. It is a neighbor-modulated fitness form of Hamilton’s rule, which 
totes up effect on each individual, but it can be rearranged under quite 
general conditions to an inclusive fitness form that switches all of the 
primes and nonprimes in the second term and thus totes up the effects of 
each individual (Frank, 1998).

Because we assumed we knew the genes, this form is extremely gen-
eral. It belies the claim that is occasionally made that inclusive fitness 
requires many assumptions (Nowak et al., 2010). Those claims are usually 
made about phenotypic versions that are used when we do not assume 
that we know the genetic basis of the traits, and the same limitations 
would generally apply to alternative models faced with that assumption. 
Therefore, proponents of inclusive fitness can rightly refute the claim of 
limited generality. However, one of the main appeals of inclusive fitness 
is that it can often be used without knowledge of the genes, and therefore, 
we will consider the phenotypic gambit shortly.

I have dwelled a bit on already published math (Queller, 1992a,c), 
because every subsequent derivation in this paper, for which I will not 
show the math, follows an exactly parallel procedure consisting of the 
following steps:

(i) Write a regression model for the actor’s fitness.
(ii) Substitute that expression for fitness into the abbreviated Price’s 

(1970) equation.
(iii) Divide the covariance into separate terms, one for each term of 

the regression.
(iv) Drop out the α (intercept) term.
(v) Drop out the ε (residual) term provided that Cov(G,ε) = 0.
(vi) Extract the regression coefficients from the covariances.
(vii) Ask when D G  > 0.
(viii) Divide through by the covariance associated with actor’s fitness.

+ > 0.WG G' WG' G GG'β β β⋅ ⋅

I n  t h e  L i g h t  o f  E v o l u t i o n :  V o l u m e  V :  C o o p e r a t i o n  a n d  C o n f l i c t

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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We could stop at step (vi) to preserve a more general equation that 
predicts actual change in G, but I will follow the customary step in inclu-
sive fitness analysis of asking the more restricted question of when G  
increases. Either way, the crucial step turns out to be step (v). This is the 
only step that invokes an assumption, which is Cov(G,ε) = 0. This condi-
tion will, therefore, determine whether an exact Hamilton-type (1964a) 
result can legitimately be obtained. When it does drop out, we end up 
with an equation with the desired neat separation between fitness and 
structure terms, and therefore, I have called this the separation condition 
(Queller, 1992c).

CAUSALITY

There is nothing preordained about the predictors used in the deriva-
tion above. We could attempt to get a result from any equation predicting 
or describing fitness. Indeed, it was technically unnecessary to include the 
partner’s breeding value. If we use only the focal individual’s breeding 
value (W = α + βWGG + ε) and follow steps (ii)–(viii), above, we show that 
G > 0 when βWG > 0. This does not take us far from Price’s (1970) equation, 
but it has exactly the same level of validity and accuracy as the inclusive 
fitness result derived above. Why then do we prefer the inclusive fitness 
result? The first reason, to be treated shortly, is that leaving out the part-
ner does not work when we try to play the phenotypic gambit. The other 
reason is that including the partner can provide some additional causal 
explanation. We are no longer just saying certain genes are associated with 
fitness; we are giving a breakdown of how that association is caused. It is 
this causal feature that I want to expand to include more than kin effects.

To illustrate the point about causality, consider another model of 
fitness based on the individual’s breeding value G and the phase of the 
moon, represented by M. If we substitute W = α + βWG∙MG + βWG∙GM + 
ε into Price’s (1970) equation, steps (ii)–(viii) lead us to the conclusion that 
D G  > 0 when βWG∙M + βWM∙G βGM > 0. The first term remains the effect 
of the actor’s genes on its fitness, but the second term is now the effect of 
the moon phase and is multiplied by βGM, a sort of moony relatedness 
linking breeding value and phase of the moon. This model is just as correct 
as the first two that we considered (the ε term must drop out, because G 
is one of the predictors); however, no one would consider it very useful, 
because moon phase is unlikely to have any causality. Even if the phase 
of the moon had some effect on fitness (in which case, we would need to 
take it into account for a full evolutionary explanation of the trait), the 
actor would still be a passive player. There is nothing the actor can do to 
alter the phase of the moon, and therefore, for optimality arguments, we 
can ignore it.
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Any causes can be included (Queller, 1992a; Frank, 1998). In this 
respect, my approach is similar to that taken by the indirect genetic effects 
(IGE) school of social evolution, which can recover versions of Hamilton’s 
rule (1964a) in very similar ways (Moore et al., 1997; Bijma and Wade, 
2008; McGlothlin et al., 2010). IGE is an extension of quantitative genet-
ics to social evolution, and quantitative genetics has always engaged in 
partitioning evolution into causal components. My interest here is not in 
all possible causes but in those that most clarify the role of selection on 
an actor’s social behavior. Thus, in the same way that I exclude the moon 
phase from the model, I will not generally explore byproduct social effects. 
A lion that kills a zebra benefits local vultures, and this can influence 
their traits and fitness; therefore, the killing has a social aspect. However, 
the vultures do not influence the killing, and the evolution of that killing 
behavior (as opposed to the incidental effects on vulture traits) does not 
need to take vultures into account. An important exception is when there 
are byproducts with feedbacks on the actor’s fitness.

PHENOTYPES AND SOCIAL CAUSES

Much of the value of inclusive fitness stems from its use in the phe-
notypic gambit (Grafen, 1984). If we know costs, benefits, and related-
ness, we can usually make good predictions about what kinds of traits 
will be favored, even if we do not understand the underlying genetics. 
Such approaches are sometimes denigrated by theoreticians, who prefer 
precision and mathematical rigor over all else, but for understanding the 
real world, it is essential. To deny this is to deny that Darwin understood 
anything about adaptation, because all he had to work with was the fit 
of phenotypes to their environments and a knowledge that some form of 
heredity exists.

When kin are affected, the phenotypic gambit requires indirect effects. 
If we use only the actor’s phenotype P to model its fitness (W = α + βWPP 
+ ε) and follow steps (ii)–(viii), we predict that D G  > 0 when βWP > 0. This 
predicts that altruism cannot evolve, because a cost to self means a nega-
tive βWP. However, we know that altruism can evolve. Mathematically, 
the reason that the phenotypic gambit fails here is step (v), the separation 
condition (Queller, 1992c). After the effect of the actor’s behavior on its 
own fitness is removed, the residual ε is correlated with genotype G if 
the interaction involves relatives. The partner’s fitness W is affected by 
the partner’s behavior P′, which is correlated with G′, which, in turn, is 
correlated with G when the individuals are relatives.

The solution of inclusive fitness theory is to include the partner’s 
phenotype in the fitness model: W = α + βWP∙P′P + βWP′∙PP′ + ε. Follow-
ing steps (ii)–(viii) now yields
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+

(G, P')
(G, P)

> 0.WP P' WP' Pβ β⋅ ⋅
Cov
Cov  (7)

Here, the two regression terms represent the cost and benefit like in 
(6), except that we now use phenotypes instead of breeding values. The 
relatedness coefficient is now a more complicated ratio of covariances 
(Michod and Hamilton, 1980). The ratio makes intuitive sense, however, 
particularly if we think of phenotype being one for performing the behav-
ior and zero for not performing. Then, relatedness is essentially the ratio 
of the actor’s breeding value when the partner performs the behavior to 
its breeding value when the actor performs the behavior. Switching this 
neighbor-modulated version to inclusive fitness gives

 
+

(G, P')
(G, P)

> 0.WP P' W'P Pβ β⋅ ⋅
Cov
Cov

 (8)

Seger (1981) discusses the relationship among these regression coefficients.

KITH SELECTION

Hamilton’s rule (Wade, 1980) is normally applied to kin selection, 
with the relatedness covariances arising from common descent (Hamilton, 
1964a). However, there is nothing in the derivations that limits it to this 
case. The primary limitation, as I will show, is additivity of the two fit-
ness components βWP∙P′ and βWP′∙P . Within that constraint, the gene-
phenotype associations represented in the covariance ratio could have 
any cause. Queller (1985) pointed out that the phenotypic covariance ratio 
could also be used to describe reciprocity. Frank (1994, 1998) argued that 
mutualism or indeed, any correlated interaction could be described by a 
version of Hamilton’s rule, and argued for a general informational view 
of relatedness coefficients. Fletcher and Doebeli (2009) further developed 
these themes and argued for abandoning genetic relatedness as the main 
key to cooperation in favor of correlated interactions. I will develop those 
themes here, grouping the mechanisms under the heading of kith selec-
tion—selection involving neighbors who need not be kin or similar in 
kind.

Fig. 1.1 illustrates the connections. Under kin selection, an arrow 
would connect G and G′. However, even if there is no kinship, P′ and P 
can still be used to model or predict the focal individual’s fitness W, result-
ing in expression (7) or (8). If the actor’s phenotype predicts its partner’s 
phenotype P′ (heavy arrow), this generates a covariance between G and 
P′ (or G′ and P), making the relatedness coefficient in expressions (7) and 
(8) nonzero. However, we now allow P′ to represent an entirely differ-
ent behavior than P, coded for by different kinds of genes that possibly 
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FIGURE 1.1 Kith selection. An actor’s phenotype P 
can influence P′, its partner’s phenotype (often for a 
different trait), by manipulation, partner choice, and 
partner fidelity feedback (heavy arrow). These com-
ponents create an association between phenotypes P 
and P′ and therefore, also between P′ and G required 
in Eq. (7) [or P and G′ in Eq. (8)].

belong to different species. P could be carbon production by an alga in a 
lichen, and P′ could be nitrogen production by its fungal partner. The link 
between P and P′ could come through several means, including the two 
kinds of mechanisms that can be involved in reciprocity and mutualism: 
partner choice and partner fidelity feedback (Sachs et al., 2004). If coop-
erators choose to associate with cooperators and reject noncooperators, 
this situation will generate a correlation between P and P′. The same will 
be true if individuals join at random, but those who give larger benefits 
induce their partners to return larger benefits. Finally, the actor could 
influence the partner’s phenotype through pure manipulation.

Kin selection occurs through genetic identity, and can occur even if 
the partner does not express the behavior. Indeed, conditional helping of 
partners who do not help underlies some of the most important manifesta-
tions of kin selection, such as social insect workers helping queens. Kith 
selection, in contrast, requires phenotypic expression by the partner. The 
focal individual can affect its own fitness in kith interactions only through 
feedbacks. It affects the phenotype of the partner—whether by manipula-
tion, partner fidelity, or partner choice—and the partner’s phenotype feeds 
back on the actor’s fitness. The essential role of phenotypes is brought out 
by modeling the partner’s phenotype as P′ = α + βP′PP + ε and substituting 
it into the covariance ratio of expression (7):

 β β α β ε
⋅ ⋅

⋅Cov
Cov

+
(G, + P + )

(G, P)
> 0.WP P' WP' P

P' P  (9)

Splitting the covariance, dropping the α and ε terms, and extracting the 
β coefficient yields
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 (10)

We now have Hamilton’s rule with the usual effect on fitness of self 
(βWP∙P′) and partner (βWP′∙P), but instead of genetic relatedness, there 
is a structural feedback coefficient βP′P that tells how much the actor’s 
behavior influences or is correlated with the relevant behavior of its part-
ner. Remember that the phenotypes may be entirely different things (per-
haps cooperative carbon production by an alga and cooperative nitrogen 
production by a fungus) but that a correlation can still exist between the 
two forms of cooperation. The actor’s cooperation can pay, even if it pays 
a cost (βWP∙P′ < 0), if its behavior causes or is associated with (βP′P > 0) 
partner behaviors with positive benefits (βWP′∙P > 0).

If the partner is unrelated or in a different species, the standard 
Hamilton’s rule (1964a) would simply require βWP > 0, where βWP 
includes any effects of the actor’s behavior that operate by feedback 
through partners. That result is perfectly correct and does not need to be 
altered, but it does not capture the social causation. With expression (10) 
we can see that the actor increases its own fitness by a pathway that, like 
kin selection, involves social benefits and some kind of association.

Expression (10) is an expanded version of Hamilton’s rule that cap-
tures kith selection, but it is a neighbor-modulated form, with effects on 
a focal actor rather than an inclusive fitness form that attributes all effects 
to a focal actor. Neighbor-modulated forms are often better for modeling 
(Taylor and Frank, 1996), whereas inclusive fitness forms are often better 
for intuition and insight. To obtain an inclusive fitness form that tells how 
actors value a partner’s fitness, we need to include the partner’s fitness.

I distinguish two cases. In the first case, the partner’s fitness is inci-
dental for the actor, affected only as a side effect of the actor’s effect on the 
partner’s phenotype (dashed arrow in Fig. 1.1). The effect of the actor’s 
behavior on partner fitness is the product of its effect on the partner’s 
phenotype βP′∙P and the effect of the partner’s phenotype on the partner’s 
fitness βW′∙P = βP′∙P βW′∙P’. Therefore, βP′∙P = βW′∙P/βW′∙P. which can be 
substituted into expression (10) to give 

 
+ > 0WP P' WP' P

W'P

W'P'
β β β

β⋅ ⋅

or, shifting the denominator,

 (11)

Now, we have the actor’s nonsocial effect on its own fitness and its kith 
effect on its partner’s fitness βW′∙P through its effect on the partner phe-

β β β⋅ ⋅ ⋅+ > 0.P' PWP P' WP' P

+ > 0.WP P' W'P
WP' P

W'P'
β β β

β⋅
⋅
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notype. The latter is multiplied by a regression ratio that tells how the 
actor values those fitness effects on the partner. This kith or feedback 
coefficient shows that the actor values effects on its partner’s fitness (by 
P and P′) only to the degree that they are associated with fitness returns 
to itself. This makes sense as a scaling factor for the actor, when it acts 
through affecting the partner’s phenotype. The effect on the partner’s fit-
ness is incidental, but when the feedback coefficient is positive, the actor 
gets a positive feedback by aiding its partner. The feedback need not be 
positive. We could use the equation to describe manipulation that harms 
the partner but benefits the actor.

A second possibility is that the actor gains not so much by affecting 
some particular cooperative trait of the partner but by affecting its fitness 
in general. That is, effects on the partner’s fitness are necessary for the 
feedback to the actor, not just an incidental effect. In a lichen, an alga that 
produces more carbon may make its fungal partner fitter, and fitter fungi 
may make more nitrogen that benefit the alga. Here, we write fitness as W 
= α + βWP∙W′P + βWW′∙PP′ + ε and follow steps (ii)–(viii) to get a simpler 
result (12):

 (12)

Here, the actor affects its own fitness (βWP∙W′) and the fitness of its partner 
(βW′P), with the latter multiplied by a feedback coefficient of βWW′∙P that 
describes how much partner’s fitness affects the actor’s fitness, partial-
ing out the nonsocial effects of the actor’s behavior (which are included 
in the first term). This is a more intuitive result than expression (11), but 
it is really just a special case of it, where P′ = W′. In both cases, the actor 
values its partner’s fitness according to how it affects its own fitness, but 
in one case, it is mediated through some intermediate trait. The difference 
may be important for the evolution of complex mutualisms, which may 
be much easier to evolve when any benefits to partner’s fitness feed back 
to the actor than if it occurs through only one or a few traits.

Expressions (10)–(12) provide Hamilton’s rule forms to handle kith 
selection. As suggested previously, both reciprocity (Queller, 1985; Fletcher 
and Zwick, 2006) and mutualism (Frank, 1994, 1998; Fletcher and Zwick, 
2006; Foster and Wenseleers, 2006) can be addressed using such results. 
The analysis here adds at least three features. First, manipulation can 
be added to the kinds of interactions treated. Second, the results can be 
expressed not just in terms of neighbor-modulated fitness but also in 
terms of inclusive fitness. Third, I have put these kinds of results into the 
common language of regressions and covariances used by quantitative 
geneticists. The regressions of phenotype on fitness are selection differ-
entials. The coefficient that scales the second regression has to do with 

β β β⋅ ⋅+ > 0.WP W W'P WW' P'
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heritability; it is actually a ratio of the heritability of the nonsocial effect on 
self and the heritability of the social effect of, or on, one’s partner. This has 
been shown previously for relatedness in the kin selection form, where the 
heritability of the indirect selection effect is lowered, because the partner 
is less likely to pass on the trait (Queller, 1992c). For kith selection, the 
heritability through social effects is lowered by the fact that the actor’s 
phenotype does not perfectly predict the partner’s phenotype.

KIND SELECTION

Another type of selection that is usefully considered separately from 
the other two is what I call kind selection (Strassmann et al., 2011a). The 
first example is the greenbeard gene, which has three effects: It produces 
a cue (like a greenbeard), perceives that cue in others, and directs some 
special action to those cue bearers (Hamilton, 1964a). Once viewed more 
as a thought experiment than as a real possibility (Dawkins, 1976b), real 
greenbeards are being identified with increasing frequency (Keller and 
Ross, 1998; Queller et al., 2003; Sinervo et al., 2006; Smukalla et al., 2008; 
Strassmann et al., 2011a). There are greenbeards that help others with the 
same trait, and there are greenbeards that harm others with different traits. 
There are both facultative greenbeards that take special actions to like or 
unlike interactants and obligate greenbeards that perform a general action 
that has different effects on like and unlike (Gardner and West, 2010).

Table 1.1 shows many differences between greenbeard or kind selec-
tion relative to kin selection (and also, for completeness, to kith selection). 
I will focus on greenbeards for the moment and come to other forms of 
kind selection later. The key difference is that, where kin selection works 
through genealogical kin of the actor, kind selection operates on those 
who specifically possess the same trait as the actor. Those two features 
can be correlated of course; kin tend to have similar genes that will tend 
to produce similar traits. However, in one case kinship is fundamental, 
and in the other case, phenotypic similarity is fundamental. Greenbeards 
can be favored even among nonkin. Conversely, kin selection can operate 
even in the absence of having actual traits in common; often, one kind of 
individual will express the trait, such as a worker bee’s behavior, to benefit 
others who specifically do not express the trait (queens and males) but 
are nevertheless kin.

Where kin selection operates through cues that correlate with identity 
by descent, kind selection operates based on all identities (both by descent 
and by state). Indeed, identity by trait might be a better description; two 
separate loci producing the same greenbeard trait could work just as 
well as one. Because identity by descent is normally the same across the 
genome, kin-selected genes across the genome agree, and complex coop-
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eration can easily be built. The situation with greenbeards is more com-
plex. An altruistic greenbeard allele is related by r = 1 to its beneficiaries 
and therefore may give more aid compared with what would be favored 
at other loci not related to that degree. There has been some debate over 
whether greenbeards are outlaws with respect to the rest of the genome 
(Alexander and Borgia, 1978; Gardner and West, 2010). However, the 
important point here is that no other locus, unless very closely linked, 
would build on a greenbeard’s identification of beneficiaries. More pre-
cisely, if it did build on this identification, it would only be to the extent 
that the greenbeard cue identified kin. As a result, we do not expect a lot of 
complexity from greenbeards—they are generally limited to simple traits.

The last two rows in Table 1.1 require a bit more explanation. 
Greenbeard traits depend on all identities, not just identity by descent, 

TABLE 1.1 Kin and Kind Discrimination

Kin Kind Kith

Behavior Action with 
partner

Interaction with 
partner

Feedback from 
partner

Key partner 
feature

Possession of 
same allele

Expression of 
same trait

Expression of other 
trait

Beneficiaries Genealogical kin Same trait or 
kind

Any

Role of genetic 
identity

By descent only All identities 
(but really trait 
identity)

None

Kinship required Yes No No

Genes Often multigenic Often one or 
linked complex

Often multigenic

Relatedness 
or genetic 
correlation

Same across 
genome

Higher at kind 
locus

None

Complex 
cooperation

Possible Unlikely Possible

Additive fitness 
effects

Yes Usually no Possible

Frequency 
dependence

Usually no Usually yes Possible
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and therefore, they usually depend on the frequency of the trait in the 
population (facultative helping greenbeards can be an exception) (Gardner 
and West, 2010). Kin selection is typically frequency independent; the 
condition −c + rb > 0 includes no allele frequencies, because the fraction 
of alleles identical by descent is independent of gene frequency. However, 
kin selection models with costs and benefits that are nonadditive typically 
show frequency dependence. I will argue below that this is because these 
nonadditive models include a form of kind selection.

I will begin by comparing facultative and obligate greenbeards and 
then build an argument (Queller, 1984) that obligate greenbeards are 
insensibly different from more general forms of kind selection. In faculta-
tive greenbeards, the actor first classifies its partners and then performs 
the appropriate behavior. Fire ant workers identify queens lacking their 
greenbeard allele and then attack them (Keller and Ross, 1998). Obligate 
greenbeards, in contrast, perform a behavior to all interactants without 
prior identification, but the behavior has different effects on partners 
who are greenbeards versus those who are not. Bacteriocins provide 
many examples of obligate harming greenbeards (Riley and Wertz, 2002; 
Gardner and West, 2010). Many bacteria have several tightly linked genes 
that make a poison, which some cells release at times of stress, and also 
make an antidote to the poison, which they keep private (Riley and Wertz, 
2002). Cells lacking the complex are killed by the poison, freeing up 
resources for those who have it. This greenbeard is obligate, because the 
cells produce the poison and antidote independently of who their partners 
are; however, the poison adversely affects only those that lack the gene 
complex (Gardner and West, 2010).

The key feature of a greenbeard is that it gives some fitness benefit to 
partners who share the trait that it does not give to partners who lack the 
trait. In a two-interactant payoff matrix, this can be represented as in Fig. 
1.2. The simplest greenbeard effect does not require this full complexity. It 
could be represented with the d parameter alone; d is what a greenbeard 
cooperator gets when playing another greenbeard cooperator, and it is 
generally the sum of the cost of greenbeard cooperation and the benefit 
of being helped. These are not the c and b variables in the matrix, which 
instead represent any general costs and benefits, not specific greenbeard 
ones. Consider the Ti plasmid of Agrobacterium tumefaciens, an obligate 
helping greenbeard (Gardner and West, 2010). It harbors a number of 
genes that induce its plant host to produce a tumor and produce a food 
source in the form of opines (White and Winans, 2007; Platt and Bever, 
2009). The costs of these behaviors are represented by c in Fig. 1.2—they 
apply whether there are nonbearers present or not. Any benefits that are 
public goods benefiting bearers and nonbearers alike—perhaps tumor 
production—are represented by b. However, the gains from opine pro-
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duction are a greenbeard effect, because opine catabolism is also coded 
on the Ti plasmid; nonbearers do not benefit. This targeted benefit must 
be represented by d. Thus, greenbeard effects may be superimposed on 
nongreenbeard effects, and they can be viewed as nonadditive fitness 
parts. When you are both an actor and a recipient, the payoff is not the 
−c + b that would come from adding the separate effects, but −c + b + d.

The payoff matrix in Fig. 1.2, required to represent greenbeard effects, 
is actually the general payoff matrix for two interactants (Queller, 1984). 
With three parameters plus zero, it covers exactly the same ground as any 
four-parameter matrix. Every such game can be expressed as a general 
effect on self c, a general effect on partners b, and a specific effect that 
applies only when both actor and partner perform the behavior d. That 
means that any nonadditive two-person game, one that requires the com-
plexity of a d parameter, has the greenbeard-like character of giving some 
fitness gain (or loss) to those who share the trait but not to others (Queller, 
1984). Additionally, most of the games that have occupied the interests of 
evolutionary theorists over the years are nonadditive. Long ago, I noted 
this similarity and toyed with the idea that all these games represent 
forms of greenbeard selection (Queller, 1984). That had the problem of 
subsuming the larger familiar category under the smaller—then nearly 
nonexistent—category of greenbeard. It might be more palatable to do 
the opposite (subsume greenbeard effects under the other type), but the 
problem here is that there really is no name for the process that underlies 
selection in these games. They are frequency dependent and nonadditive, 
but those terms do not capture the reason why the process works (the way 
kin selection does for affecting relatives). Kind selection does capture the 
feature, common with greenbeards, that an actor has different effects on 
its own kind than on different kinds.

FIGURE 1.2 General payoff matrix for the two persons expressed in terms of 
general effects on self (c), general effects on partner (b), and an extra effect (d) that 
applies only when both partners perform the behavior.
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Although I motivated this kind selection grouping using nonadditiv-
ity and frequency dependence, the similarities extend throughout Table 
1.1. Most notably, the fitness increment (or decrement) represented by d 
depends on expression of the trait by one’s partner. This involves all iden-
tities rather than just identity by descent, and kinship is not required. The 
similarity between partners receiving the d effect is generally higher than 
genealogical relatedness at the loci causing the behavior, but not at the rest 
of the genome. Cooperation that results from this single-trait similarity is 
expected to be relatively simple cooperation and not the highly complex 
cooperation that can lead to major transitions.

As an example, consider the Hawk–Dove game (Fig. 1.3A) (Maynard 
Smith and Price, 1973). There is some contested resource worth V fitness 
units at stake. Hawks fight, gaining all of the fitness units against doves, 
whereas two doves divide them peaceably. Two hawks will fight each 
other; a random one of them gets the resource, and the other gets injured, 
suffering fitness loss I. We can convert to the form of Fig. 1.3B by subtract-
ing V/2 from all entries to get Fig. 1.3B. We can now see that being a hawk 
adds V/2 to your own fitness, subtracts V/2 from your partner’s fitness, 
and subtracts an additional I/2 only when both partners are hawks. Thus, 
the d term here is negative, representing an antigreenbeard effect of harm-
ing one’s own type. A negative d means negative frequency dependence, 
with strategies being more favored when rare, leading to the possibility 
of polymorphism.

An example of a positive d would be two ant foundresses cooperat-
ing in colony establishment. Groupers pay a cost of searching for other 
groupers (c term in Fig. 1.2) and may also impose a general cost on all 
potential partners as they negotiate or figure out who is a grouper and 
who is a loner (the b term, likely negative in this case). However, there 
are also synergisms that can apply to two groupers that associate. For 
example, if one dies before the first workers hatch out, the other inherits 
those workers, getting a double brood, an advantage that loners never get. 
Many such group effects, such as selfish-herd defense (Hamilton, 1971), 
can be viewed in this way.

Warning coloration in distasteful insects provides a more elaborate 
example (Queller, 1984; Guilford, 1985). A bright individual is more likely 
to be seen by a predator (c term). If eaten, it will teach the predator that 
insects like this taste bad. That might provide some general benefit b to 
both bright and dull forms, but warning coloration will not evolve for that 
reason. It is favored if an eaten bright bug teaches the predator specifically 
about bright bugs being bad. This is a positive d, a benefit that bright bugs 
confer only on other bright bugs.

I do not include all game theory under kind selection, only games 
between individuals with the same trait options, with nonadditive effects. 
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FIGURE 1.3 Payoffs for the Hawk–Dove game in (A) conventional form and (B) 
the form of Fig. 1.2, emphasizing that there is a nonadditive effect of both partners 
performing the behavior, d = I/2.

Games between individuals with different roles, such as male and female, 
that express different traits are better considered as kith selection. Also 
excluded from kind selection are some frequency-dependent effects in 
multi-interactant games if the effects of an individual’s behavior are the 
same on both like and unlike partners (Smith et al., 2010a).

How should we model kind effects? There are many ways, with game 
theory having been the most popular. Even within the inclusive fitness 
approach, there are multiple options. Frequency-dependent effects are 
often incorporated into direct fitness. Greenbeard effects, in contrast, are 
usually attributed to indirect fitness through the partner. This is odd given 
that these two kinds of effects are so similar, but it is because d effects are 
really joint effects of the pair, and the two different historical traditions 
that attributed them to one partner happened to choose differently. A third 
alternative is often better. If the effect comes from the joint behavior of 
both partners, the best causal representation would be joint one (Queller, 
1984, 1985).

This can be accomplished, for the two-person game, by adding the 
joint phenotype P × P′ as a part in the model (Queller, 1985, 1992b). This 
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has a particularly clear interpretation when the trait is dichotomous and 
assigned values of 1 and 0. P × P′ then equals zero unless both partners 
express the trait, and therefore, it becomes a variable indicating when 
that happens. Specifically, let W = α + βWPP + βWP′P′ + βWPP′PP′ + ε 
(here, I omit the extra regression subscripts showing the partialed-out 
variables, but let it be understood that these are still partial regression 
coefficients). Now, follow steps (ii)–(viii) from earlier in the paper to find 
that DG increases when

 
+

(G, P')
(G, P)

+
(G, PP')
(G, P)

> 0WP WP' WPP'β β βCov
Cov

Cov
Cov

 (13)

from the neighbor-modulated point of view or

 +
(G', P)
(G, P)

+
(G', PP')

(G, P)
> 0WP W'P W'PP'β β βCov

Cov
Cov

Cov
 (14)

for inclusive fitness with indirect effects on partners (Queller, 1992c). I 
have termed the second covariance ratio, which depends on when both 
partners perform the behavior, a synergism coefficient (Queller, 1984, 
1985, 1992b).

There are two reasons for preferring these forms to simpler versions 
of Hamilton’s rule (1964a) that bundle nonadditive effects into one of 
the other terms. The main reason is the same one that applies to the 
kith selection forms: It captures the social causality better. Instead of an 
undifferentiated average direct fitness that implicitly combines two kinds 
of direct fitness (some individuals get −c and some get −c + d), the new 
forms split out those two effects and make the frequency dependence 
more explicit. It distinguishes true kin effects from effects that result from 
being similar in kind.

A secondary reason for preferring these forms is that they are some-
times more accurate than the simpler Hamilton’s rule. As noted above, the 
strictly genetic version of Hamilton’s rule (6) is always valid, but much 
of the value of Hamilton’s rule lies in being able to apply the phenotypic 
gambit. The two phenotypic predictors in expressions (7) and (8) success-
fully capture the complexity of an additive game. Together, the two predic-
tors define a plane as do the four fitness values in the two-person additive 
game. However, a plane cannot fit four nonadditive points. Adding P × P′ 
as a predictor allows us to fit those points and explain more of the vari-
ance. However, more importantly, the simpler versions can sometimes be 
incorrect, biased in the same way that caused us to reject the simple direct 
fitness model in favor of inclusive fitness. Specifically, the crucial step (v) 
of our derivation procedure, dropping Cov(G, ε), is not always possible 
for a model with only P and P′. Suppose, for example, that cooperation 
is multigenic. Cooperators all perform the behavior, but they can vary in 
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their breeding values for the trait. Then, if partners are at least sometimes 
related, those actors with the highest breeding values will be more likely to 
have partners who also perform the behavior and therefore are more likely 
to get the d effect. Thus, the average G differs for actors who get −c + b + 
d and those who get −c + b. One cannot simply average the two types any 
more than one could average eight fitness units given to a sibling and one 
unit given to a third cousin. In short, there are cases in phenotypic models 
where we cannot get away with two predictors. Synergism can be more 
complex than in the simple two-person game. When interactions occur in 
larger groups, additional terms may be needed to capture higher-order 
interactions (Smith et al., 2010a).

CONCLUSIONS

Although I have worked through kin, kith, and kind selection sepa-
rately, the results can be combined in the expanded version of Hamilton’s 
rule in expression (1). It covers more kinds of social selection in a causal 
manner. The inclusive fitness form would use terms from expression (8) 
for kin, expressions (11) or (12) for kith, and expression (14) for kind, 
whereas the neighbor-modulated form would use expressions (7), (10), 
and (13), respectively. These expanded social fitness results, like the tradi-
tional ones, separate out two kinds of distinct terms: selection terms relat-
ing social phenotype to fitness components and relative heritability terms 
that derive from associations of genes and phenotypes, or just phenotypes.

The model suggested here stakes out a middle position between stan-
dard inclusive fitness theory and more complex models (e.g., from popula-
tion genetics). The goal has been to extend the advantages of inclusive fit-
ness theory to a more explicitly causal analysis of social effects other than 
kin selection. I have chosen to still call the result Hamilton’s rule because 
of the way both separate fitness terms from association or currency trans-
lation terms that measure relative heritability. This approach makes the 
phenotypic gambit a plausible strategy; we can ask how phenotypes affect 
fitness and then separately assess or measure the associations implied by 
relatedness, synergism, or feedback coefficients. Like standard inclusive 
fitness, these high-level summary variables can cut through much of the 
complexity of population genetic models, where often, a new model must 
be constructed and solved for a small change in assumptions. The result 
is, like standard inclusive fitness, an individual-centered analysis that 
allows us to use the intuition that comes from a simple model and view-
ing individuals as agents.

This model probably does not much change the view that standard 
inclusive fitness is maximized, although it does change it to some extent. 
Kith effects are simply cleaved off of the standard direct fitness term, and 
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therefore, they do not alter total inclusive fitness. Kind effects are a bit 
more complex. The strictly genetic form of standard inclusive fitness (6) 
is always valid. However, the phenotypic form (8), which is often more 
useful in practice, is not always exactly valid under kind selection, and 
therefore, the expanded inclusive fitness with kind selection can differ 
somewhat from standard inclusive fitness. More work needs to be done on 
when these two forms differ and by how much, but I suspect that standard 
inclusive fitness will usually be a good approximation.

I have framed this paper largely in terms of the problem of coopera-
tion, with positive costs to the actor and positive benefits to partners, that 
has intrigued biologists for the last several decades. However, of course, 
as with inclusive fitness, the equations here also apply when they have 
fitness terms of the opposite sign. If c is negative, we have selfish effects. 
If b is negative, harm falls on relatives. If d is negative, two actors together 
have more negative effects than one acting alone. If m is negative, the actor 
is harming its partner, which can be favored if it is coupled with a nega-
tive feedback coefficient—if negative effects on partners generate positive 
effects back to the actor. Predation is an extreme example.

One complication that I have not treated explicitly is kith selection 
with multiple partners. For example, mutualisms often involve a large 
partner of one species and many smaller (often microbial) partners in 
another species. Actions of one of the smaller partners may then feed 
back onto kin, so extra terms, with both feedback and relatedness, may 
be required (Frank, 1994, 1998; Fletcher and Zwick, 2006; Foster and 
Wenseleers, 2006). There could also be an interaction with kind selection if 
the fitness feedbacks affect actors and nonactors differently. For example, 
the A. tumefaciens Ti plasmid works this way, with the opine greenbeard 
effects operating through influence on the host plant.

No social model will perform all possible functions. There are trade-
offs in precision, realism, and generality (Levins, 1966) as well as in sim-
plicity and elegance. Inclusive fitness does pretty well on most of these 
scores, but it does not tell us everything in either the standard or expanded 
forms. There is, for example, an increasing interest in how genetic relat-
edness patterns are generated in the course of selection, migration, and 
drift. Inclusive fitness typically (although not always) takes the relatedness 
pattern as given. This is true as well for the associations that underlie kith 
and kin selection. It is certainly useful to have more detailed models of 
how these associations are built up, and the paths may sometimes be too 
complex for such simple models to fully illuminate. However, the his-
tory of inclusive fitness suggests that it is also extremely useful to have 
summary models that cut through much of the complexity to illuminate 
crucial similarities and differences. Such models are especially useful to 
empiricists who do not usually know the genetics underlying their trait 
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and prefer to work with a small number of parameters rather than many. 
These advantages should apply to the expanded social fitness model that 
includes and distinguishes kin, kith, and kind.
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Diverse bacterial lineages form beneficial infections with eukaryotic hosts. The 
origins, evolution, and breakdown of these mutualisms represent important 
evolutionary transitions. To examine these key events, we synthesize data from 
diverse interactions between bacteria and eukaryote hosts. Five evolutionary 
transitions are investigated, including the origins of bacterial associations 
with eukaryotes, the origins and subsequent stable maintenance of bacte-
rial mutualism with hosts, the capture of beneficial symbionts via the evolu-
tion of strict vertical transmission within host lineages, and the evolutionary 
breakdown of bacterial mutualism. Each of these transitions has occurred 
many times in the history of bacterial–eukaryote symbiosis. We investigate 
these evolutionary events across the bacterial domain and also among a focal 
set of well-studied bacterial mutualist lineages. Subsequently, we generate a 
framework for examining evolutionary transitions in bacterial symbiosis and 
test hypotheses about the selective, ecological, and genomic forces that shape 
these events.

Ancestrally, bacteria and archaea persisted solely as free-living 
cells in terrestrial and aquatic habitats. Along with the evolu-
tion and diversification of animals and plants, the past 500 mil-

lion years have also witnessed a massive radiation of bacteria. Bacterial 
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lineages have evolved diverse mechanisms to gain entry and proliferate 
in the tissues and cells of multicellular eukaryotes (Merhej et al., 2009; 
Carvalho et al., 2010; Medina and Sachs, 2010; Toft and Andersson, 2010), 
and these symbionts vary in their effect on hosts from harmful to 
beneficial (Medina and Sachs, 2010; Toft and Andersson, 2010). Archaea 
have also evolved associations with hosts, but these interactions do not 
appear as diverse or ubiquitous. Bacterial symbioses (defined in the 
broad sense) include persistent, intimate associations between bacteria 
and other species and date back at least to the origins of eukaryotes 
(Sagan, 1967). Bacterial parasites range from infectious diseases that 
rapidly exploit hosts before infecting new individuals, to bacteria that 
are transmitted vertically from host parent to offspring and manipulate 
host reproduction to favor their own spread (Stouthamer et al., 1999). 
Parasitic bacteria have received intense focus from researchers over the 
last century because harmful infections represent a critical challenge to 
human health and economic interests. In contrast, except for a few early 
pioneers (Buchner, 1921), researchers have only recently focused on the 
biology of bacteria that enhance host fitness: bacterial mutualists (Sachs 
et al., 2011).

Bacterial mutualists are diverse (Williams et al., 2007, 2010; Merhej 
et al., 2009; Wu et al., 2009; Carvalho et al., 2010; Medina and Sachs, 
2010; Philippot et al., 2010; Toft and Andersson, 2010) and exhibit a vari-
ety of lifestyles and coevolutionary relationships with eukaryote hosts 
(Sachs et al., 2011) (Table 2.1). First, beneficial bacteria vary in their 
degree of reliance on hosts for reproduction. Whereas some bacterial-
derived organelles and endosymbionts cannot live independently of 
hosts, most bacterial mutualists retain extensive environmental phases 
and form infections that are facultative for the bacterium (Szathmáry 
and Smith, 1995; Nyholm and McFall-Ngai, 2004; Sachs et al., 2011). 
Second, bacterial mutualists inhabit diverse host tissues ranging from 
skin, mucosa, leaves, and roots to inter- and intracellular spaces. Some 
bacterial mutualists inhabit specialized structures in hosts (Becking, 
1970; Savage, 1977; Sprent et al., 1987; Douglas, 1989; Bright and Sorgo, 
2003; Currie et al., 2006; Nussbaumer et al., 2006; Visick and Ruby, 2006; 
Goettler et al., 2007; Vaishnava et al., 2008; Pflugfelder et al., 2009; Ran 
et al., 2010), whereas others range widely in host mucosa or other 
unstructured tissues (Hirose, 2000; Hirose et al., 2009; Kaltenpoth et al., 
2009) (Table 2.1). Finally, bacterial mutualists provide a great variety of 
benefits to hosts, including nutrients (Becking, 1970; Sprent et al., 1987; 
Douglas, 1989; Hirose, 2000; Hooper et al., 2002; Ran et al., 2010), biolu-
minescence (Nyholm and McFall-Ngai, 2004), and antibiotic production 
(Currie et al., 1999; Kaltenpoth et al., 2005; Kost et al., 2007). Although 
bacterial mutualists by definition provide a net fitness benefit to hosts, 
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they can also bear features that exploit hosts (Frank, 1996a,b; Sachs and 
Wilcox, 2006; Simms et al., 2006; Weeks et al., 2007; Oliver et al., 2008; 
Heath et al., 2010; Sachs et al., 2010a, 2011). As we detail later, each of 
these variables (degree of reliance on hosts, type of host habitat, and 
type of benefit provided to host) can modulate evolutionary transitions 
in bacterial symbiosis and can explain how and why transitions occur.

Here, we investigate evolutionary transitions that have occurred 
in the history of bacterial mutualism. We focus on (i) the origins of host 
association in bacteria (transitions in which environmental bacteria 
evolve to form intimate and persistent associations with hosts irrespec-
tive of effects on host fitness), (ii) the origins of bacterial mutualism from 
other types of bacterial lifestyles, (iii) shifts to the stable maintenance 
of bacterial mutualism, (iv) the capture of bacterial mutualists (via the 
evolution of strict vertical transmission within host lineages), and (v) the 
evolutionary breakdown of bacterial mutualism. Each of these events 
has occurred multiple times in the evolution of bacteria. Only symbiont 
capture possibly constitutes a “major evolutionary transition,” defined 
as an integrating event in which partners lose the ability to replicate 
independently (Szathmáry and Smith, 1995). However, loss of inde-
pendence often only occurs for the symbiont.

To study broad patterns and genetic drivers of transitions, we inves-
tigate phylogenomic data that span the bacterial domain (Williams 
et al., 2007, 2010; Merhej et al., 2009; Wu et al., 2009; Philippot et al., 
2010; Toft and Andersson, 2010) (Fig. 2.1), and to study fine-scale pat-
terns, we also analyze a focal set of bacterial mutualists (Table 2.1). 
Our domain-level data sources include a phylogeny with 350 bacterial 
taxa sampled from 20 phyla (Wu et al., 2009), coupled with phenotypic 
host-association data (Boussau et al., 2004; Merhej et al., 2009; Bright and 
Bulgheresi, 2010; Philippot et al., 2010; Toft and Andersson, 2010). The 
focal systems include beneficial symbionts chosen to represent host and 
bacterial diversity, breadth in symbiotic services, and variety in trans-
mission modes. Our analysis of historical and selective scenarios that 
characterize transitions in bacterial symbiosis complements other work 
that has focused on genomic changes (Merhej et al., 2009; Carvalho et 
al., 2010; Medina and Sachs, 2010; Toft and Andersson, 2010). The phylog-
eny of Wu and colleagues (2009) and the review by Toft and Andersson 
(2010) are particularly germane to this study as they provide the domain-
level dataset that we use to test hypotheses.

There are caveats to consider when inferring the evolutionary his-
tory of bacterial symbiosis at broad phylogenetic scales. First is the chal-
lenge of assigning host-association traits to bacterial species. Recent 
work suggests that fitness benefits provided by bacteria to hosts can be 
context dependent (Heath and Tiffin, 2007; Oliver et al., 2008; Heath et 
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TABLE 2.1. Fourteen Focal Bacterial-Host Mutualisms Analyzed

Symbiont, Host

Benefits 
Provided by 
Bacteria to Host Host Localization

Transmission Among 
Hosts Host Association Origins Mutualism Breakdown

Forces Stabilizing Bacterial 
Mutualism

Rhizobia [e.g., 
Sawada et al. 
(2003)], legumes

Nitrogen 
fixation (Sprent 
et al., 1987)

Nodules (Sprent 
et al., 1987)

Horizontal 
transmission (Sprent 
et al., 1987) with 
free-living stages 
(Sachs et al., 2009)

Mutualist (Fig. 2.1) Abandonment events 
(Sawada et al., 2003; 
Sachs et al., 2009, 
2010a)

Partner choice (Kiers et al., 
2003; Simms et al., 2006; 
Sachs et al., 2010b)

Frankia spp., 
actinorhizal 
plants

Nitrogen 
fixation 
(Becking, 1970)

Nodules 
(Becking, 1970)

Horizontal 
transmission with 
free-living stages 
(Huss-Danell and 
Frej, 1986)

Mutualist (Fig. 2.1) 
(Normand et al., 1996)

No evidence Unknown, host localization 
consistent with partner 
choice

Pseudonocardia 
spp. (fungus-
growing ants)

Antibiotics 
(Currie et al., 
1999; Kost et 
al., 2007)

Crypt structures 
on exoskeleton 
(Currie et al., 
2006)

Vertical transmission 
to offspring ant 
colonies (Currie 
et al., 1999) 
and horizontal 
transmission with 
environmental pool 
(Mueller et al., 2008, 
2010)

Mutualist (Mueller et 
al., 2010)

Abandonment events 
(Mueller et al., 2010)

Byproducts (see discussion), 
no evidence of partner 
choice (Kost et al., 2007)

Endoriftia 
persephone, 
tubeworm

All nutrients 
(Nussbaumer et 
al., 2006)

Lobules in host 
trophosome 
(Bright and 
Sorgo, 2003; 
Nussbaumer 
et al., 2006; 
Pflugfelder et 
al., 2009)

Horizontal with 
free-living stages 
(Nussbaumer et al., 
2006)

Ambiguous (Williams 
et al., 2010)

No evidence Unknown, host localization 
consistent with partner 
choice

Burkholderia spp., 
stinkbugs 

Unknown 
nutrients 
(Kikuchi et al., 
2007)

Midgut crypts 
(Kikuchi et al., 
2011)

Horizontal with free-
living stages (Kikuchi 
et al., 2011) 

Parasite (Kikuchi et al., 
2007) 

Abandonment events 
(Kikuchi et al., 2011) 

Unknown, host localization 
consistent with partner 
choice 

Bacteroides 
thetaiotaomicron, 
humans

Nutrients 
(Hooper et al., 
2002)

Crypt structures 
in gut (Savage, 
1977; Vaishnava 
et al., 2008)

Horizontal 
transmission (Savage, 
1977) with free-living 
stages (Carson et al., 
2005)

Parasite (Fig. 2.1) No evidence Byproducts (Discussion), 
partner fidelity feedback 
(Wilkinson, 1999; 
Turnbaugh et al., 2009), 
partner choice (Vaishnava et 
al., 2008)

Vibrio fischeri, 
bobtail squids 

Bioluminescence 
(Nyholm and 
McFall-Ngai, 
2004) 

Deep crypts 
in light organ 
(Visick and 
Ruby, 2006) 

Horizontal 
transmission with 
free-living stages 
(Visick and Ruby, 
2006) 

Parasite (Fig. 2.1) Abandonment events 
(Nishiguchi and Nair, 
2003) 

Partner choice (Sachs et al., 
2004, 2010b) 
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TABLE 2.1. Fourteen Focal Bacterial-Host Mutualisms Analyzed

Symbiont, Host

Benefits 
Provided by 
Bacteria to Host Host Localization

Transmission Among 
Hosts Host Association Origins Mutualism Breakdown

Forces Stabilizing Bacterial 
Mutualism

Rhizobia [e.g., 
Sawada et al. 
(2003)], legumes

Nitrogen 
fixation (Sprent 
et al., 1987)

Nodules (Sprent 
et al., 1987)

Horizontal 
transmission (Sprent 
et al., 1987) with 
free-living stages 
(Sachs et al., 2009)

Mutualist (Fig. 2.1) Abandonment events 
(Sawada et al., 2003; 
Sachs et al., 2009, 
2010a)

Partner choice (Kiers et al., 
2003; Simms et al., 2006; 
Sachs et al., 2010b)

Frankia spp., 
actinorhizal 
plants

Nitrogen 
fixation 
(Becking, 1970)

Nodules 
(Becking, 1970)

Horizontal 
transmission with 
free-living stages 
(Huss-Danell and 
Frej, 1986)

Mutualist (Fig. 2.1) 
(Normand et al., 1996)

No evidence Unknown, host localization 
consistent with partner 
choice

Pseudonocardia 
spp. (fungus-
growing ants)

Antibiotics 
(Currie et al., 
1999; Kost et 
al., 2007)

Crypt structures 
on exoskeleton 
(Currie et al., 
2006)

Vertical transmission 
to offspring ant 
colonies (Currie 
et al., 1999) 
and horizontal 
transmission with 
environmental pool 
(Mueller et al., 2008, 
2010)

Mutualist (Mueller et 
al., 2010)

Abandonment events 
(Mueller et al., 2010)

Byproducts (see discussion), 
no evidence of partner 
choice (Kost et al., 2007)

Endoriftia 
persephone, 
tubeworm

All nutrients 
(Nussbaumer et 
al., 2006)

Lobules in host 
trophosome 
(Bright and 
Sorgo, 2003; 
Nussbaumer 
et al., 2006; 
Pflugfelder et 
al., 2009)

Horizontal with 
free-living stages 
(Nussbaumer et al., 
2006)

Ambiguous (Williams 
et al., 2010)

No evidence Unknown, host localization 
consistent with partner 
choice

Burkholderia spp., 
stinkbugs 

Unknown 
nutrients 
(Kikuchi et al., 
2007)

Midgut crypts 
(Kikuchi et al., 
2011)

Horizontal with free-
living stages (Kikuchi 
et al., 2011) 

Parasite (Kikuchi et al., 
2007) 

Abandonment events 
(Kikuchi et al., 2011) 

Unknown, host localization 
consistent with partner 
choice 

Bacteroides 
thetaiotaomicron, 
humans

Nutrients 
(Hooper et al., 
2002)

Crypt structures 
in gut (Savage, 
1977; Vaishnava 
et al., 2008)

Horizontal 
transmission (Savage, 
1977) with free-living 
stages (Carson et al., 
2005)

Parasite (Fig. 2.1) No evidence Byproducts (Discussion), 
partner fidelity feedback 
(Wilkinson, 1999; 
Turnbaugh et al., 2009), 
partner choice (Vaishnava et 
al., 2008)

Vibrio fischeri, 
bobtail squids 

Bioluminescence 
(Nyholm and 
McFall-Ngai, 
2004) 

Deep crypts 
in light organ 
(Visick and 
Ruby, 2006) 

Horizontal 
transmission with 
free-living stages 
(Visick and Ruby, 
2006) 

Parasite (Fig. 2.1) Abandonment events 
(Nishiguchi and Nair, 
2003) 

Partner choice (Sachs et al., 
2004, 2010b) 
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Symbiont, Host

Benefits 
Provided by 
Bacteria to Host Host Localization

Transmission Among 
Hosts Host Association Origins Mutualism Breakdown

Forces Stabilizing Bacterial 
Mutualism

Prochloron spp., 
didemnid 
ascidians

Photosynthates 
(Hirose, 2000)

Unstructured in 
cloacal cavity 
(Hirose, 2000; 
Ran et al., 2010)

Vertical transmission 
via physical transfer 
to larvae (Hirose, 
2000). No known 
free-living state 
(Kojima and Hirose, 
2010)

Mutualist (Münchhoff 
et al., 2007)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Coriobacterium 
glomerans, 
firebugs

Aid in digestion 
(Kaltenpoth et 
al., 2009)

Unstructured in 
guts (Kaltenpoth 
et al., 2009)

Vertical transmission 
via egg inoculation. 
Little potential 
for horizontal 
transmission or 
free-living stages 
(Kaltenpoth et al., 
2009)

Ambiguous 
(Kaltenpoth et al., 
2009)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Streptomyces 
philanthi, 
beewolves

Antibiotics 
(Kaltenpoth et 
al., 2005)

Lobed 
antennomere 
reservoirs 
in antennae 
(Goettler et al., 
2007)

Vertical transmission 
via brood 
provisioning of 
bacteria (Kaltenpoth 
et al., 2010). No 
known free-living 
state

Mutualist (Kaltenpoth 
et al., 2006)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

“Mycetocyte” 
bacteria, diverse 
insects (Douglas, 
1989)

Amino acids, 
vitamins 
(Douglas, 1989)

Unstructured in 
mycetocytes in 
diverse tissues 
(Douglas, 1989)

Vertical transmission 
via host transfer to 
oocytes, eggs, or 
larvae (Douglas, 1989)

Parasite (Fig. 2.1) No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Cyanobacterium 
spp., water fern

Nitrogen 
fixation (Ran et 
al., 2010)

Cavities in leaves 
(Ran et al., 
2010)

Vertical transmission 
via bacterial motility, 
no free-living stage 
(Ran et al., 2010)

Mutualist (Svenning et 
al., 2005)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Plastids, plants 
Mitochondria, 
eukaryotes

Photosynthates 
Metabolism

Unstructured, 
intracellular

Transovarial, no free-
living stage

Mutualist (Turner et 
al., 1999) 
Parasite (Williams et 
al., 2007)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

TABLE 2.1. Continued

 Notes: Bacterial symbionts are indicated with genus and species when possible, and hosts are 
identified with common names. “Mutualist Benefits” specifies the types of resources or services 
that the bacterial symbionts provide to their hosts. “Host Localization” specifies the location 
that the bacteria inhabit during the majority of or key parts of their interactions with hosts and 
whether these locales are structured spatially. “Transmission Among Hosts” specifies transmission 
mode, and presence of free-living stages are identified. “Host-Association Origins” specifies the 
inferred ancestral condition at the origin of host association in the described lineage(s). “Mutualism 
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Symbiont, Host

Benefits 
Provided by 
Bacteria to Host Host Localization

Transmission Among 
Hosts Host Association Origins Mutualism Breakdown

Forces Stabilizing Bacterial 
Mutualism

Prochloron spp., 
didemnid 
ascidians

Photosynthates 
(Hirose, 2000)

Unstructured in 
cloacal cavity 
(Hirose, 2000; 
Ran et al., 2010)

Vertical transmission 
via physical transfer 
to larvae (Hirose, 
2000). No known 
free-living state 
(Kojima and Hirose, 
2010)

Mutualist (Münchhoff 
et al., 2007)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Coriobacterium 
glomerans, 
firebugs

Aid in digestion 
(Kaltenpoth et 
al., 2009)

Unstructured in 
guts (Kaltenpoth 
et al., 2009)

Vertical transmission 
via egg inoculation. 
Little potential 
for horizontal 
transmission or 
free-living stages 
(Kaltenpoth et al., 
2009)

Ambiguous 
(Kaltenpoth et al., 
2009)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Streptomyces 
philanthi, 
beewolves

Antibiotics 
(Kaltenpoth et 
al., 2005)

Lobed 
antennomere 
reservoirs 
in antennae 
(Goettler et al., 
2007)

Vertical transmission 
via brood 
provisioning of 
bacteria (Kaltenpoth 
et al., 2010). No 
known free-living 
state

Mutualist (Kaltenpoth 
et al., 2006)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

“Mycetocyte” 
bacteria, diverse 
insects (Douglas, 
1989)

Amino acids, 
vitamins 
(Douglas, 1989)

Unstructured in 
mycetocytes in 
diverse tissues 
(Douglas, 1989)

Vertical transmission 
via host transfer to 
oocytes, eggs, or 
larvae (Douglas, 1989)

Parasite (Fig. 2.1) No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Cyanobacterium 
spp., water fern

Nitrogen 
fixation (Ran et 
al., 2010)

Cavities in leaves 
(Ran et al., 
2010)

Vertical transmission 
via bacterial motility, 
no free-living stage 
(Ran et al., 2010)

Mutualist (Svenning et 
al., 2005)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

Plastids, plants 
Mitochondria, 
eukaryotes

Photosynthates 
Metabolism

Unstructured, 
intracellular

Transovarial, no free-
living stage

Mutualist (Turner et 
al., 1999) 
Parasite (Williams et 
al., 2007)

No evidence of 
mutualism breakdown

Vertical transmission 
promotes partner fidelity 
feedback

TABLE 2.1. Continued

Breakdown” specifies evidence of evolutionary transitions in bacterial lineages from mutualism to 
other lifestyles, with “abandonment” referring to transitions from mutualism to an environmental 
lifestyle. “Forces Stabilizing Bacterial Mutualism” specifies potential forces stabilizing coopera-
tion in a bacterial mutualist lineage, divided into the three model classes [byproduct cooperation, 
partner choice, and partner fidelity feedback (Sachs et al., 2004)].
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FIGURE 2.1 Inferred evolutionary history of bacterial host association. Ances-
tral states are inferred on a domain-level bacterial phylogeny modified from a 
previous study (Wu et al., 2009). The tree is a maximum likelihood reconstruc-
tion of a concatenated set of 31 single-copy genes from 350 bacterial species 
chosen to optimize phylogenetic sampling. Phyla and proteobacterial classes 
are labeled with their full names (e.g., Gammaproteobacteria; Firmicutes) or 
single-letter abbreviations (a, Acidobacteria; d, Defferribacteres; q, Aquificae; e, 
Elusimicrobia; v, Verrucomicrobia; p, Planctomycetes). Branch shades represent 
host-associated traits on the tips of the tree and inferred states on ancestral nodes 
(black, environmental; dashed gray, commensal; dashed black, mutualist; dotted, 
parasite). Host association traits were obtained from a prior review (Toft and 
Andersson, 2010). We inferred a minimum of 42 origins of host association 
(labeled 1–42). Origins at five nodes had equivocal parsimony reconstruc-
tions, noted with asterisks. Equivocal ancestral states are represented by gray 
branches. Additional origins are equally parsimonious at these nodes and pro-
vide an upper bound for global origins at 52. 
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al., 2010) and evolutionarily labile (Weeks et al., 2007; Sachs et al., 2010a, 
2011), potentially blurring mutualist and parasite categories. Nonethe-
less, although striking exceptions exist (Weeks et al., 2007; Oliver et al., 
2008), the majority of well-studied bacterial taxa can be unambiguously 
categorized into host-association categories (Moran and Wernegreen, 
2000; Philippot et al., 2010; Toft and Andersson, 2010). Second is the chal-
lenge of accurately inferring past evolutionary events, which requires 
a robust and well-sampled phylogeny. The bacterial tree we use is well 
supported (Wu et al., 2009), but the sampling is sparse (relative to the 
domain of bacteria represented) and likely biased (only sequenced 
taxa are included). Finally, predictions about selective factors that drive 
transitions must be considered with caution, as phylogenetic compari-
sons often cannot distinguish evolution that predates the origins of host 
association from the consequences of these transitions. Our fine-scale 
analysis of the 14 focal symbioses serves as a complementary approach 
to help mitigate these challenges (Table 2.1).

ORIGINS OF HOST ASSOCIATION IN BACTERIAL LINEAGES

Origins of host association are transitions in which bacteria that live 
independently in the environment evolve to form intimate and persistent 
associations with hosts. To evolve host association, bacteria must be able 
to compete with other microbes on host surfaces, evade negative host 
responses, uptake novel resources on or inside the host, and ultimately 
gain transmission to new hosts. Considering these potential hurdles, one 
unanswered question is whether origins of host association are rare in 
bacterial lineages. Another question is whether certain bacteria taxa 
are more likely to evolve host association. In a phenotypic sense, this 
latter question addresses whether some bacteria bear preadaptations 
to host association.

Analyzing host association origins on a domain-level bacterial tree 
(Wu et al., 2009; Toft and Andersson, 2010) (Fig. 2.1 for taxon informa-
tion), we inferred an environmental ancestral condition for the most 
recent common ancestor of bacteria and a minimum of 42 origins of 
host association across bacteria (Methods). An environmental ancestral 
condition is logical (as bacteria predate eukaryote hosts by at least 1 
billion years) and is consistent with other analyses (Boussau et al., 2004). 
Origins of host association are diversely distributed across bacteria, 
emerging independently in at least 11 bacterial phyla. Proteobacteria, 
Actinobacteria, and Firmicutes each exhibit multiple origins of host 
association, whereas a few phyla such as Chlorobi, Chloroflexi, and 
Planctomycetes have never evolved host association (Madigan et al., 
2009; Wu et al., 2009; Toft and Andersson, 2010).
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Toft and Andersson (2010) predicted that bacterial preadaptations 
to host association might be ecological in nature, including access to 
mobile genes in soil and oceans and physical contact with diverse 
hosts, characteristics identified as common in Proteobacteria (Snel et 
al., 2002; Toft and Andersson, 2010). Although Proteobacteria exhibit 20 
host-association origins, the evolutionary rate of host-association ori-
gins in this lineage (estimated as origins per adjusted branch length; 
Methods) is typical for eubacteria. Bacterial preadaptation to a host-
associated lifestyle might also be genetically based, which is not mutually 
exclusive from ecological preadaptation. Several studies have begun to 
investigate genomic content changes correlated with transitions in host 
association, for instance by comparing phylogenetic relationships and 
genetic characteristics among bacterial mutualists, parasites, and related 
environmental species (Dale et al., 2001; Sawada et al., 2003; Horn et 
al., 2004; Frank et al., 2005; Ruby et al., 2005; Ma et al., 2006; Carvalho 
et al., 2010). The Rhizobiales represent an excellent case study, as these 
α-Proteobacteria include environmental bacteria, parasites, and mutu-
alists (Sawada et al., 2003; Carvalho et al., 2010). Genomic comparisons 
of 19 species in this lineage uncovered a relatively small subset of loci 
unique to the host-associated species and revealed that these loci most 
often originated in host-associated lineages via horizontal transfer from 
other host-associated bacteria (Carvalho et al., 2010). Other lineages that 
encompass parasitic and mutualistic bacteria also show a similar pat-
tern in which host-association loci exhibit evidence of horizontal gene 
transfer (Dale et al., 2001; Horn et al., 2004; Frank et al., 2005; Ruby et 
al., 2005; Ma et al., 2006). In summary, we found many origins of host 
association across bacteria and little evidence consistent with ecological 
or genomic predispositions to host association. The data suggest that 
transitions to host association might be constrained only by access to 
and compatibility with horizontally transferred loci that engender host-
association traits (Toft and Andersson, 2010). Nonetheless, ecological 
constraints to host association cannot be ruled out; the bacterial taxa 
that have apparently never evolved host association might lack access 
to habitats with compatible hosts.

ORIGINS OF BACTERIAL MUTUALISM

Fundamental questions about the origins of bacterial mutual-
isms remain unresolved. Do bacterial mutualists evolve from parasitic 
ancestors or do they represent independent origins of host association 
(Ewald, 1987; Szathmáry and Smith, 1995; Corsaro et al., 1999; Moran 
and Wernegreen, 2000; Medina and Sachs, 2010)? If bacterial mutual-
ists evolved from parasite ancestors, this predicts that transitions from 
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parasitism to mutualism have occurred, whereas if mutualists originate 
separately from parasites, this predicts that mutualists have evolved 
directly from environmental taxa. Two scenarios have been suggested 
to resolve this issue. Ewald (1987) introduced a detailed hypothesis 
for the origin of bacterial mutualism in which (i) an ancestral para-
site infects hosts via both horizontal and vertical transmission, (ii) a 
mutation knocks out the parasite’s horizontal transmission pathway, 
and (iii) subsequent vertical transmission of the bacterium selects for 
reduced virulence and the enhancement of mutualistic traits [as verti-
cal transmission can link reproductive interests of symbionts and hosts 
(Fine, 1975; Frank, 1996a,b; Sachs et al., 2004)]. This scenario is contro-
versial because host-associated bacteria are thought to lack the genomic 
potential to easily switch from parasitism to mutualism (Moran and 
Wernegreen, 2000). The alternative hypothesis is that bacterial mutual-
ists evolve directly from environmental bacteria, which is also problem-
atic because it implies that free-living ancestors exhibited traits that 
could offer immediate benefits to hosts (Ewald, 1987).

We can empirically examine these alternative hypotheses by using 
the bacterial domain dataset (Wu et al., 2009; Toft and Andersson, 2010) 
and our focal systems (Table 2.1). At the domain level, many host-
associated lineages are poorly sampled (Fig. 2.1), so this analysis must be 
considered preliminary. Bacteria on the domain-level tree include species 
classified as commensals, mutualists, and parasites (Toft and Andersson, 
2010). Among the 42 host-association origins we reconstructed, 32 are 
inferred to have originated as parasites, 9 are inferred to have mutualist 
origins, and 1 origin is ambiguous (Fig. 2.1). Several mutualist taxa are 
nested in parasitic clades, consistent with three independent transi-
tions from parasitism to mutualism (Fig. 2.1). It is unknown whether 
the evolution of vertical transmission drove these transitions because, in 
most lineages, the taxon sampling is poor and the order of events cannot 
be resolved. Among the nine mutualist lineages that evolved directly 
from environmental ancestors, six are nitrogen fixing. Consistent with 
Ewald’s (1987) hypothesis, nitrogen fixation is an ancient bacterial trait 
(Raymond et al., 2004) that can potentially offer hosts immediate ben-
efits. However, as we observed earlier for the origins of host association, 
nitrogen fixation loci are also prone to horizontal transfer as parts of 
genome islands. This creates a scenario in which bacterial mutualists can 
evolve de novo from environmental ancestors via the gain of a core set 
of symbiosis loci (Sullivan et al., 1995; Sachs et al., 2010a).

Among the 14 focal taxa, we can infer the host-association origins 
of 12 (Table 2.1). Three of the lineages that likely represent transitions 
from parasitism to mutualism are vertically transmitted (Burkholderia 
spp., “Mycetocyte” bacteria, mitochondria), consistent with the hypoth-
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esis that loss of horizontal transmission drove the origin of mutualism 
(Ewald, 1987). The history of the mitochondrion is somewhat ambiguous. 
Although some authors have suggested that mitochondria originated 
from a parasitic lineage of rickettsial bacteria (Moran and Wernegreen, 
2000), no analysis of which we are aware has tested this hypothesis 
explicitly. In none of these cases can we resolve whether vertical trans-
mission evolved before or after the transition from parasitism to mutual-
ism. Seven of the symbioses are inferred to have originated as mutual-
ists directly from environmental ancestors. As described earlier, these 
lineages carry traits that can offer immediate benefits to hosts, including 
antibiotic production, nitrogen fixation, and photosynthesis (Table 2.1). 
More detailed phylogenetic analysis is needed to resolve whether 
these cooperative traits predate the host association, as predicted by 
Ewald (1987). Finally, there are two symbioses that do not fit any of the 
aforementioned hypotheses. Both Bacteroides thetaiotaomicron and Vibrio 
fischeri are mutualists inferred to have evolved from parasites with no 
history of vertical transmission. For B. thetaiotaomicron (a dominant gut 
symbiont in humans), there is the possibility of pseudovertical transmis-
sion (Wilkinson, 1999; Turnbaugh et al., 2009). This is the hypothesis that 
hosts are more likely to transmit symbionts to kin, which approximates 
the effects of vertical transmission (Wilkinson, 1999). In summary, mutu-
alist bacteria can evolve from environmental or parasitic ancestors. 
Bacterial phenotypes that offer immediate benefits to hosts are thought 
to promote origins of mutualism in environmental bacterial lineages, 
but well-studied cases implicate horizontal gene transfer (Sullivan et 
al., 1995; Sachs et al., 2010a) as an alternative. Vertical transmission is a 
predicted driver of transitions from parasitism to mutualism, but there 
is relatively little support for vertical transmission preceding the origin 
of mutualism (Weinert et al., 2009).

MAINTENANCE OF BACTERIAL MUTUALISM

In mutualist bacteria, it can be challenging to explain what prevents 
the spread of cheater mutants; symbionts that gain in fitness by exploit-
ing hosts and giving little or nothing in return (Sachs et al., 2004). 
Three classes of models have been proposed for the maintenance of 
cooperation between species—byproduct cooperation, partner fidelity 
feedback, and partner choice (Axelrod and Hamilton, 1981; Bull and 
Rice, 1991; Sachs et al., 2004; Foster and Wenseleers, 2006)—and each of 
these models applies to bacterial mutualism. Byproduct cooperation 
occurs when the benefit provided by the symbiont to the host exists as an 
automatic consequence of a selfish trait, and thus byproduct cooperation 
carries no net cost for the symbiont (Brown, 1983; Connor, 1995). Partner 
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fidelity feedback exists when fitness benefits delivered from a symbiont 
to its host feed back as returned benefits to the symbiont, such that 
beneficial symbionts are rewarded and harmful symbionts experience 
reduced fitness (Bull and Rice, 1991; Simms and Taylor, 2002; Sachs et al., 
2004). Fitness feedbacks are only expected when symbionts and hosts 
interact repeatedly over time, such as occurs with vertical transmission. 
Partner choice occurs when hosts preferentially reward beneficial symbi-
onts and or sanction cheaters, thus producing a selective advantage for 
symbiont cooperation (Bull and Rice, 1991; Denison, 2000; Sachs et al., 
2004). To what degree is byproduct cooperation, partner fidelity feed-
back, or partner choice responsible for the maintenance of cooperative 
symbioses? These models can work independently or in concert with 
each other (Sachs et al., 2004; Foster and Wenseleers, 2006); however, 
little empirical research has compared their prevalence.

Among our 14 focal symbioses, byproduct cooperation can mostly 
be ruled out, such as in Rhizobia, in which nitrogen fixation is costly and 
occurs only during the symbiosis (Sachs and Simms, 2008). In contrast, 
we are not aware of examples in which byproduct cooperation has 
been demonstrated. Such scenarios are certainly possible. For instance, 
Actinomycete bacteria produce antibiotics on fungus-farming ants 
that keep the ants’ fungal gardens pathogen-free (Table 2.1) (Currie 
et al., 1999). Antibiotic production is an anticompetitive function that 
benefits bacteria directly, whether on the surface of an ant or free 
in the soil, so it likely qualifies as a byproduct. Similarly, the symbi-
ont B. thetaiotaomicron benefits humans by foraging and catabolizing 
compounds that the host cannot otherwise digest (Sonnenburg et al., 
2005). The consumption of complex molecules and releasing of simpler 
compounds also must benefit Bacteroides directly. Byproduct cooperation 
is likely important for the origins of cooperative symbioses (Sachs et al., 
2004), but when interactions have been established, hosts are expected 
to rapidly evolve traits to promote the infection and proliferation of 
beneficial symbionts (Connor, 1995; Foster and Wenseleers, 2006). For 
the B. thetaiotaomicron-human symbiosis, these host traits might include 
mechanisms to bias symbiont transmission to offspring [to maximize 
partner fidelity (Wilkinson, 1999; Turnbaugh et al., 2009)] or mechanisms 
to favor beneficial strains over more selfish ones [e.g., partner choice 
(Vaishnava et al., 2008)].

There is vigorous debate over the relative importance of partner 
fidelity feedback versus partner choice (Bull and Rice, 1991; Simms and 
Taylor, 2002; West et al., 2002a,b; Weyl et al., 2010; Archetti et al., 2011). 
Partner fidelity feedback is often equated with vertically transmit-
ted symbioses, as vertical transmission tightly correlates symbiont and 
host reproductive interests (Sachs et al., 2004; Foster and Wenseleers, 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


40 / Joel L. Sachs et al.

2006). By this measure, partner fidelity is widespread across bacteria 
with multiple origins and diverse mechanisms of vertical transmission 
(Table 2.1). However, vertical transmission does not guarantee symbiont 
cooperation, as even rare opportunities for horizontal transfer or the 
potential to manipulate host reproduction can lead to parasitic bacterial 
phenotypes. For example, vertically transmitted parasites [such as some 
Wolbachia lineages (Weeks et al., 2007)] manipulate hosts to maximize 
their own transmission by biasing host sex ratio toward females (they 
are not transmitted to males) or by inducing cytoplasmic incompat-
ibility (Stouthamer et al., 1999). On the contrary, most symbionts are 
horizontally transmitted (Nyholm and McFall-Ngai, 2004; Sachs et al., 
2011). Under horizontal transmission, multiple symbiont genotypes 
often infect hosts, and, with rare exceptions (Sachs and Wilcox, 2006), 
partner fidelity is predicted to be weak (West et al., 2002a,b). Partner 
choice can efficiently select for symbiont cooperation under these con-
ditions (Bull and Rice, 1991; Denison, 2000; West et al., 2002a,b; Foster 
and Wenseleers, 2006). Partner choice has been best demonstrated for 
legumes that form symbioses with nitrogen-fixing Rhizobia (Kiers et 
al., 2003; Simms et al., 2006; Sachs et al., 2010b) and squids that form 
symbioses with bioluminescent V. fischeri (Visick et al., 2000; Sachs et al., 
2004). In both examples, hosts exhibit mechanisms to reward coopera-
tive symbionts and punish cheaters. It can be difficult to experimentally 
distinguish partner-fidelity feedback from partner choice (Weyl et al., 
2010). However, one approach is to assess if symbionts are spatially 
structured within the host. The degree to which hosts can spatially 
separate symbiont genotypes is a key prerequisite for partner choice 
mechanisms (Denison, 2000; West et al., 2002a,b; Sachs et al., 2004), but 
should have no bearing on partner fidelity feedback. Many hosts of 
horizontally transmitted bacteria have evolved specialized structures 
that can separate symbionts that vary in their fitness effects on the host 
and potentially aid in distinguishing beneficial strains from cheaters 
(Becking, 1970; Savage, 1977; Sprent et al., 1987; Douglas, 1989; Bright 
and Sorgo, 2003; Currie et al., 2006; Nussbaumer et al., 2006; Visick and 
Ruby, 2006; Goettler et al., 2007; Vaishnava et al., 2008; Pflugfelder et al., 
2009; Ran et al., 2010) (Table 2.1 and Fig. 2.2). In most of these examples, 
there is no more than a correlation between symbiotic structure on 
hosts and the potential for partner choice. However, these data become 
powerful when coupled with phylogenetic and ecological information. 
Kikuchi and colleagues (2011) analyzed the presence and structure 
of midgut crypts among 124 species of stinkbugs that vary in diet as 
well as the presence of horizontally transmitted Burkholderia symbionts 
(Table 2.1 and Fig. 2.2). They found that (i) stinkbugs exhibit multiple 
Burkholderia genotype infections, a key prerequisite for partner choice; 
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FIGURE 2.2 Symbiont housing structures and their potential to promote spa-
tial structure. (A) Host Ascidian Diplosoma spp. and symbiont Prochloron spp. 
unstructured in host cloacal cavity [reprinted from Hirose et al. (2009)]. (B) 
Host hydrothermal tubeworm Riftia pachyptila with symbiont Endoriftia perse-
phone (s) unstructured in host trophosome [reprinted from Nussbaumer et al. 
(2006)]. (C) Antenna of host beewolf Philanthus triangulum with symbiont Strep-
tomyces (ws) housed in structured serial antennomere reservoirs (cross section 
above; longitudinal section below) [reprinted from Goettler et al. (2007)]. (D). 
Four-chambered midgut of host stinkbug Dimorphopterus pallipes with symbiont 
Burkholderia spp. (s) housed in structured crypts of fourth midgut section (m4) 
[reprinted from Kikuchi et al. (2011)]. (E) Juvenile squid host Euprymna scolopes 
during colonization by symbiont Vibrio fischeri, housed in structured deep crypts 
[dc; adapted from Visick and Ruby (2006)]. (F) Host mouse small intestine and 
symbiont Bacteroides thetaiotaomicron in structured crypts of Lieberkuhn (c) based 
with Paneth cells (p) [adapted from Vaishnava et al. (2008)]. (G) Dorsal cross sec-
tion of host ant Cyphomyrmex longiscapus with Actinomyces symbionts (s) housed 
in structured crypts [reprinted from Currie et al. (2006)]. (H) Host legume Lotus 
strigosus with symbiont Bradyrhizobium japonicum structured in four numbered 
nodules (photo by J. L. Sachs).

(ii) the Burkholderia symbiosis has evolved in some, but not all, of the 
stinkbug species that exhibit midgut crypts; (iii) there is no evidence 
that the Burkholderia symbiosis has evolved in stinkbug species without 
such crypts; and (iv) crypts are not strictly correlated with different 
feeding habits of the bugs. These data suggest that crypts—which can 
potentially separate beneficial from harmful symbionts (Kikuchi et al., 
2011)—are a key factor promoting stability in this bacterial mutual-
ism. In summary, there is controversy over the relative importance of 
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partner-fidelity feedback and partner choice as the key selective forces 
that maintain bacterial mutualisms (Bull and Rice, 1991; Simms and 
Taylor, 2002; West et al., 2002a,b; Weyl et al., 2010; Archetti et al., 2011). 
However, spatial separation among symbiont genotypes is a predicted 
indicator of partner choice (Denison, 2000; West et al., 2002a,b; Sachs et 
al., 2004), and such structure is common.

SYMBIONT CAPTURE

Symbiont capture occurs when bacteria that can replicate in the 
environment evolve to be strictly vertically transmitted within hosts 
and lose independent life stages. The most basal form of transmission 
is horizontal and likely occurs when bacteria are acquired from envi-
ronmental pools (Huss-Danell and Frej, 1986; Nussbaumer et al., 2006; 
Mueller et al., 2008, 2010; Sachs et al., 2009; Barke et al., 2010). In other 
cases of horizontal transmission, the symbiont taxa can be found in the 
environment (Nishiguchi and Nair, 2003; Carson et al., 2005), but most 
transmission likely occurs among hosts (Savage, 1977; Wilkinson, 1999; 
Turnbaugh et al., 2009; Wollenberg and Ruby, 2009) with little contri-
bution from environmental pools. Vertical transmission modes range 
from direct symbiont transfer within host germ lines to host behavioral 
mechanisms that supplement offspring with symbionts (Bright and 
Bulgheresi, 2010) (Table 2.1). Moreover, some bacteria cannot be easily 
categorized into horizontal or vertical transmission modes. For instance, 
some bacterial lineages are transmitted vertically, but in rare events, 
get horizontally transmitted to novel hosts, likely through vectors or 
predation (Russell et al., 2003; Dale and Moran, 2006). In most cases, 
captured lineages of bacteria are mutualists (our focus here), but obli-
gate intracellular parasites such as Wolbachia and Rickettsia can also 
exhibit strict vertical transmission.

Symbionts with strict vertical transmission exhibit reduced effec-
tive population size and are subject to the accumulation of deleteri-
ous mutations and gene loss (Moran, 2003; Toh et al., 2006), transfer 
of DNA to host genomes (Martin and Herrmann, 1998), and obligate 
reliance on the host for basic nutrient synthesis (Shigenobu et al., 2000). 
Captured symbionts also experience reduced access to novel genetic 
material via horizontal gene transfer (Dale and Moran, 2006; Toft and 
Andersson, 2010), which limits the potential for novel functions to evolve 
and for recombination to restore function to degraded genomes. Such 
genome degradation tends to worsen over time (Moran et al., 2009) 
and ultimately cause loss of functions that are required for life outside 
of the host (Merhej et al., 2009). Hence, vertical transmission is often an 
irreversible evolutionary endpoint.
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An unexplored question about symbiont capture is whether host, 
symbiont, or joint mechanisms are responsible for these evolutionary 
transitions. Although the evolution of vertical transmission can be costly 
to symbionts, hosts experience benefits including transmitting mutual-
ists to offspring, minimizing symbiont diversity, and reducing mixing 
among symbiont genotypes, all of which promote symbiont cooperation 
(Frank, 1996a,b; Sachs et al., 2004). Thus, symbiont capture should be 
correlated with the evolution of host mechanisms to control transmis-
sion (Frank, 1996a). In some cases, hosts have specialized structures with 
no obvious function other than to transfer bacteria to offspring. Female 
stinkbugs bear organs on their ovipositors (Kikuchi et al., 2009) that 
transfer symbionts to their eggs. The ascidian Diplosoma similis (Hirose, 
2000; Hirose et al., 2009; Kojima and Hirose, 2010) exhibits a specialized 
“plant rake,” which it extends into its cloacal cavity during spawning and 
thus transfers bacterial symbionts to newly spawned larvae. In many 
cases, vertical transmission relies on specific host behaviors, such as when 
females smear symbionts onto eggs, egg cases, or cocoons of offspring 
(Douglas, 1989; Hirose, 2000; Kaltenpoth et al., 2005, 2010; Hirose et al., 
2009; Kikuchi et al., 2009; Kojima and Hirose, 2010). However, bacterial 
mutualists can also promote their own vertical transmission. Among 
insect symbionts that inhabit mycetocyte structures within their hosts 
(Table 2.1), the bacteria sometimes migrate in the host from their myce-
tocyte structures to the host ovaries (Douglas, 1989). Wolbachia that infect 
Drosophila use the host microtubule cytoskeleton and transport system 
to maximize vertical transmission (Ferree et al., 2005). Moreover, the 
bacterial symbiont of the water fern Azolla filiculoides differentiates into 
a motile form and actively moves from adult plant leaves to infect the 
sporocarp of offspring plants (Ran et al., 2010). In all the examples in 
which the symbiont bears mechanisms to promote vertical transmis-
sion, there is no free-living existence and no potential for horizontal 
transfer (Table 2.1). Not surprisingly, when vertical transmission is the 
only mechanism to invade new hosts, symbiont traits are selected to 
enhance its efficiency. In summary, symbiont capture within host lineages 
involves a suite of deleterious effects that degrade symbiont genomes 
while providing benefits to hosts. As predicted by theory, the evolution 
of symbiont capture appears to be mostly driven by host mechanisms, but 
only a handful of bacterial–host interactions have been studied in detail 
(Bright and Bulgheresi, 2010).

BREAKDOWN OF SYMBIOSIS

There is debate about the evolutionary robustness of mutualisms, of 
which beneficial microbe–host interactions are a subset. Mutualist pop-
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ulations have been predicted to be prone to extinction (Vandermeer and 
Boucher, 1978), the spread of cheater mutants (Axelrod and Hamilton, 
1981; Bull and Rice, 1991), and reversions to free-living existence 
(Vandermeer and Boucher, 1978; Keeler, 1985; Holland et al., 2004), but 
other research predicts that mutualisms are robust to these challenges 
(Doebeli and Knowlton, 1998; Ferrière et al., 2007; Douglas, 2008). Evo-
lutionary transitions that result in the loss of mutualistic traits (Sachs 
and Simms, 2006) can be divided into transitions from mutualism to 
parasitism and transitions from mutualism to free-living status (i.e., 
abandonment of mutualism). Ancient bacterial mutualisms (Sagan, 
1967; Moran, 2003; Keeling, 2010; Ran et al., 2010) serve as empirical 
examples of long-term robustness, but it is unknown whether such 
stability is common.

To what degree does mutualism breakdown occur in bacteria? We 
can investigate the evolutionary stability of bacterial mutualism by 
using the domainwide phylogeny (Wu et al., 2009; Toft and Andersson, 
2010) (Fig. 2.1) and our focal symbioses (Table 2.1). The domainwide data 
can be considered only preliminary because of the paucity of dense 
taxon sampling. We could only infer two evolutionary transitions from 
mutualism to other lifestyles: one transition from mutualism to parasit-
ism and one abandonment of mutualism. Nonetheless, this is a surpris-
ing paucity of transitions considering that we inferred 72 evolutionary 
transitions on the tree (Figs. 2.1 and 2.3).

Among the 14 focal systems, there is evidence of mutualism break-
down in four, all of which involve transitions from mutualism to free-
living status in symbionts with extensive free-living stages (Table 2.1). 
Two particularly dynamic examples of mutualism breakdown have been 
uncovered in symbionts of ants (Mueller et al., 2010) and stinkbugs 
(Kikuchi et al., 2007, 2011). In the case of the ants, the symbionts are 
antibiotic-producing Actinobacteria that live in cuticular crypts sup-
ported by specialized exocrine glands (Currie et al., 2006). Lineages of 
these Actinobacteria have likely undergone multiple transitions between 
host-associated and environmental status based on the intermixing of 
symbiotic and environmental genotypes on a population-level phylog-
eny (Mueller et al., 2010). Similarly, a phylogeny of the Burkholderia bug 
symbionts encompasses many environmental isolates, consistent with 
multiple transitions from symbiotic to environmental status (Kikuchi et 
al., 2011). Evidence for abandonment of symbiosis has also been found 
among rhizobial lineages, some of which are related to plant and mam-
mal parasites as well as environmental bacterial species (Sawada et al., 
2003), suggesting the potential for multiple transitions among mutual-
ism, parasitism, and environmental lifestyles (Sachs and Wilcox, 2006) 
likely driven by horizontal transfer events of symbiosis loci (Young and 
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FIGURE 2.3 Path diagram of evolutionary transitions among bacterial host-
association types. Transitions among four bacterial host-association types in-
ferred in the tree by Wu and colleagues (2009) using lifestyle data from Toft and 
Andersson (2010). Thirteen transitions were undetermined on the tree as a result 
of ambiguity. There were zero transitions between mutualism and commen-
salism and zero transitions from commensalism to parasitism. Arrow sizes are 
scaled to the number of transitions between host-association types. Note: Com., 
commensal; Env., environmental; Mut., mutualist; Par., parasite.

Haukka, 1996). More focused analyses have inferred multiple events of 
evolutionary abandonment of mutualism within Bradyrhizobium popu-
lations (Sachs et al., 2009, 2010a), but found no evidence of transitions 
from mutualism to parasitism (Sachs et al., 2010a). In Bradyrhizobium, 
the abandonment of mutualism appears to be driven by degradation 
or wholesale loss of symbiosis loci encoded on a genome island (Sachs 
et al., 2010a). Finally, there is evidence of abandonment of mutualism 
within lineages of beneficial V. fischeri, with at least three evolutionary 
transitions from mutualism to environmental status (Nishiguchi and 
Nair, 2003) (Table 2.1). In summary, among different lifestyles that bacteria 
can exhibit, mutualism with hosts appears to be evolutionary stable with 
few transitions to other lifestyles. We found transitions from mutualism 
to free-living status, but virtually no evidence of transitions from mutu-
alism to parasitism.

DISCUSSION

The evolutionary history of bacterial mutualism is rich and ancient. 
The origin of host association appears to be a readily surmountable step 
for bacteria. The commonness and near universality of this transition 
suggests that it is selectively advantageous and might be rarely affected 
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by ecology. The evolution of bacterial mutualism is also common and 
phylogenetically diverse, and can occur via multiple routes. Bacte-
rial mutualism most often appears to emerge from environmental 
ancestors. This can occur because the ancestral bacteria bear key traits 
(that can immediately benefit hosts) or by horizontal gene transfer of 
symbiosis loci (Sullivan et al., 1995; Sachs et al., 2010a), but neither 
mechanism is well understood. Bacterial mutualism can also arise from 
parasitic ancestors. It has been predicted that transitions from parasit-
ism to mutualism are promoted by the evolution of vertical transmis-
sion (Ewald, 1987); however, more detailed work is needed to test this 
hypothesis. When bacterial mutualism has evolved, it can be stabilized 
via several selective mechanisms (Sachs et al., 2004). Partner choice, con-
comitant with the ability of hosts to spatially structure bacterial geno-
types, is likely the dominant force maintaining bacterial mutualism.

Bacterial symbiosis first evolved with horizontal transmission, and 
several bacterial lineages have subsequently evolved strict vertical 
transmission. Some of the most ancient cases of bacterial mutualism 
exhibit vertical transmission, so this transition can promote the evo-
lutionary stability of symbioses. We hypothesize that transitions from 
horizontal to obligate vertical transmission are host driven, as hosts (but 
not symbionts) most benefit from these transitions. Finally, evolution-
ary losses of bacterial mutualism are rare compared with other transi-
tions in bacterial symbiosis. Evolutionary reversions from mutualism 
to environmental status occur in some bacterial lineages, potentially 
driven by the degradation or deletion of genes that encode symbiotic 
traits (Sachs et al., 2010a). In contrast, there is virtually no evidence in the 
phylogenetic record of transitions from mutualism to parasitism, thus 
refuting theory that predicts that mutualisms are vulnerable to fixation 
of cheater mutants (Axelrod and Hamilton, 1981; Bull and Rice, 1991; 
Sachs et al., 2004). The lack of transitions from mutualism to parasit-
ism suggests that (i) bacterial mutualisms are evolutionarily robust 
or (ii) transitions from mutualism to parasitism are themselves unstable 
[and lead to extinctions or other stable states (Sachs and Simms, 2006)].

METHODS

We analyzed evolutionary transitions on a published 350-species 
bacterial phylogeny reconstructed by using a concatenated alignment of 
31 proteins with maximum likelihood [PhyML (Guindon and Gascuel, 
2003)] and an AMPHORA pipeline (Wu and Eisen, 2008; Wu et al., 2009) 
(Fig. 2.1, Table 2.1). Host-associated phenotypes were assigned based on a 
recent review (Toft and Andersson, 2010) that included host-association 
classifications of parasitic, mutualistic, commensal, or no interaction. We 
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divided classifications into two characters: (i) association (host-associated 
or environmental) and (ii) type of host interaction (parasitic, mutualistic, 
commensal). Ancestral states were inferred by using parsimony [Mesquite 
2.74 (Maddison and Maddison, 2010)]. When two equally parsimonious 
ancestral state reconstructions were found, we noted the ambiguity and 
listed a minimum estimate of transitions (Fig. 2.1).

To compare the relative frequencies of host-association origins 
among different bacterial lineages, we estimated the rate of origins over 
evolutionary time for each phylum and the complete tree. Rates were 
calculated by dividing the total number of origins of host association 
in a lineage by an adjusted sum of the taxon’s branch length. The adjusted 
sum included only branches on which transitions from an environmental 
lifestyle to host association could occur (i.e., summed branch length 
of the taxon minus host-associated descendant branches of previously 
accounted origins and individual branches on which host association has 
been lost). The unit of branch length is the expected number of amino 
acid substitutions per site.

For focal symbiont taxa, we analyzed phylogenies containing the 
lineages of interest to assess whether host association originated from 
parasitic ancestors or free-living ancestors and to search for evidence 
of mutualism breakdown. Ancestral states for symbiotic lineage and 
evidence of mutualism breakdown were inferred by using parsimony 
on the available phylogenies (Normand et al., 1996; Turner et al., 1999; 
Nishiguchi and Nair, 2003; Sawada et al., 2003; Ruby et al., 2005; Svenning 
et al., 2005; Kaltenpoth et al., 2006, 2009; Kikuchi et al., 2007, 2011; 
Münchhoff et al., 2007; Williams et al., 2007, 2010; Sachs et al., 2009, 
2010a; Mueller et al., 2010).

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


49

Social Hymenoptera have played a leading role in development and 
testing of kin selection theory. Inclusive fitness models, following from 
Hamilton’s rule, successfully predict major life history characteristics, 
such as biased sex investment ratios and conflict over parentage of male 
offspring. However, kin selection models poorly predict patterns of 
caste-biasing nepotism and reproductive skew within groups unless kin 
recognition constraints or group-level selection is also invoked. These 
successes and failures mirror the underlying kin recognition mecha-
nisms. With reliable environmental cues, such as the sex of offspring or 
the origin of male eggs, predictions are supported. When only genetic 
recognition cues are potentially available, predictions are not supported. 
Mathematical simulations demonstrate that these differing mechanisms 
for determining kinship produce very different patterns of behavior. 
Decisions based on environmental cues for relatedness result in a robust 
mixture of cooperation and noncooperation depending on whether or not 
Hamilton’s rule is met. In contrast, cooperation evolves under a wider 
range of conditions and to higher frequencies with genetic kin recognition 
as shared greenbeard traits. This “excess of niceness” matches the exist-
ing patterns in caste bias and reproductive skew; individuals often help 
others at an apparent cost to their inclusive fitness. The results further 
imply a potential for greenbeard-type kin recognition to create arbitrary 
runaway social selection for shared genetic traits. Suggestive examples 
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in social evolution may be alloparental care and unicoloniality in ants. 
Differences in kin recognition mechanisms also can have consequences 
for maintenance of advantageous genetic diversity within populations.

Seemingly overtly altruistic behavior, such as individuals accept-
ing sterility, has puzzled evolutionary biologists since the time of 
Darwin. The first truly predictive framework for how reducing one’s 

own reproduction could be adaptive came from the seminal work of W. D. 
Hamilton (1964a). His key insight was that fitness is “inclusive” of both 
an individual’s direct reproduction and indirect gains arising through 
help provided to genetic relatives. Gains in indirect fitness, often labeled 
as “kin selection,” recast altruism as an ultimately selfish act. Help rela-
tives if the benefit provided (b), prorated by the genetic relatedness of the 
recipient (r), exceeds the cost to self (c). This is Hamilton’s rule: Helping 
is adaptive if br > c.

More than any other taxonomic group, social Hymenoptera (ants, 
bees, and wasps) sit at an apparent peak of kin selection, with many 
species having morphologically sterile workers. Kin selection and appli-
cations of Hamilton’s rule, however, extend far beyond the evolution of 
sterile castes to examine many aspects of cooperative (and noncoopera-
tive) behavior (Bourke and Franks, 1995). Thus, social insects have had a 
pivotal role in the development of kin selection theory and its elevation 
to being the dominant evolutionary paradigm for the study of coopera-
tion and conflict. To date, there have been hundreds of tests of kin selec-
tion predictions in social insects (Abbot et al., 2011). However, despite 
this track record of remarkable utility, kin selection theory has recently 
become embroiled in controversy. The mathematics of inclusive fitness 
modeling have been directly challenged (Nowak et al., 2010). The evolu-
tion of cooperation is argued as better explained by group-level selection 
than by nepotism toward kin (Wilson and Wilson, 2007). Finally, the status 
of social insects as being a paramount example of kin selection has been 
questioned, with kin selection relegated to being a dissolutive force that 
primarily selects against cooperation and sociality (Wilson and Hölldobler, 
2005). The response to these criticisms from defenders of inclusive fitness 
modeling and kin selection has been simultaneously vigorous and dismis-
sive (Foster et al., 2006; Lehmann et al., 2007; West et al., 2007c, 2008; Abbot 
et al., 2011; Herre and Wcislo, 2011; Strassmann et al., 2011b).

The current conceptual maelstrom offers an opportunity for a criti-
cal appraisal of the effects of kin selection in the social Hymenoptera. 
Considering a model or hypothesis as either a failure or success is highly 
subjective. No single model can be expected to be 100% accurate for all 
taxonomic groups and in all situations. It is nevertheless fair to categorize 
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a model as failing when a strong majority of studies reject its predictions. 
Conversely, models that are consistently supported by data are valued 
for accurately tracking evolutionary outcomes. By such standards, and 
contrary to its critics, kin selection theory has had major successes. How-
ever, contrary to its apologists, kin selection theory also has had some 
major failures. I will briefly review within the social Hymenoptera two 
successes, (i) sex investment ratios and (ii) conflict over reproduction by 
workers (i.e., worker policing), and two failures, (i) caste-biasing nepotism 
and (ii) reproductive skew theory. I will thereafter consider the mechanism 
for how kin are recognized as the driving force for the observed pattern 
of success and failure.

These four topics are chosen because I believe the underlying theory 
for the kin selective predictions is sound and that the possibility for kin 
nepotism to evolve is at least potentially present. This differs from two 
other cases, where kin selection predictions are suggested to have failed: 
the haplodiplody and monogamy hypotheses (Nowak et al., 2010). First, 
cooperative breeding has repeatedly evolved in the haplodiploid Hyme-
noptera. Haplodiplody creates a genetic asymmetry, such that a female is 
more related to her full sister (r = 0.75) than she is to her own offspring 
(r = 0.5). Therefore, if a singly mated mother produces a female-biased 
offspring sex ratio, it is genetically more advantageous for a daughter to 
help her mother raise more sisters. However, the balance of evidence from 
existing species where cooperative breeding is facultative finds that such 
species are not monogamous, do not predictably bias sex ratios toward 
females, or both (Bourke and Franks, 1995). Hence, the haplodiploidy 
hypothesis is not a robust test of kin selection because the required pat-
terns of genetic relatedness likely did not exist in the putative ancestors 
of eusocial species (Nonacs, 2010). The second example is the “monogamy 
hypothesis,” where cooperative breeding is predicted to be more likely to 
evolve in species where family groups are full siblings because of monog-
amy (Boomsma, 2009). However, a gene-based model for the evolution 
of cooperation found that helping actually often tended to spread more 
rapidly through populations with polygamy (Nonacs, 2011). This may be 
an instance where the underlying kin selection model actually produces 
erroneous predictions [as postulated by Nowak et al. (2010)].

SUCCESSES: BIASED SEX INVESTMENT RATIOS AND 
PARENTAGE OF MALES THROUGH WORKER POLICING

Another genetic consequence of the asymmetrical relatedness patterns 
attributable to haplodiploidy is that with one singly mated queen (i.e., 
monogynous with monandry), workers are more closely related to full sis-
ters than to their brothers. This preference should drive female investment 
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bias to the point where it is exactly offset by the relative mating advantage 
of the rare male sex (Trivers and Hare, 1976). Thus, if workers control sex 
investment ratios, a 3:1 female-to-male investment bias should result. Over 
3 decades of evidence has solidly supported the core of the Trivers and 
Hare hypothesis (Nonacs, 1986; Bourke and Franks, 1995; Chapuis and 
Keller, 1999; Strassmann and Queller, 2007). Female-biased investment 
occurs frequently in species where the sister-brother relatedness asymme-
try is present and far less often in species where it is absent. Within some 
species, there are both monogynous, monandrous colonies and others in 
which the relatedness difference between females and males is reduced or 
absent because of having multiple laying queens or one queen that uses 
sperm from multiple males. Extending Trivers’ observation predicts that 
such populations should exhibit split sex ratios, with the monogynous, 
monandrous colonies favoring females and the others favoring males 
(Boomsma and Grafen, 1990). A recent review (Meunier et al., 2008) found 
that within-colony relatedness asymmetries do significantly affect bias in 
sex investment as predicted by kin selection.

Conflict over male parentage in Hymenoptera can also be present 
because workers retain the ability to produce haploid eggs in many spe-
cies, and therefore can produce sons (Bourke and Franks, 1995). Although a 
worker’s sons and nephews (r = 0.375) are more closely related than broth-
ers (r = 0.25), males produced by half sisters are less related (r = 0.125). 
Thus, when more than 50% of the workers are half sisters, a nonlaying 
worker is more related to a queen-produced male than to the average 
worker-produced male. Maximization of inclusive fitness would there-
fore predict that workers replace (i.e., police) worker-produced eggs with 
queen-produced eggs (Ratnieks et al., 2006). Policing occurs in all exam-
ined species where workers are more related to the queen’s male offspring 
than to the average worker-produced male (Wenseleers and Ratnieks, 
2006a). Contrary to expectations generated from the relative genetic value 
of brothers vs. nephews, however, worker policing also occurs in species 
where workers are more related to worker-produced males than to queen-
produced males (Hammond and Keller, 2004). Thus, worker policing may 
also often reflect group-level advantages, such as the replacement of less 
viable worker eggs with more viable queen-laid eggs (Nonacs, 2006a). 
Despite these notable exceptions, extensive phylogenetic analyses support 
broad predictions of kin selection theory (Ratnieks et al., 2006; Wenseleers 
and Ratnieks, 2006b): (i) Worker policing occurs more frequently in species 
where queen-produced males have higher mean relatedness to workers; 
(ii) frequencies of worker-produced males correlate to increasing relat-
edness between worker-produced males and workers; (iii) frequency of 
worker laying negatively correlates to effectiveness of policing; and (iv) 
worker policing is less prevalent after queen death in colonies with lower 
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between-worker relatedness [i.e., a reversal of the pattern found in (ii) in 
the presence of viable queens].

FAILURES: PATRILINE NEPOTISM IN CASTE 
BIAS AND REPRODUCTIVE SKEW

In the eusocial Hymenoptera, sterile female workers primarily raise 
the offspring (Bourke and Franks, 1995). These offspring can have a wide 
range of relatedness to the tending females as a result of queens mating 
with multiple males or multiple fertile queens in colonies. The former 
creates patrilines of full sisters within the colony, and the latter can create 
worker cohorts ranging in relatedness from nieces (if queens are sisters) 
to totally unrelated. Therefore, any worker cohort that manages to have 
its full sisters preferentially raised as the future reproductives should 
significantly increase its fitness. Careful observation, however, has yet to 
find any significant conflict or favoritism over care giving under a wide 
range of scenarios. Honey bees (Apis mellifera), whose queens mate with 
many males, have been studied most extensively for evidence of queen-
rearing nepotism, but none has been conclusively demonstrated (Tarpy et 
al., 2004; Ratnieks et al., 2006). Similar studies in other social Hymenoptera 
have also failed to find nepotism in colonies with multiply mated females 
or multiple queens (Keller, 1997; Gamboa, 2004).

If facultatively cooperative groups are more productive than the 
expected cumulative output of all their individual members, it is possible 
for reproduction to be shared so that all individuals have higher fitness 
through cooperation (Nonacs and Hager, 2011). A fitness-maximizing divi-
sion of the reproduction (i.e., the reproductive skew within the group) can 
be predicted through an inclusive approach. Groups can be stable if all 
individuals accrue fitness that is equal to or greater than their expected 
fitness from reproducing on their own (Nonacs, 2006b). Although there 
are numerous variants of skew models, all share the general features that 
predicted skew within groups ought to be affected by the genetic related-
ness of the group members, their relative ability to compete for reproduc-
tive shares, and the relative productivity of groups vs. solitary individuals 
(Nonacs and Hager, 2011). In an extensive review of experimental tests 
of skew theory, none of these predicted relationships were consistently 
found (Nonacs and Hager, 2011). In 21 of 27 studies, there was no sig-
nificant correlation between genetic relatedness and skew across groups 
within populations. In 13 of 18 cases, correlates with competitive ability 
had no significant effect on skew, and in only 3 of 18 cases did skew sig-
nificantly correlate to factors likely to cause ecological constraints. Finally, 
3 of 4 studies estimating inclusive fitness of group members and solitary 
individuals found it unlikely that cooperation was favorable for all group 
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members. Individuals of low relatedness would probably gain higher 
fitness by reproducing solitarily rather than being subordinate group 
members. Therefore, the overall evidence suggests that individuals rarely 
modulate reproductive shares in response to the intrinsic characteristics 
of other group members, such as relatedness (Nonacs, 2006b; Port and 
Kappeler, 2010; Nonacs and Hager, 2011).

The failure of reproductive skew models to predict the behavioral 
dynamics between group members within populations contrasts with 
more accurate predictions at the population or species level. In these com-
parisons, differences in mean within-group relatedness or differences in 
environmental constraints for being solitary do accurately predict which 
population or species should exhibit the greater reproductive skew (Reeve 
and Keller, 1995; Nonacs and Hager, 2011). For example, if two popula-
tions significantly differ in mean within-group relatedness, subordinate 
individuals in low-relatedness populations stand to gain more fitness by 
reducing reproductive skew. Thus, there would be greater selective pres-
sure with overall low relatedness to share reproduction more equally, 
independent of whether individual-level relatedness can be recognized 
(Reeve and Keller, 1995).

MECHANISMS OF KIN SELECTION

“Failure” is a semantically loaded word and should not imply that 
there are no evolutionary explanations for the observed outcomes in 
caste rearing and reproductive skew. However, these explanations invoke 
elements that are added to kin selection theory and do not follow from 
it. For example, caste-rearing nepotism would be absent if workers are 
constrained by an inability to distinguish their own patrilines from others. 
Without some means of kin recognition, kin selection could not “fail” as a 
hypothesis because it simply would not be relevant to the phenomenon at 
hand. Alternately, caste-rearing nepotism could create such within-colony 
conflict that overall colony productivity or survival is seriously reduced. 
Hence, conflict would not be selectively advantageous. This alternative 
explanation, again, does not follow from kin selection theory. No mat-
ter the overall cost, successful nepotists would always have a selective 
advantage relative to nonnepotists within colonies. It is only selection on 
the across-group level that could favor this ergonomic efficiency explana-
tion for the absence of nepotism. The same two possibilities, constraint 
or ergonomics, could also explain why reproductive skew models do not 
adequately predict patterns of cooperative breeding (Nonacs and Hager, 
2011). Nevertheless, recent work casts doubt on the constraint hypothesis 
as a broadly viable explanation. For example, individual ants produce 
genetically heritable hydrocarbon profiles that could, theoretically, be 
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used to identify kin (van Zweden et al., 2010). However, such markers 
are readily transferred to create effective nestmate recognition rather than 
within-nest nepotism. This leaves only the group selection hypothesis as 
a plausible, if unsatisfying, explanation. It is unsatisfying because it is 
untestable in many cases; that is, if species A never exhibits caste-rearing 
nepotism, how can it be shown that it is because such behavior reduces 
overall colony productivity? Therefore, instead of relegating the solu-
tion as only explainable by difficult-to-test group selection, it is useful to 
reexamine kin selection predictions relative to the mechanistic aspects of 
exactly how individuals recognize or define other group mates as genetic 
kin. In essence, kin selection theory may accurately predict the outcomes 
for caste rearing and reproductive skew, but the predictions themselves 
may differ from earlier expectations.

There are only two ways that kinship can be assigned, either through 
recognizing genetic similarity or by using environmental cues that accu-
rately predict genetic similarity. The latter can lead to simple and relatively 
effective rules-of-thumb for cooperation. For example, in a population 
where most females mate with only one male, two female wasps matur-
ing at the same time on a nest are likely to be full sisters and can behave 
according to predictions from Hamilton’s rule. However, such rules-of-
thumb are not absolutely reliable: The females could also be half sisters, 
cousins, or unrelated because of multiple mating, multiple foundresses, 
or nest usurpation. Errors in estimation of relatedness could be common 
(Nonacs, 2006b).

In contrast to using environmental cues, individuals could recognize 
kin through a shared phenotypic trait that uniquely represents the pres-
ence of identical alleles. To function as an effective kin selective mecha-
nism, genetic recognition must have three elements: expressed phenotypic 
trait(s), an ability to recognize traits in other individuals, and the proclivity 
to direct aid toward those others if a suitable opportunity arises (Gardner 
and West, 2010). These three elements can either be genetically linked as 
a single “greenbeard” system or be a set of genetic markers monitored 
by a single perception locus that triggers cooperative behavior (Lacy and 
Sherman, 1983). In the second scenario, recognition and action need not 
be linked to any cue alleles. Although the basic premise of greenbeard kin 
selection is sound, functioning greenbeards have been thought likely to be 
rare for several reasons (Gardner and West, 2010). A greenbeard system 
must always co-occur within individuals. For example, if the willingness 
to aid becomes decoupled from the phenotypic trait, a “falsebeard” indi-
vidual would result. Such individuals would receive benefits from other 
greenbeards but would never provide benefits (and thus never incur any 
costs for being helpful). Under a wide range of conditions, cheating false-
beards could be at a selective advantage over true greenbeards and pre-
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vent widescale cooperation (Gardner and West, 2010). A second problem 
is that successful greenbeard genetic systems would encounter Crozier’s 
paradox (Crozier, 1986). As the greenbeard system increases in frequency, 
it becomes less useful for identifying kinship (Rousset and Roze, 2007). As 
it approaches fixation, it can no longer function for kin nepotism because 
almost all individuals in the population would be viewed as identically 
related. A final problem for a greenbeard system, but not for phenotype 
matching, is that individuals are either highly related at a locus (both have 
identical alleles) or totally unrelated. Thus, if the rest of the genome is 
Hamiltonian in the sense of estimating relatedness relative to environmen-
tal cues, this could lead to different estimates of r as well as intragenomic 
and interlocus conflict. Assuming that disproportionally more loci are 
Hamiltonian in driving behavior, this is predicted to lead to suppression 
of any greenbeard favoritism (Helanterä and Bargum, 2007); however, an 
alternative argument is supported by Gardner and West (2010).

Despite the theoretical objections, more examples of greenbeard 
behavior have been found recently in hydrozoans (Grosberg et al., 1985), 
slime molds (Queller et al., 2003), yeast (Smukalla et al., 2008), and ants 
(Keller, 2007). The most compelling example is in side-blotch lizards (Uta 
stansburiana), where blue-throated males preferentially establish territories 
next to each other (Sinervo et al., 2006). These aggregations form with 
respect to the blue-throat trait and are not predicted by whole-genome 
relatedness. Neighboring blue-throats are more successful at mate guard-
ing against larger aggressive orange males. However, these benefits accrue 
only to blue males not next to an orange male; blue males adjacent to 
orange males suffer a cost. Possibly in reaction to a perception that such a 
greenbeard system could not be evolutionarily stable, Sinervo et al. (2006) 
insightfully comment, “A proximate explanation for kin altruism is not 
that kin share a fractional number of genes; rather, kin altruists share key 
genes for signal, self-recognition, and donation behavior” (p. 7376). In this 
context, it is seen that kin nepotism through genetic recognition differs 
from existing models of greenbeard nepotism not in process but simply 
in the number of genes involved. This view argues that kin selection can 
result from a collaboration of multiple greenbeards sharing a common 
interest.

SIMULATING DIFFERENT PATHWAYS FOR 
THE EVOLUTION OF COOPERATION

Although the evolutionary dynamics of single greenbeard systems 
have been extensively examined (Gardner and West, 2010), multiple green-
beards evolving synchronously have not received similar attention. I con-
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sider this latter situation by simulating the evolution of helping behavior 
under three scenarios:

 (i) Help is allocated so as to maximize inclusive fitness as predicted 
by Hamilton’s rule.

 (ii) Help is allocated relative to recognized shared alleles, with the 
helper and helped having the same greenbeard allele(s). In this scenario, 
falsebeard mutants can also arise that induce cooperation from greenbeard 
alleles but never extend help.

 (iii) A mixed system exists where some loci favor cooperation as 
predicted by Hamilton’s rule and others behave as greenbeards or false-
beards. This tests the degree to which interlocus conflict can suppress or 
mask greenbeard effects.

Phenotype matching (Lacy and Sherman, 1983) is a hybrid version 
of greenbeard and Hamiltonian kin recognition, where a number of cues 
act as greenbeards but there is only one recognition locus. This locus col-
lates matches from all the cues to generate an estimate of r that is used in 
Hamilton’s rule to determine if cooperation occurs. I do not specifically 
evaluate phenotype matching, although scenario (i) can be viewed as a 
version of the model that is completely accurate for estimating relatedness. 
The model is written in TrueBasic.

All simulations assumed a diploid population and started with 500 
mothers, each mating with two males. All mothers produced two off-
spring, a potential helper and helped offspring that could be full siblings 
or half siblings. All offspring genotypes were randomly determined with 
respect to father and which allele was contributed by each parent. Loci 
were not linked and segregated independently. Only offspring and no 
mothers, helpers, or helped survived to the next generation. For the first 
two scenarios, all offspring had 1–15 loci (depending on the simulation) 
at which helping behavior could independently evolve. All alleles at these 
loci were initially “null” and neutral with respect to whether help was 
offered. Helping alleles were randomly mutated into the population at 
the rate of 0.01 mutations per offspring. If no cooperation occurred, both 
offspring mated twice and produced two offspring of their own, which 
were added to the pool from which the next generation’s mothers and 
fathers were chosen. Thus, the inclusive fitness of noncooperation (IFNC) 
equaled 2(0.5) + 2r, where r is the relatedness of the sibling’s future off-
spring calculated at the level of the entire genome. If cooperation occurred, 
the helper did not reproduce and its sibling produced 2–12 offspring (b) 
depending on the conditions of the simulations (Table 3.1). This results in 
IFC = rb. A Hamiltonian allele would vote “yes” if IFC > IFNC and “no” 
otherwise. (Note that to be completely consonant with Hamilton’s rule, 
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TABLE 3.1 Payoffs for Helping Behavior

Mean  
Benefit (b)  
Levels

Hamiltonian Greenbeard

Half Sib Full Sib Helper/Helped

r = 0.125 r = 0.25 1/1 1/2 2/1 2/2

Good
Low: b = 4 −0.75 −0.5 0 1 –1 0
Medium: b = 8 −0.25 0.5 2 5 1 4
High: b = 12 0.25 0.5 4 9 3 8

Moderate
Low: b = 3 −0.875 −0.75 −0.5 0 −0.5 −1
Medium: b = 6 −0.5 0 1 3 0 2
High: b = 9 −0.125 0.75 2.5 6 1.5 5

Poor
Low: b = 2 −1 −1 −1 −1 −2 −2
Medium: b = 4 −0.75 −0.5 0 1 –1 0
High: b = 6 −0.25 0 1 3 0 2

Notes: The mean number of offspring produced by helping (b) varies from good to poor, 
with a lower, medium, or higher payoff equally likely under each overall condition. For Ham-
iltonian loci, relatedness (r) to the offspring of potential helped individuals is calculated at 
the level of the entire genome. The inclusive fitness of noncooperation (IFNC) always equals 
two own offspring plus two nieces or nephews, and the inclusive fitness of cooperation (IFC) 
always equals rb. Hamiltonian loci vote to provide help (shown in bold) whenever IFC – IFNC 
> 0. For greenbeard loci, potential helpers can have either one or two greenbeard alleles (first 
number in pair). They may help only individuals that also have one or two identical green-
beards or the matching falsebeard alleles (second number). Greenbeard loci vote to help (in 
bold) only when the expected number of alleles transmitted by a helped individual, minus 
the sum of helper and helped reproducing noncooperatively, exceeds zero. Therefore, a “yes” 
or “no” vote can depend on the zygosity of both potential helper and helped individuals.

the number of offspring raised by the helped offspring without a helper 
ought to be subtracted from both IF values. For mathematical simplicity, 
I allow this value to cancel out during calculations.) I assume that Hamil-
tonian alleles are completely accurate in discriminating full sibs and half 
sibs. This could occur as a modified greenbeard system where a single 
recognition/action system simultaneously monitors multiple phenotypic 
or environmental cues (unspecified in this model) to estimate genetic 
relatedness reliably. Unlike a single greenbeard, the components would 
not have to be linked to each other. Similarly, I assume that although b 
varies stochastically, the level is always recognized. Thus, Hamiltonian 
alleles vote identically across all loci, giving either a 100% yes or no vote 
for helping among themselves. Therefore, depending on whether overall 
environments were good, moderate, or poor for producing benefits from 
cooperation, Hamiltonian alleles would favor helping in ~50%, 17%, or 
0% of the possible cases (Table 3.1).

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Kinship, Greenbeards, and Runaway Social Selection / 59

In contrast, at each greenbeard locus, there are four different possible 
greenbeard alleles (each producing a hypothetical unique phenotypic cue) 
that can mutate into the population. For each greenbeard allele, a match-
ing falsebeard allele can also mutate into the population. A greenbeard 
allele in a helper could vote yes if the helped sib had identical green-
beard or matching falsebeard allele(s) at the same locus. It would vote 
yes, however, only if a helped individual would be expected to transmit 
more greenbeard alleles to the offspring generation than the combined 
reproduction of noncooperating helpers and helped (Table 3.1). It would 
vote no if noncooperation was expected to transmit more alleles. Thus, 
the vote of a greenbeard locus depended on b and the heterozygosity or 
homozygosity of the helper and helped with respect to greenbeard and 
matching falsebeard alleles. Different greenbeard alleles at the same locus 
do not help each other and would vote no. Falsebeard alleles in a helper 
always vote no. Thus, across greenbeard loci, there could be a mixture of 
yes and no votes and probability of helping occurs relative to the propor-
tion of yes votes (e.g., 12 yes votes and 3 no votes would result in an 80% 
probability of helping).

In the third scenario, five loci evolved cooperation as Hamiltonian 
and one to five loci evolved as greenbeards, both as described above 
(resulting in a range of a 5:1 advantage for Hamiltonian loci to 5:5 equal 
weighting). Helping occurs with a probability that is the proportion of yes 
votes across all votes by Hamiltonian and greenbeard loci. All scenarios 
were simulated for 2,500 generations with 20 replicates. Random mutation 
was present for the first 2,000 generations to allow all possible alleles to 
enter the population. For the last 500 generations, greenbeard alleles were 
prevented from mutating into the population. Therefore, at the end of the 
simulations, the frequency of greenbeard alleles was more reflective of 
their relative selective advantage (i.e., they could be selectively eliminated 
from populations).

RESULTS

The invasion of helping is charted as the proportion of mothers (out 
of 500) that produced pairs of offspring that decided to cooperate. Hamil-
tonian alleles rapidly invade a noncooperative population when coopera-
tion is at least sometimes advantageous (Fig. 3.1). The resulting level of 
sociality is commensurate with how often IFC > IFNC (e.g., 50%, 17%, or 
0%). The number of loci that could be involved has no effect on the rate 
of spread of helping behavior. Overall, the system consistently evolves 
rapidly to maximize inclusive fitness.

Sociality also often evolves with only greenbeard loci but differs 
from Hamiltonian patterns. Unlike with Hamiltonian alleles, a signifi-
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FIGURE 3.1 Increase in sociality 
with Hamiltonian alleles that help 
if IFC > IFNC for full or half sibs, 
as measured by the proportion of 
offspring pairs that help each other. 
The upper set of lines is for simula-
tions where helping often produces 
large benefits (b = 4-12), and the 
lower set is for simulations where 
helping has moderate benefits (b 
= 3–9). No sociality results under 
conditions where helping provides 
poor benefits (b = 2-6). Lines in 
each set represent 1, 3, 7, 11, or 15 
loci and are shown for only the first 
1,000 generations of the simulation.

cant fraction of the population can exhibit cooperation under conditions 
where helping never produced higher inclusive fitness at a genome level 
(Fig. 3.2A). Although this level of cooperation was often enhanced through 
continual input of greenbeard alleles by mutation, greenbeards continued 
to persist for many generations in the population when their entry by 
mutation was turned off (Fig. 3.2). Moreover, higher levels of cooperation 
evolved and greenbeard alleles persisted longer in the absence of mutation 
as the number of greenbeard loci increased across all levels of b.

At most loci, a single greenbeard allele was strongly numerically dom-
inant in frequency no matter the level of b or the number of loci involved. 
Thus, Crozier’s paradox (Crozier, 1986) often occurs at individual loci, 
where one greenbeard allele rises to high frequency at the expense of all 
other possible alleles. Although falsebeard alleles occasionally reached 
high frequency, they did not predominate at the majority of loci for any 
combination of b and loci number. This result is somewhat surprising 
because falsebeards contribute to producing nonhelping phenotypes by 
always voting against cooperation. Thus, conditions where cooperation 
was never beneficial at a whole-genome level, IFNC ≥ IFC (Table 3.1), 
might have been expected to tip the balance of selection toward a false-
beard allele, but this happened only at a minority of loci. As more loci are 
interacting or b becomes moderate or good, allele populations are almost 
uniformly dominated by a single greenbeard allele.
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Across most individual simulation trials, there appeared to be little 
interaction between greenbeard and falsebeard alleles at a given locus. 
Occasionally, an increase in the frequency of a matching falsebeard could 
tip the balance of selection from one greenbeard allele to another and lead 
to a replacement as the most frequent allele in the population.

The high frequency of greenbeard alleles under many conditions 
results in more cooperative behavior between siblings than predicted by 
Hamilton’s rule for any given b value. For example, even with a large 

FIGURE 3.2 Proportion of social pairs with loci that favor helping if individuals 
share the same greenbeard alleles or matching falsebeards. Simulations are where 
helping provides poor benefits (A, b = 2-6), moderate benefits (B, b = 3-9), or large 
benefits (C, b = 4-12). For the last 500 generations, no mutations that produce 
greenbeard alleles were allowed.
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mean payoff to cooperation, applying Hamilton’s rule predicts that only 
~50% of the helpers’ decisions ought to be to cooperate (Fig. 3.1). Com-
pared with this prediction, cooperation through greenbeards results in 
many “mistakes” (Fig. 3.3). Most of the errors are of individuals being 
helped when IFC < IFNC predicts no helping.

The results also show that there can be interlocus conflict across 
Hamiltonian and greenbeard loci. These two regions of the simulated 
genomes can disagree as to whether cooperation is advantageous. The 

FIGURE 3.3 Outcome of decisions made by individuals with greenbeard loci. 
“Correct” and “incorrect” are determined for 500 pairings relative to whether IFC 
> IFNC at the whole-genome level holds with half (r = 0.125) or full (r = 0.25) sibs. 
For the last 500 generations, no mutations that produce greenbeard alleles were 
allowed. Only the situation with seven greenbeard loci and a large level of benefit 
(b = 4–12) is graphed.
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resulting levels of sociality appear to be an approximate balance between 
the relative number of loci that select for Hamiltonian or greenbeard lev-
els of cooperation (Fig. 3.4). Thus, cooperation sometimes occurs under 
conditions where combinations of sibling relatedness and benefit predict 
it should not; however, cooperation also sometimes does not happen in 
the presence of shared greenbeard loci across offspring.

FIGURE 3.4 Proportion of social pairs when individuals have both Hamiltonian 
and greenbeard loci. The three sets of lines represent conditions with good (top 
series, b = 4-12), moderate (middle series, b = 3-9), or poor (bottom series, b = 
2–6) benefits for helping. In all simulations, there are five Hamiltonian loci. From 
the lowest to highest line in each set, the numbers of greenbeard loci are one, 
three, or five. For the last 500 generations, no mutations that produce greenbeard 
alleles were allowed. In the absence of greenbeard loci, the three levels of benefit 
predict that a pure Hamiltonian population would have approximated 50%, 17%, 
and 0% social pairs.
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DISCUSSION

Kin Recognition Mechanism and the Expression of Cooperation

In predicting patterns of life history traits, robust theory must com-
bine with a realistic mechanism for action. The distribution of success 
and apparent failure in past kin selection predictions for social insects 
illustrates the importance of this connection. Thus, genetic mechanisms 
for identifying kin (e.g., a hypothetical series of greenbeard loci) are less 
likely to maximize an actor’s inclusive fitness than environmental cues 
that provide only a probability level of sharing genotypes. That kin selec-
tion theory is accurate only with probabilistic environmental cues helps 
to explain patterns of behavior within social insects. For example, the sex 
of a given offspring may be hidden for some time through development, 
but it must eventually become recognizable (Nonacs and Carlin, 1990). 
This gives workers a clear cue for biasing investment toward females 
and away from males. Similarly, having multiple matrilines or patrilines 
within a single colony may give out an unmistakable diversity signal (van 
Zweden et al., 2010). Therefore, kin selection models for optimal sex ratio 
investment have usable proximate cues and function well in predicting 
ultimate allocation patterns at both the colony and population levels.

Conflict over and suppression of worker laying similarly have an 
available proximate mechanism. Although both workers and queens can 
produce male eggs, an increasing body of evidence shows that queen eggs 
are recognizably different from worker eggs in morphology and chemical 
signatures (Ratnieks et al., 2006; van Zweden et al., 2009; Meunier et al., 
2010). As a result of nutritional differences, queens may always be able 
to imbue their eggs with specific signals that cannot be faked by work-
ers. Thus, workers can discriminate between eggs and maximize their 
inclusive fitness through manipulating which individuals will produce 
the males.

In comparison, there is almost no supportive evidence for within-
colony nepotism in the production of new queens (Keller, 1997; Gamboa, 
2004; Tarpy et al., 2004; Ratnieks et al., 2006). This is despite a potentially 
huge boost in inclusive fitness for eusocial Hymenoptera (e.g., the replace-
ment of an unrelated female, r = 0, or half sister, r = 0.25, with a full sister, 
r = 0.75). From a mechanistic perspective, however, the only cues that 
workers could use to behave nepotistically would be through recognizing 
one or more shared alleles. Similarly, reproductive skew models require 
that group members estimate kinship in apportioning reproductive shares. 
Although unstated in the models, this assumes a type of greenbeard 
kin recognition and may be why they fail to predict skew across groups 
within populations. There is no obvious nongenetic cue that would, for 
instance, be able to differentiate emerging adults on the same nest as full 
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sisters rather than cousins. However, evolved patterns of reproductive 
sharing at population or species levels ought to reflect the expected mean 
levels of relatedness or ecological constraints, regardless of any ability for 
individual-level recognition of genetic relatedness. Hence, skew models 
are relatively more successful at predicting population-level differences 
in reproductive sharing (Nonacs and Hager, 2011).

An interesting result from the simulation models is that greenbeard 
nepotism results in seemingly overly cooperative populations (Fig. 3.3), 
which is exactly how caste nepotism and reproductive skew appear to fail. 
In both cases, individuals are too nice. In caste determination, matrilines 
do not discriminate across females in how they are treated. Close kin, dis-
tant kin, and nonkin are equally helped. Reproductive skew on wasp nests 
tends to be very high, indicating that subordinates willingly cooperate to 
their apparent fitness detriment (Nonacs et al., 2006). Most paradoxically, 
fertile unrelated wasps join (and are allowed to join) groups with no differ-
ential treatment (Queller et al., 2000; Leadbeater et al., 2010). Relatedness 
has no predictive role in establishing aggression patterns or dominance 
hierarchies on nests (Nonacs et al., 2006; Leadbeater et al., 2010).

Runaway Social Selection Through Greenbeard Nepotism

The significance of greenbeard kin nepotism in evolutionary biology 
is controversial (Gardner and West, 2010; Leigh, 2010). However, in the 
models presented here, two of the three major objections to greenbeards 
often fail to prevent the evolution of helping. A falsebeard cheating geno-
type that accepts cooperation but does not reciprocate rarely destabilizes 
a greenbeard kin recognition. The inability of a falsebeard to predominate 
may result from several simultaneous processes. First, positive kin assort-
ment into sibling pairs often imposes a cost onto cheating. Although there 
is the probability of drawing benefits from unrelated greenbeards, there 
can be the relatively greater chance of not helping siblings that share iden-
tical falsebeard alleles when such help would increase allele frequencies. 
A second process occurs as a greenbeard allele reaches higher frequencies. 
At this point, more of the helper/helped pairings involve homozygous 
individuals, which increases the net gain for helping (Table 3.1). This may 
generate positive feedback in more helping and continued increases in 
allele frequency. Finally, when greenbeard alleles predominate at multiple 
loci, they will increase commonality of interest. This could result in green-
beard alleles forming a “voting block” as regards cooperation and depress 
the selective advantage of a falsebeard at any individual locus. Altogether, 
the results are strongly suggestive that models of greenbeard recognition 
systems based on single-locus dynamics (Gardner and West, 2010) may 
predict very different outcomes from multilocus situations. These rami-
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fications need to be explored more extensively in future work. Also, the 
models here assume idealized versions of Hamiltonian and greenbeard 
alleles in that all alleles “know” the payoff for helping, know the cost for 
abandoning direct reproduction, and properly identify shared alleles or 
correctly measure r. The effects of mistakes in these estimates could be 
valuable to consider (Nonacs, 2006b).

The second objection is that greenbeards will sometimes function to 
the detriment of the much larger nongreenbeard genome, and therefore are 
expected to be suppressed (Helanterä and Bargum, 2007). However, sup-
pression is only partial in this model. Shared greenbeard alleles increase 
in populations and raise levels of cooperation proportional to their abun-
dance relative to Hamiltonian loci (Fig. 3.4). This supports the view that 
greenbeard alleles are not intragenomic “outlaws” but are under similar 
selection pressures as the rest of the genome (Gardner and West, 2010).

An effect of greenbeard nepotism is that it quickly increases the fre-
quency of arbitrary phenotypic traits in social settings in what is very 
much a “runaway” process (i.e., in the absence of social interactions, the 
traits convey no benefit to their bearer). This outcome is relevant to West- 
Eberhard’s (1983) proposal that parents might allocate resources biased 
toward offspring with particular traits that have no effect other than being 
“attractive.” If such attractive traits are greenbeards, their bearers would 
benefit from the genetic correlation between trait and preference as in 
runaway sexual selection. The process could be further enhanced by the 
feedback between the commonness of an allele and increased payoffs for 
cooperation. Such runaway social selection is proposed for bright color-
ation and plumage in young birds, which appears to function in attracting 
parental care (Lyon et al., 1994; Ligon and Hill, 2010) but, interestingly, 
not in identifying kin (Shizuka and Lyon, 2010). Moreover, rapidly reach-
ing Crozier’s paradox (i.e., fixation at the loci involved) may leave no 
trace in present-day behavior of past genetically based favoritism across 
offspring. This suggests that some morphological and behavioral traits 
in social species without clear adaptive value may have evolved through 
greenbeard nepotism.

In this suite of traits arising from greenbeard nepotism could be the 
initial evolution of cooperative breeding itself. Specifically, greenbeard 
traits can produce low levels of social behavior under conditions where 
Hamilton’s rule would predict no cooperation (Fig. 3.2). If, for exam-
ple, offspring dispersal is limited, positive kin assortment would result 
among neighboring individuals. This would create preconditions where 
greenbeard alleles producing alloparental behavior could be selectively 
favored. If alloparental care is as simple as feeding a nearby hungry 
mouth (Jamieson, 1989), a greenbeard trait for feeding a “mouth like 
mine” could evolve even if it did not appear to increase kin selective 
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inclusive fitness (Emlen et al., 1991; Komdeur, 1996). Once social groups 
are established, more elaborated forms of cooperation could evolve with 
enhanced benefits provided to helped individuals that are potentially in 
line with Hamilton’s rule.

Another trait that could result through runaway social selection is the 
phenomenon within ants of unicoloniality. Unicoloniality occurs when 
adjacent nests show atypically low or no aggression toward each other and 
is commonly associated with invasive ant species, where supercolonies 
can arise that extend over thousands of kilometers (Helanterä et al., 2009). 
Unicolonial associations are genetically homogeneous, with the majority 
of ants having low relatedness to each other. The reduction in intraspe-
cific aggression appears to be attributable to a loss of genetic diversity at 
recognition loci (Suarez et al., 2008). Although unicolonial behavior may 
be enhanced by genetic bottlenecks, it is also present in situ in native habi-
tats and apparently can evolve within large populations (Pedersen et al., 
2006; Wang et al., 2010). In other words, unicoloniality can be selectively 
favored and is not simply always a byproduct of genetic bottlenecks from 
introductions. Interestingly, unicoloniality could be categorized as work-
ers showing excessive cooperation by accepting and raising unrelated 
individuals, exactly as predicted by the model of greenbeard cooperation. 
The suggestion would be that if greenbeard alleles arise in a species at their 
recognition loci, it would be possible for such alleles to sweep through a 
population, carrying unicoloniality in their wake. This would lead to high 
genetic similarity at recognition loci in populations where within- and 
across-nest relatedness is almost identical [which is indeed observed in 
unicolonial ants (Brandt et al., 2009)]. Finally, it is a suggestive coincidence 
that one of the known greenbeard allele systems (Gp-9 in fire ants) appears 
to have arisen in an exotic species as that species was simultaneously 
evolving a unicolonial population social structure (Keller, 2007).

Genetic Diversity, Relatedness, and Social Heterosis

Controversies about kin selection often concern the best methods to 
model the effects of genetic relatedness (Wilson and Hölldobler, 2005; 
Foster et al., 2006; Lehmann et al., 2007; West et al., 2007c; Wilson and 
Wilson, 2007; Nowak et al., 2010). This tends to obscure the more salient 
point of how important the level of relatedness is for favoring cooperation 
(Nonacs, 2011). The dynamics of social groups can be dominated by either 
their genetic relatedness or their genetic diversity, because both bring 
evolutionarily selective advantages. High relatedness means that group 
benefits will tend to be exclusively shared by alleles identical by descent. 
It becomes relatively less important which individuals are the reproduc-
ers and which individuals are the helpers (Nonacs and Hager, 2011). In 
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contrast, higher genetic diversity can create social heterosis, or the ability 
to exploit a wider range of resources more effectively, and thus increase 
total group benefits (Nonacs and Kapheim, 2007). Although more restric-
tive on the possible skew between reproducers and helpers, within-group 
outcomes become less important relative to across-group competition. The 
evolutionarily inescapable point is, however, that nepotism, as predicated 
on Hamilton’s rule, must come at the expense of genetic diversity. Simi-
larly, selection for genetic diversity may require behavioral biases against 
closer genetic relatives. Relatedness and diversity have an unavoidable 
tradeoff between them.

The model presented here gives no advantage to genetic diversity; 
therefore, cooperation evolves to maximize population-level genetic simi-
larity. Alleles go to high frequency or fixation acting either as greenbeards 
or to maximize genome-level inclusive fitness. Nevertheless, one might 
expect that the diversity/ relatedness tradeoff could be different for green-
beard or Hamiltonian alleles. Any natural system where the benefits of 
cooperation are primarily directed to close relatives would strongly select 
against genetic diversity. In contrast, cooperation could evolve with con-
siderably less of a tradeoff with a greenbeard kin recognition mechanism. 
The benefits of cooperation would not necessarily only flow to the closest 
relatives. As argued above in the case of ant unicoloniality, selection for 
nepotism based on greenbeard similarity could potentially affect only a 
limited part of the genome. Social heterosis could simultaneously select 
for genetic diversity at the remainder of the genome, with the result being 
a patchwork genome of regions of low and high genetic diversity (Nonacs 
and Kapheim, 2007). It is difficult to imagine how such opposing selective 
processes could simultaneously operate when one or more traits are being 
selected relative to their probabilities of being shared. Kin nepotism fol-
lowing Hamilton’s rule will always work to reduce genetic diversity. It is 
the dynamic evolutionary consequences of selection for kin vs. selection 
for genetic diversity that should draw the future attention of both theoreti-
cians and experimentalists.
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In cooperatively breeding systems in which some individuals delay 
reproduction to help raise others’ offspring, environmental variation 
in space and time influences individual reproductive strategies as 
well as interspecific patterns of sociality. Although most environmen-
tal explanations for cooperative breeding emphasize the mean fitness 
gains of living socially, the fittest individuals are not always those 
that produce on average the highest number of offspring. At times, 
variance in fecundity can influence fitness as much as mean fecundity, 
particularly in small populations like those of cooperative breeders. 
Cooperative breeding behavior could therefore be a risk-averse strategy 
to maximize fitness by reducing environmentally induced fecundity 
variance. Such a within-generation bet-hedging hypothesis for social 
evolution predicts that (i) variance in reproductive success should be 
related to environmental variation, (ii) variance in reproductive suc-
cess should be related to the potential for cooperation in a group, 
and (iii) the potential for cooperation should be related to environ-
mental variation. Using data from a 10-year study of cooperatively 
breeding superb starlings (Lamprotornis superbus) living in a temporally 
and spatially variable savanna ecosystem, I found that variance in 
reproductive success declined with increasing environmental quality 
(temporal variation), increasing territory quality (spatial variation), 
and increasing group size (potential for cooperation), which is itself 
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related to environmental variation. To understand the adaptive value 
of cooperative breeding behavior in variable environments, research-
ers must consider both mean and environmentally induced variance in 
fecundity. Determining how spatiotemporal environmental variation 
drives risk-averse strategies may provide insights into the evolution 
of complex social behavior.

Kin selection, or reproductive strategies that favor an organisms’ 
relatives, is often invoked to explain the evolution of coopera-
tion and the formation of complex animal societies (Hamilton, 

1964a; West-Eberhard, 1975). In cooperatively breeding systems in which 
some individuals delay independent breeding to help raise the offspring 
of others, the inclusive fitness benefits of helping genetic relatives may 
outweigh the potential costs of trying to breed independently (Brown, 
1987). Recent theoretical (Boomsma, 2007, 2009) and comparative work 
in both invertebrates (Hughes et al., 2008) and vertebrates (Cornwallis et 
al., 2010) suggests that high relatedness among group members may be 
critical to the evolution of complex animal societies. However, despite 
renewed interest in determining how genetic relatedness among group 
members can influence social interactions and the evolution of family 
groups (Boomsma, 2007, 2009; Hughes et al., 2008; Hatchwell, 2009; Nam 
et al., 2010; Sharp et al., 2011), relatedness alone cannot explain why 
some individuals in a group breed whereas others do not, or why some 
species breed cooperatively whereas other closely related ones do not. 
In other words, relatedness may set the stage for cooperation in animal 
societies, but it is not sufficient to explain many individual differences 
in reproductive strategies or interspecific patterns of social diversity 
(Rubenstein and Lovette, 2007; Jetz and Rubenstein, 2011).

Environmental factors are known to influence complex vertebrate 
social behavior (Alexander, 1974; Jarman, 1974), as well as explain many 
of the individual differences in reproductive strategies (Emlen, 1982a; 
Komdeur, 1992; Covas et al., 2004; Rubenstein, 2007a) and interspe-
cific patterns of sociality (Rubenstein and Lovette, 2007; Jetz and 
Rubenstein, 2011). The role of environmental factors in shaping ani-
mal societies is central to the ecological constraints hypothesis (Emlen, 
1982a), which argues that when barriers to dispersal are high, offspring 
will be selected to delay dispersal and remain at home as part of a 
group because the probability of reproducing successfully outside the 
group is low. The ecological constraints hypothesis (Emlen, 1982a) and 
its other derivations (Koenig and Pitelka, 1981; Koenig et al., 1992) predict 
the environmental conditions under which delayed dispersal is likely 
to occur (Hatchwell and Komdeur, 2000). These conditions include a 
shortage of vacant breeding territories (i.e., habitat saturation), the costs 
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of dispersal, difficulties in finding a mate, and a low chance of successful 
reproduction once a territory is established [reviewed in Hatchwell and 
Komdeur (2000)]. Although each of these conditions represents an external 
constraint or cost associated with dispersal and independent breeding, 
such conditions represent only one side of the cost–benefit equation of 
social living. An alternative theory, the benefits of philopatry hypothesis, 
instead argues that delayed dispersal is the result of intrinsic benefits 
gained by remaining on the natal territory (Stacey and Ligon, 1987, 
1991). These benefits include enhanced survival, indirect fitness gains from 
helping relatives, opportunities for obtaining a nearby breeding vacancy 
in the future, and the chance to inherit the natal breeding territory itself 
[reviewed in Cockburn (1998)]. Despite much initial debate over the 
relative importance of these two hypotheses in shaping cooperative 
groups (Emlen, 1994), it is now widely accepted that they are more similar 
than they are dissimilar, because they place different emphasis on the costs 
of dispersing vs. the benefits of not dispersing as a result of environmental 
constraints (Emlen, 1994, 1997a; Hatchwell, 2009).

Nearly all of the early environmental hypotheses for coopera-
tive breeding behavior have focused primarily on the costs and benefits 
associated with breeding on territories of varying quality, or the fitness 
consequences of living in a spatially heterogeneous landscape where 
suitable territories are limiting (Emlen, 1982a; Stacey and Ligon, 1991; 
Koenig et al., 1992). However, spatial constraints on dispersal (i.e., habi-
tat heterogeneity) are not the only form of environmental variation that 
can influence cooperative breeding behavior. Environmental variation 
in time can also influence social behavior, including dispersal decisions 
and the adoption of different breeding roles. Although the ecological 
constraints hypothesis is generally used to emphasize the role of habitat 
heterogeneity in influencing dispersal decisions, its original description 
also recognized the importance of environmental unpredictability in driv-
ing cooperative breeding (Emlen, 1982a), although this idea went largely 
untested for decades [but see Curry (1989) and Curry and Grant (1990)]. 
Recent work in cooperatively breeding birds living in unpredictable 
environments suggests that erratic and variable climatic patterns can also 
influence social complexity. Temporal environmental variation resulting 
from unpredictable patterns of rainfall (i.e., climatic uncertainty) has 
been shown to influence not only individual behavioral decisions and 
reproductive roles (MacColl and Hatchwell, 2002; Canario et al., 2004; 
Rubenstein, 2007a; Covas et al., 2008) but also interspecific patterns of 
sociality on continental and global scales (Rubenstein and Lovette, 2007; 
Jetz and Rubenstein, 2011). Together, spatial and temporal patterns of 
environmental variation explain many of the individual-level coopera-
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tively breeding behaviors, as well as the broadscale interspecific patterns 
of social diversity.

Although the ecological constraints and benefits of philopatry hypoth-
eses are said to be qualitatively similar (Emlen, 1994), one key difference 
seems to have been largely overlooked. Ecological constraint hypotheses 
primarily focus on mean reproductive success (Koenig and Pitelka, 1981; 
Emlen, 1982b; Stacey and Ligon, 1987; Koenig et al., 1992), emphasizing 
the average number of young produced when breeding alone or as part 
of a group. In contrast, the benefits of philopatry hypothesis were 
formulated on the idea of variance in reproductive success and empha-
sized variation in young produced on occupied territories through time 
in cooperative and noncooperative species (Stacey and Ligon, 1991). This 
key difference in fitness measures (i.e., mean vs. variance in fecundity) 
has important consequences for understanding how natural selection 
acts to promote cooperative behavior. Gillespie (1974, 1975, 1977) dem-
onstrated that the fittest individuals are not always those that produce 
on average the highest number of offspring. Instead, he showed that in 
small populations, variance in fecundity can determine fitness as much as 
mean fecundity because the intensity of selection on reducing fecundity 
variance is inversely proportional to population size (Gillespie, 1974). 
Integrating these bet-hedging ideas into an inclusive fitness game theoretic 
framework, Lehmann and Balloux (2007) showed that helping behavior 
is selected for when fecundity variance is high. Thus, the simultaneous 
examination of mean offspring production and variance in offspring pro-
duction [i.e., considering helping behavior and cooperative breeding as a 
bet-hedging strategy (Cockburn and Russell, 2011)] may shed light on the 
evolution of cooperative breeding behavior, particularly as it relates 
to spatiotemporal environmental variation.

To understand the role of fitness optimization in the evolution of 
cooperatively breeding behavioral phenotypes (i.e., breeding roles) in 
variable environments, we must consider the concept of bet-hedging, 
or risk aversion. Population geneticists have long understood that fluc-
tuating selection resulting from environmental variability can favor the 
evolution of risk-averse strategies (Gillespie, 1974, 1975, 1977; Frank 
and Slatkin, 1990). Bet-hedging itself can be traced back more than 
250 years to Bernoulli (1954; Stearns, 2000). In an evolutionary sense, 
bet-hedging strategies generally spread risk over multiple generations 
(i.e., years) by reducing variance in offspring production, which ulti-
mately leads to an increase in the geometric mean lifetime reproduc-
tive success, but often a reduction in the arithmetic mean (Philippi and 
Seger, 1989). Although much rarer than these among-generation bet-
hedging strategies, risk aversion can also operate within generations 
(Hopper et al., 2003). Within-generation bet-hedging spreads risk within 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Bet-Hedging Strategy / 73

a single generation and involves variability in the selection pressures 
to which a phenotype is exposed (Hopper et al., 2003). Importantly, 
within-generation bet-hedging encompasses any behavioral strat-
egy that avoids having no or few offspring in any given generation, 
rather than maximizing the expected number of offspring (Sarhan and 
Kokko, 2007). Examples of within-generation bet-hedging are rarer 
than those of among-generation bet-hedging because within-generation 
bet-hedging only evolves under a much narrower set of demographic 
conditions (Hopper et al., 2003). Specifically, within-generation bet-
hedging is only likely to evolve in small populations because the intensity 
of selection on reducing fecundity variance is inversely proportional to 
population size (Gillespie, 1974). For cooperatively breeding species 
in which populations are subdivided into kin-based social groups that 
are connected via dispersal, the conditions for within-generation bet-
hedging to evolve are likely to exist (Lehmann and Balloux, 2007; Shpak, 
2005). Such within-generation bet-hedging strategies could apply in any 
cooperatively breeding species in which, in addition to opportunities for 
helping, subordinates have options for direct reproduction, either by 
dispersing to breed independently outside of the group, becoming a 
breeder in the natal group, or gaining reproduction through extrapair 
paternity. Within-generation bet-hedging strategies to avoid having 
no or few offspring in any given generation may be most evident in 
cases of redirected helping in species like the long-tailed tit (Aegithalos 
caudatus), in which temporally variable ecological constraints drive indi-
viduals to switch from independent breeding to helping others (often 
relatives) later in the breeding season (MacColl and Hatchwell, 2002; 
Hatchwell and Sharp, 2006). Thus, when individuals have simultane-
ous opportunity to accrue fitness directly and indirectly within a given 
breeding season, environmentally induced selection to reduce fecundity 
variance can operate on risk-averse breeding strategies.

Although the conditions under which variance in fecundity can influ-
ence kin structure and cooperative breeding behavior have been modeled 
(Lehmann and Balloux, 2007), to my knowledge they have not been 
studied empirically. Here, I will study the effects of spatial and temporal 
environmental variation on fecundity variance in an avian cooperative 
breeder. Specifically, I will examine how mean and variance in group 
reproductive success change with increasing potential for cooperation, 
and how the potential for cooperation relates to environmental varia-
tion. I will test the hypothesis that cooperative breeding behavior is a 
risk-averse strategy to maximize fitness by reducing environmentally 
induced variance in fecundity. Such a within-generation bet-hedging 
hypothesis for social evolution predicts that (i) variance in reproductive 
success should be related to environmental variation in space and/
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or time, (ii) variance in reproductive success should be related to the 
number of helpers in a group, and (iii) the numbers of helpers in 
the group should be related to environmental variation. Having help-
ers at the nest has been proposed to reduce the risk of complete clutch 
failure within a breeding season, either by preventing nestling starvation 
or depredation during harsh conditions, and/or by allowing for more 
clutches to be laid during benign conditions, resulting in an extended 
breeding season (Rubenstein and Lovette, 2007). Moreover, parental 
care that positively influences offspring survival may be favored in 
variable environments (Bonsall and Klug, 2011), and delayed reproduc-
tion strategies in general may be favored in unpredictable environments 
(Koons et al., 2008). Therefore, cooperative breeding itself may be a risk-
averse strategy to maximize fitness by reducing variance in the number 
of offspring produced in a social group. Using data from a 10-year study 
of cooperatively breeding superb starlings (Lamprotornis superbus) living 
in a temporally and spatially variable savanna ecosystem (Rubenstein, 
2009), I will explore how environmental variability in space (habitat 
heterogeneity) and time (climatic uncertainty) can directly influence 
fecundity variance. Moreover, I will examine whether fecundity variance 
relates to the potential for cooperation (number of helpers in the group), 
which may itself be related to environmental variability. Thus, this study 
will examine how spatiotemporal environmental variation influences 
fitness in cooperatively breeding birds living in unpredictable and het-
erogeneous environments, thereby providing insights into risk-averse 
social behavior and the evolution of complex animal societies.

RESULTS

To integrate spatial and temporal environmental variation into a 
framework for understanding the evolution of complex animal societies, 
I examined the environmental correlates of reproductive success in the 
cooperatively breeding superb starling using data from a 10-year field 
study representing 20 breeding seasons; birds typically breed twice a 
year during both the long and short rains. Superb starlings are endemic 
to the savanna of East Africa, which like most semiarid ecosystems 
is a spatially and temporally variable environment (Rubenstein, 2009). 
Superb starlings are obligate plural cooperative breeders, meaning that 
all groups have helpers and multiple breeding pairs that nest separately. 
They live in spatially subdivided populations (hereafter social groups) 
with high kin structure (Rubenstein, 2007c), thereby meeting the 
primary criteria to empirically examine within-generation bet-hedging 
strategies (Lehmann and Balloux, 2007). Because superb starlings live in 
such complex social groups with multiple breeding pairs, I quantified 
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mean and variance in reproductive success at the level of the group 
as the proportion of eggs laid that fledged young in each nest for each 
group in each breeding season. This assumes that selection can oper-
ate on both the direct and indirect components of fitness, as has been 
shown theoretically in these types of kin-structured groups (Shpak, 2005; 
Lehmann and Balloux, 2007).

Rainfall in this region of Kenya is extremely variable from month to 
month and year to year. From 1998 through 2010, rainfall generally 
peaked three times per year; there were large peaks during both the short 
(November) and long (April–May) rainy seasons, as well as a small 
peak during July and August (Fig. 4.1A). The mean ± SD in annual 
rainfall was 529 ± 138 mm, which is characteristic of semiarid ecosystems 
worldwide (Austin et al., 2004). Annual rainfall ranged from 280 mm in 
2000 to 822 mm in 2010. There was a negative relationship between mean 
monthly rainfall and the coefficient of variation in mean monthly rain-
fall (correlation: F1,10 = 19.51, P = 0.0013, r = 0.81; Fig. 4.1B), showing that 
the drier months during the prebreeding season were more unpredict-
able than the wetter months during the breeding season. Thus, there 
was both high within-year (i.e., seasonality) and among-year variation 
(i.e., temporal variability) in rainfall in this unpredictable environment.

FIGURE 4.1 Rainfall patterns at the Mpala Research Centre, Laikipia, Kenya, 
from 1998 to 2010. (A) Mean ± SD in monthly rainfall is plotted. Peaks in rainfall 
were trimodal, highlighting the long and short rainy seasons, as well as a third 
peak in July and August. White bars indicate the primary breeding months, 
whereas graybars indicate the primary dry season months. (B) Mean monthly 
rainfall was negatively correlated with the coefficient of variation (CV) in mean 
monthly rainfall, showing that drier months were more variable than wetter 
months.
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The high among- and within-year variation in rainfall influenced ter-
ritory quality: There were significant differences among territories and 
among months in vegetation cover (generalized linear mixed model: ter-
ritory, F6,1622 = 22.85, P < 0.0001; month, F11,1563 = 4.24; P < 0.0001). Veg-
etation cover is highly correlated with insect abundance and is thus a 
strong indicator of territory quality and a correlate of reproductive behav-
ior (Rubenstein, 2007c). However, there was no effect of the interaction 
between territory and month on vegetation cover, suggesting that relative 
territory quality does not change much in this ecosystem (generalized 
linear mixed model: territory ´ month, F66,1623 = 0.86; P = 0.78). In other 
words, although habitat quality differs among territories, high-quality 
territories remain better relative to low-quality territories in all months, 
seasons, and years.

Although the overall mean annual reproductive success was low 
in this population, as only 13% of all eggs laid fledged, there was sig-
nificant variation in reproductive success among years (Wilcoxon test: 
c2 = 21.26, df = 9, P = 0.012) and among territories (Wilcoxon test: c2 = 
17.31, df = 8, P = 0.027). However, mean fecundity was not related to 
variation in breeding conditions through time (i.e., climatic uncertainty 
or habitat heterogeneity); there was no relationship between mean repro-
ductive success and breeding season rainfall (regression: F1,7 = 0.073, 
P = 0.79, R2 = 0.004; Fig. 4.2A) or vegetation cover (regression: F1,5 = 0.012, 

FIGURE 4.2 Reproductive success and climatic uncertainty. Reproductive suc-
cess (RS) was estimated as the proportion of eggs fledged in each nest averaged 
for each group. Standardized variance in reproductive success was calculated 
as (variance in reproductive success)/(mean reproductive success)2. Each point 
represents a breeding season (n = 19). (A) Mean ± SE reproductive success did 
not vary with breeding season rainfall, but (B) standardized variance in repro-
ductive success was negatively related to breeding rainfall. Thus, fecundity 
variance decreased with increasing environmental quality or conditions.
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P = 0.92, R2 = 0.002; Fig. 4.3A). In contrast, the variance in fecundity in 
time and space was related to environmental variation among territories 
and across years. There was a significant negative relationship between 
standardized variance in reproductive success and breeding season 
rainfall (regression: F1,17 = 6.17, P = 0.024, R2 = 0.27; Fig. 4.2B), suggesting 
that fecundity variance among territories declines with increasing envi-
ronmental quality or conditions. There was also a negative relationship 
between standardized variance in reproductive success and vegetation 
cover (regression: F1,5 = 8.42, P = 0.034, R2 = 0.63; Fig. 4.3B), suggesting 
that fecundity variance among years declines with increasing territory 
quality. Together these results show that environmental variation in 
space and time had significant effects on variance in fecundity but not 
on mean fecundity.

Previous work in this system demonstrated that having helpers 
is critical, as nests with more helpers fledged more young (Rubenstein, 
2007b). However, given the relationship between variance in repro-
ductive success and environmental variability, does having more help-
ers actually increase mean reproductive success and reduce variance in 
reproductive success, and does helper number vary as a function of envi-
ronmental variation? Using group size as an estimate of the potential 

FIGURE 4.3 Reproductive success and habitat heterogeneity. Reproductive suc-
cess (RS) was estimated as the proportion of eggs fledged in each nest averaged 
for each group. Standardized variance in reproductive success was calculated 
as (variance in reproductive success)/(mean reproductive success)2. Each point 
represents a territory or group (n = 7). (A) Mean ± SE reproductive success did 
not vary with percentage vegetation cover, but (B) standardized variance in re-
productive success was negatively related to percentage vegetation cover. Thus, 
fecundity variance decreased with increasing territory quality.
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number of helpers available in a group (Rubenstein, 2007b; Rubenstein 
and Shen, 2009), I found that mean reproductive success showed a trend 
to increase with increasing group size (regression: F1,7 = 4.82, P = 0.064, 
R2 = 0.41; Fig. 4.4A), whereas standardized variance in reproductive suc-
cess declined with increasing group size (regression: F1,7 = 6.09, P = 
0.043, R2 = 0.47; Fig. 4.4B). Additionally, group size was related to envi-
ronmental variation in time but not in space. Group size, which was 
estimated during the long rains breeding season, was not influenced 
by vegetation cover (regression: F1,5 = 0.48, P = 0.52, R2 = 0.087) or 
breeding rainfall (regression: F1,2 = 1.15, P = 0.40, R2 = 0.36). However, 
just as many reproductive behaviors and components of superb starling 
physiology are influenced by rainfall in the prebreeding period leading 
up to the long rains breeding season (Rubenstein, 2007a,b; Rubenstein et 
al., 2008), so too is group size related to prebreeding rainfall (regression: 
F1,2 = 27.32, P = 0.035, R2 = 0.93); groups were larger after relatively wetter 
dry seasons, suggesting that more helpers were available after favorable 
dry season conditions. Thus, fecundity (mean and variance) is related to 

FIGURE 4.4 Reproductive success and helper number. Reproductive success (RS) 
was estimated as the proportion of eggs fledged in each nest averaged for each 
group. Standardized variance in reproductive success was calculated as (variance 
in reproductive success)/(mean reproductive success)2. Because all superb star-
ling groups have helpers, group size is a good estimate of the number of helpers 
in a group (Rubenstein, 2007b; Rubenstein and Shen, 2009). Each point represents 
a territory or group (n = 9) (A) Mean ± SE reproductive success showed a nonsig-
nificant trend to increase with group size, whereas (B) standardized variance in 
reproductive success was negatively related to group size. Thus, mean fecundity 
tended to increase with increasing numbers of helpers, whereas fecundity vari-
ance decreased with increasing numbers of helpers.
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the potential for cooperation, which is itself related to a different seasonal 
component of temporal environmental variation.

DISCUSSION

Having helpers at the nest is beneficial for superb starlings, as nests 
with more helpers fledge more young (Rubenstein, 2007b). Here, I 
further demonstrate that mean reproductive success increased with 
increasing group size [i.e., the number of available helpers (Rubenstein, 
2007b; Rubenstein and Shen, 2009)] and that variance in reproductive suc-
cess decreased with increasing group size. Group size was also directly 
related to prebreeding rainfall or temporal environmental variation in 
the dry season immediately before the primary breeding season. Rainfall 
during this period not only influences the potential for cooperation but 
also breeding behavior directly (Rubenstein, 2007a,b), as well as stress 
physiology (Rubenstein, 2007a) and immune function (Rubenstein et al., 
2008). These results suggest that not only is having helpers beneficial but 
also that living in larger groups has added reproductive benefits. Thus, 
cooperative breeding and the formation of large, complex family groups 
in superb starlings may be related directly to environmental variation.

If cooperative breeding behavior within these large family groups 
is indeed a within-generation bet-hedging strategy to maximize fitness 
by reducing fecundity variance in spatially heterogeneous or tempo-
rally unpredictable environments, then variance in reproductive suc-
cess should also be related to environmental variation in space and/
or time. In support of this prediction, I found that reproductive success 
varied greatly among years and among territories, and that the variance 
in reproductive success was related to both climatic uncertainty and 
habitat heterogeneity. Variance in reproductive success among territories 
decreased with increasing environmental conditions across years (breed-
ing season rainfall), whereas variance in reproductive success among years 
decreased with increasing territory quality (vegetation cover). Thus, mean 
reproductive success is similar in both good and bad times, as well as 
on high- and low-quality territories. As would be predicted from a bet-
hedging hypothesis, constant levels of mean reproductive success are 
maintained across all environmental conditions, and importantly, repro-
ductive success does not decrease as conditions deteriorate. Poor rainfall 
years, however, seem to exacerbate the differences between high- and 
low-quality territories, leading to greater variance in reproductive suc-
cess among territories. Conversely, high rainfall can apparently mask the 
inherent differences in territory quality that drive patterns in reproduc-
tive success. Similarly, low-quality territories amplify the consequences of 
annual differences in breeding rainfall more than high-quality territories. 
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Together, these results are consistent with the hypothesis that coopera-
tive breeding in starlings may be a risk-averse or within-generation bet-
hedging strategy to maximize fitness by minimizing variance in fecundity 
in temporally and spatially variable environments. Additionally, these 
results are also consistent with both the ecological constraints and bene-
fits of philopatry hypotheses. Ecological constraints clearly limit breeding 
opportunities in this species (Rubenstein, 2007a,c), but fecundity variance 
also seems to play an important role in shaping individual reproductive 
decisions. Additional studies in cooperatively breeding species in which 
subordinates have greater opportunities for independent breeding out-
side of the group will be needed to further disentangle these hypotheses.

If cooperative breeding is a strategy to reduce risk in variable envi-
ronments, do spatially and temporally variable environments influence 
social behavior in similar ways, as has been proposed previously (Emlen, 
1982a,b), or do the mechanisms underlying group formation differ in 
the different types of environments? Insider-outsider conflict theory 
(Giraldeau and Caraco, 1993; Higashi and Yamamura, 1993) provides a 
possible framework to explore how the tension over group membership 
between current group members (i.e., insiders) and potential joiners (i.e., 
outsiders) could differ in temporally and spatially variable environments. 
Insider-outsider conflict theory has recently been expanded to consider 
conflict resolution during group formation in cooperatively breeding spe-
cies in which relatedness among group members can be high (Shen and 
Emlen, 2010). Instead of focusing on just offspring delayed dispersal, the 
theory emphasizes the importance of simultaneously considering both 
insider (parents) and outsider (joining mature offspring) interests to fully 
understand the evolution of cooperative breeding. In temporally variable 
environments where breeding conditions are unpredictable from year 
to year, insiders may be more likely to allow outsiders into the group 
to maintain a pool of available helpers as a form of insurance (Emlen, 
1982a; Covas et al., 2004, 2008; Rubenstein, 2007a). However, outsiders 
may be less inclined to join groups in all but the poorest years with-
out insider concessions (i.e., a share of reproduction) because outside 
breeding opportunities are likely to be available (Shen and Emlen, 2010). 
This environmentally induced conflict would not only lead to the forma-
tion of larger groups (i.e., a larger insurance pool) but also potentially 
to greater reproductive sharing within groups or lower reproductive 
skew. Once groups have formed, year-to-year environmental differences 
could still influence reproductive conflict and the degree of reproduc-
tive skew (Emlen, 1982a; Covas et al., 2004). Thus, temporally variable 
environments might favor large groups with multiple breeders and 
low reproductive skew (i.e., plural breeding), in which outsiders exert 
relatively greater control over group membership and reproductive 
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conflict is high. In spatially variable, heterogeneous environments where 
territory quality varies across the landscape, the conditions on a given ter-
ritory are more predictable from year to year than in temporally variable 
environments. Therefore, insiders might not only be less willing to accept 
outsiders into the group but also less inclined to share any reproduc-
tion with them. In contrast, outsiders may be more willing to join groups 
without concessions because outside breeding opportunities are likely 
to be limiting in all years. Thus, spatially variable environments might 
favor smaller groups with one breeding pair and high reproductive skew 
(i.e., singular breeding), in which insiders might exert relatively greater 
control over group membership and reproductive conflict is low. Over-
all, the mechanisms underlying group formation, the individuals that 
control group membership, and the types of social groups themselves 
(i.e., singular vs. plural) may differ in temporally and spatially variable 
environments.

Although the data presented here are consistent with the hypothesis 
that spatiotemporal environmental variation promotes cooperative breed-
ing as a risk-averse behavioral coping strategy, it is not the only pos-
sible explanation. Kin-structured populations, or kin neighborhoods, 
resulting from environmental constraints could also influence avian coop-
erative breeding behavior (Hatchwell, 2009). Hamilton (1964b) was the 
first to realize that populations with limited dispersal, or population 
viscosity, will lead to greater opportunities for kin to interact. This idea, 
namely that reduced dispersal can lead to cooperation among relatives, 
forms the basis of most ecological constraints models of cooperative 
breeding (Emlen, 1982a; Koenig et al., 1992; Covas and Griesser, 2007), 
which are based largely on ideas of spatial variation in the environment. 
In general, habitat heterogeneity leads to reduced dispersal opportu-
nities and therefore greater natal philopatry and the formation of kin 
neighborhoods that ultimately may give rise to kin groups. However, 
kin neighborhoods could also result from high temporal environmental 
variation, independent of processes like population viscosity. Varia-
tion in reproductive success, which could be driven largely by climatic 
uncertainty, is predicted to lead to an increase in the relatedness between 
group members because it decreases the number of effective relatives 
within a group (Lehmann and Balloux, 2007). Climatic uncertainty 
could therefore influence the formation of kin neighborhoods and ulti-
mately kin groups, which is consistent with comparative results showing 
that cooperatively breeding species tend to live in temporally variable 
environments (Rubenstein and Lovette, 2007; Jetz and Rubenstein, 
2011). Thus, spatial and temporal environmental variation can both influ-
ence demographic structure and the formation of kin neighborhoods, but 
for different reasons. Habitat heterogeneity could lead to kin-structured 
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populations via spatial constraints on dispersal, whereas climatic uncer-
tainty could lead to higher relatedness within groups because of decreased 
offspring production.

Whereas most theoretical and empirical studies examining the role 
of environmental constraints in the evolution of cooperative breeding 
have focused on mean reproductive success (Emlen, 1982b; Koenig 
et al., 1992), the results presented here suggest that we should also con-
sider variance in reproductive success when studying social evolution. In 
superb starlings and other birds, cooperative breeding may be a risk-
averse strategy to maximize fitness in a range of environmental conditions 
by reducing fecundity variance. In particular, when mean reproductive 
success does not differ between high- and low-quality territories, or 
between good and bad years, selection on variance may be important. 
Selection on variance is maintained when group sizes remain small and/
or when dispersal rates are low (Lehmann and Balloux, 2007), both of 
which are hallmarks of cooperative breeders and especially likely to 
occur in temporally or spatially variable environments. However, spatial 
and temporal environment variation may influence cooperative breeding 
behavior in different ways. The mechanisms underlying group forma-
tion, the individuals that control group membership, and the types of 
social groups themselves may differ in temporally and spatially variable 
environments. Thus, to understand the adaptive value of cooperative 
breeding behavior in the heterogeneous and unpredictable environ-
ments where social species disproportionately occur (Jetz and Rubenstein, 
2011), researchers must consider both the mean and environmentally 
induced variance in reproductive success. In addition to the within-
generation bet-hedging hypothesis tested here, researchers should also 
consider social evolution in the context of among-generation bet-hedging, 
or risk spreading over multiple generations to maximize geometric mean 
lifetime reproductive success. Finally, the ideas presented here are not 
limited to birds: many species of social mammals (Solomon and French, 
1997) and insects (Wilson, 1971; Costa, 2006) live in temporally variable 
environments or habitats where resources are distributed heteroge-
neously on the landscape. Ultimately, determining how spatiotemporal 
environmental variation drives patterns of and variation in fitness will 
provide important insights into the evolution of complex social behavior 
in a diversity of animal taxa.

MATERIALS AND METHODS

Study System and Species

A marked population of superb starlings was continuously monitored 
at the Mpala Research Centre, Laikipia, Kenya (0°17′ N, 37°52′ E) from 
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April 2001 through January 2011. Breeding activities of seven social groups 
were monitored over 10 long-rains and 10 short-rains breeding periods 
during this time. One additional group was added in January 2002, and 
another was added in January 2003; both were monitored through January 
2011. Although birds have been recorded breeding during every month 
of the year, they typically only breed during both the long (April–May) 
and short (November) rains. Group size, which is a strong predictor of 
the number of available helpers (Rubenstein, 2007b; Rubenstein and Shen, 
2009), was estimated annually for all groups from 2002 to 2005 during 
the long-rains breeding season. Active nests were checked every 1–3 days 
throughout the study during the hatching and nestling stages. Group 
reproductive success was quantified as the proportion of eggs laid that 
fledged young in each nest for each group in each breeding season. When 
nests were first encountered in the incubation stage and the number of 
eggs laid could not be determined, we used the mean clutch size of 3.5 
eggs. When pairs had multiple clutches of eggs in a breeding period, the 
total number of eggs laid and fledged was summed before a proportion 
was calculated. Raw proportional data for each breeding pair were 
arcsine-square root transformed, and arithmetic means and SDs were 
used for all analyses, consistent with analyses of within-generation bet 
hedging (Gillespie, 1974, 1975; Crean and Marshall, 2009). Standardized 
variance in reproductive success was calculated as (variance in repro-
ductive success)/(mean reproductive success)2 (Weatherhead and Boag, 
1997; Rubenstein, 2007b). All statistical tests were conducted in JMP v9 
(SAS Institute, 2010). We used nonparametric Wilcoxon tests to examine 
differences in reproductive success among years and among territories. 
Regressions were used to examine the relationships between reproductive 
success (mean and variance) and climatic uncertainty (breeding rainfall) 
and habitat heterogeneity (vegetation cover). When necessary, summary 
data were logarithm transformed to meet assumptions of normality. Data 
from the 2006 short rains were excluded from some analyses because only 
1 of 40 nests (1 of 124 eggs) fledged young, which greatly skewed the 
standardized variance estimates.

Rainfall

Daily rainfall data were collected continuously from 1998 through 
2009 using an automated Hydrological Services TB3 Tipping Bucket Rain 
Gauge located at the Centre. In 2010, rainfall data were collected 
using a manual gauge located at the same place. Because the two data-
sets were highly correlated in previous years (F1,138 = 2577.84, P < 0.0001, 
R2 = 0.97), we used the automated data from 2001 through 2009 supple-
mented with the 2009 manual data. Breeding rainfall was calculated 
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as the total monthly rainfall for all months in which nests were initiated 
during a breeding season. Prebreeding rainfall was calculated as the total 
rainfall during December, January, and February each year (Rubenstein, 
2007a,b; Rubenstein et al., 2008). This period represents the primary dry 
season and the 3 months with the greatest coefficients of variation in mean 
monthly rainfall (Fig. 4.1).

Habitat Quality

Territory quality was previously quantified using vegetation tran-
sect surveys conducted on seven territories at a single time point [see 
Methods in Rubenstein (2007c)]. Two groups were not surveyed because 
their territories encompassed areas at the Centre where constant human 
habitation and building, continuous livestock rearing, and seasonal 
grass and tree cutting altered the landscape and provided year-round 
food and water for birds. Briefly, seven 100-m transects starting at a ran-
domly chosen point and compass direction were conducted at each site. 
For each 100-m transect, a metal pin was dropped every 2 m (50 points 
per transect, and 350 points per territory), and whether the pin was 
touching vegetation or bare earth was recorded (Holmes, 1974; Stewart 
et al., 2001). Territory quality was quantified for each transect as the per-
centage vegetation cover, or the proportion of pins that were touching 
a grass or forb species over the total number of pin drops per transect. 
Vegetation cover on each territory was positively correlated with the 
proportion of Cynadon grass, the dominant grass species in glades and an 
indicator of nutrient-rich soils (Augustine, 2003), and the abundance of 
grasshoppers, a primary food source for nestlings (Rubenstein, 2007c). 
Although previous work on this landscape showed that relative habitat 
quality does not change even though vegetation cover varies seasonally 
(Rubenstein, 2007c), monthly vegetation transects were conducted on all 
seven territories from February 2008 through January 2011 (36 months) 
using the same methods detailed above to confirm that relative habitat 
quality of superb starling territories does not change. Raw propor-
tional data were arcsine-square root transformed and analyzed using 
a generalized linear mixed model with year and transect as random 
effects to account for repeated sampling of territories, as well as month, 
territory, and their interaction as fixed effects.

ACKNOWLEDGMENTS

I thank F. Ayala, J. Avise, D. Queller, and J. Strassmann for organizing 
the Sackler Colloquium and inviting me to participate; J. Ekiru, F. Lomojo, 
G. Rana, J. Ronjore, B. McCleery, T. Davis, and especially W. Watetu and G. 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Bet-Hedging Strategy / 85

Manyaas for their help in the field; and J. Avise, S. Emlen, P. Sherman, 
and especially C. Botero, S.-F. Shen, and D. I. Rubenstein for providing 
discussion and/or comments on earlier versions of the manuscript. The 
Kenyan Ministry of Education, Science and Technology, the National 
Council on Science and Technology, the National Museums of Kenya 
Ornithology Section, the Kenya Wildlife Service, and the Mpala Research 
Centre enabled this work. D.R.R.’s long-term research was supported by 
Columbia University, the Howard Hughes Medical Institute, the Smithso-
nian Institution, Cornell University, the Miller Institute for Basic Research 
at the University of California at Berkeley, and the Museum of Verte-
brate Zoology, as well as by grants from the National Science Founda-
tion (IBN-407713), the American Museum of Natural History Chapman 
Fund, the American Ornithologists’ Union, the Wilson Ornithological 
Society, the Society for Integrative and Comparative Biology, the Ani-
mal Behaviour Society, the Harvard Travellers Club, the Society of Sigma 
Xi, Cornell University, the Cornell Laboratory of Ornithology Benning 
Fund, and Cornell Sigma Xi.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


87

Perhaps no taxa are as promising for enhancing both our under-
standing of cooperation and our understanding of the organisms 
themselves as are microbes. Early work on microbes concentrated 

on purifying and isolating them for growth in pure culture. The postu-
lates by Koch (1893) required this and were important for determining 
exactly which microbes caused which disease. But in nature microbes live 
in complex multispecies structured environments. Social interactions are 
profound, because microbes perform many functions (such as digestion) 
extracellularly that animals perform inside. One of the recent transfor-
mative elements of the study of microbes has been an appreciation of 
the importance of their social interactions. Many of the types of social 
interactions found in animals have their counterparts in microbes. Some 
cooperative interactions are much more easily studied in microbes, par-
ticularly if the goal is to illuminate the genetic basis of behavior or to use 
the power of experimental evolution. 

Perhaps the best-studied social bacterium is Myxococcus xanthus, a 
species of d-proteobacteria that spends its entire life in social groups 
(Velicer and Vos, 2009). It is a predatory bacterium that hunts other bacte-
ria in social packs, dissolving its prey in pools of cooperatively produced 
enzymes before ingesting them. Movement usually is based on Type IV 
pili and is fundamentally social. When food is scarce, individual bacteria 
aggregate into a fruiting body. In this stalkless fruiting body, most or 
nearly all cells lyse, perhaps to the benefit of the remaining few, which 
form hardy spores. Experimental evolution has shown us much about the 

 
Part II

COOPERATION WRIT SMALL: MICROBES

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


88 / Part II

nature of sociality in M. xanthus. For example, when food was patchily 
distributed, the species evolved more efficient group hunting techniques 
(Hillesland et al., 2009). Under other circumstances, social cheaters can 
drive population crashes (Velicer and Vos, 2009; Fiegna and Velicer, 2005). 
In one fascinating case, a new cooperator evolved from the social cheater. 
But this work does not tell us how natural these events are; for that expla-
nation we must turn to natural variation in wild fruiting bodies. In Chap-
ter 5, Suzanne Kraemer and Gregory Velicer explore natural phenotypic 
variation in social traits of distinct clones within a fruiting body. They 
took 10 fruiting bodies from nature, and from them isolated 48 individual 
clones and examined their social phenotypes. These clones varied within 
fruiting bodies in swarming and in spore production, genetic traits likely 
to have arisen recently because the clones from the same fruiting body 
were nearly genetically identical. This fascinating work will shed light 
on the nature of sociality in the absence of a single cell bottleneck, where 
variations that benefit single clones within the group can spread, even at 
the cost of other group members.

One advantage to studying microbial social systems is that attributes 
that are strong but sometimes hard to measure in animals are easily exam-
ined in experimental systems. One such attribute can be called “restraint.” 
It may not be easy to determine whether or not a cow in a herd is eating all 
it could or is holding back so that others may eat. If it were holding back, 
this would be a social trait that would benefit others, and thus would be 
expected to evolve under kin selection only if the genes for that trait are 
also present in others, and benefit accordingly. In an ingenious experiment 
described in Chapter 6, Joshua Nahum and colleagues examine the evolu-
tion of restraint in a nontransitive hierarchy often described by the rock-
paper-scissors game in which no one type consistently dominates. They 
used Escherichia coli clones and the colicin system (Riley and Wertz, 2002). 
Colicins are costly to produce and resist, but sensitive strains are killed 
when producers release these substances. The researchers engineered 
double colicin producers and resisters so production and resistance would 
not be lost or gained in their system, and then, they asked how the three 
types of clone would fare under different migration schemes compared 
with how the resistor performed on its own. The authors found that the 
resistor strain exhibited the most restraint with restricted migration in the 
presence of all three strains, just the conditions where their models expect 
cooperation to evolve.

Cooperation among clonemates arises easily because the genes under-
lying cooperation are present in both partners. In microbes, cooperation 
often takes the form of extracellular secretions, including those used for 
quorum sensing, iron scavenging, and fruiting body formation. Therefore, 
a key question involves what favors the formation of clonal patches such 
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that cooperation can be promoted. One answer involves the physical 
structure of the environment. For example, microorganisms growing on 
substrates are more likely to be in contact with clonemates than those 
living in a more fluid environment. Another possibility, and one investi-
gated by Sara Mitri and colleagues in Chapter 7, is that other species can 
generate structure that favors within-species clonality. The authors use 
a modeling approach to understand how additional species can change 
interactions within species for the case of a growth-promoting secretion. 
This agent-based modeling approach uses one other species to stand in 
for all competing species. The authors’ models indicate that other species 
can insulate secretors from selfish nonsecretors, even when the other spe-
cies can use the secretions themselves. Other factors such as the role of 
dispersal and nutrient levels are also addressed in these models, which 
begin the important task of considering microbial sociality and ecology 
simultaneously, because these factors must influence how selection oper-
ates on these systems in nature.
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The spatial structure of genetic diversity underlying social variation is a 
critical determinant of how cooperation and conflict evolve. Here we inves-
tigated whether natural social groups of the cooperative soil bacterium Myxo-
coccus xanthus harbor internal genetic and phenotypic variation and thus the 
potential for social conflict between interacting cells. Ten M. xanthus fruiting 
bodies isolated from soil were surveyed for variation in multiple social 
phenotypes and genetic loci, and patterns of diversity within and across 
fruiting body groups were examined. Eight of the 10 fruiting bodies were 
found to be internally diverse, with four exhibiting significant variation 
in social swarming phenotypes and five harboring large variation in the 
number of spores produced by member clones in pure culture. However, 
genetic variation within fruiting bodies was much lower than across fruiting 
bodies, suggesting that migration across even spatially proximate groups is 
limited relative to mutational generation of persisting endemic diversity. 
Our results simultaneously highlight the potential for social conflict within 
Myxococcus social groups and the possibility of social coevolution among 
diverse related lineages that are clustered in space and cotransmitted across 
generations.
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Social evolution research seeks to explain the origin, maintenance, 
and diversification of both cooperative and competitive social traits. 
This goal requires understanding the character of social environ-

ments that mediate selection on these traits. The distribution of behav-
ioral and genetic diversity within and across groups of social animals 
has received much attention (Krebs and Davies, 1997; Oxley et al., 2010; 
Waddington et al., 2010). In contrast, relatively little is known about the 
structure of diversity among natural groups of social microbes (Fortunato 
et al., 2003b; Vos and Velicer, 2006, 2008a; Gilbert et al., 2009; Köhler et al., 
2009; Wilder et al., 2009; Wollenberg and Ruby, 2009). However, detailed 
knowledge of group composition is necessary for understanding the 
roles of mutation, migration, lateral gene transfer, genetic drift, and 
various forms of selection in shaping the evolution of social microbes 
in natural habitats.

Microbes engage in a wide range of social behaviors, both cooperative 
and antagonistic, that affect the evolutionary fitness of others (Velicer, 
2003; West et al., 2007a; Nadell et al., 2009). Some of the most biologically 
complex forms of prokaryotic cooperation occur in the myxobacteria 
(order Myxococcales, d-proteobacteria), which are best known for social 
development of multicellular, spore-bearing fruiting bodies in response 
to starvation (Shimkets et al., 2006). In particular, the predatory soil 
bacterium Myxococcus xanthus has become a model organism for the 
study of microbial sociality, including cooperative motility (Wu and 
Kaiser, 1995), social predation (Berleman and Kirby, 2009) and fruit-
ing body formation (Shimkets et al., 2006), and its population biology 
(Velicer and Vos, 2009).

M. xanthus cells swarm in a coordinated manner through soil habi-
tats in cohesive groups using two genetically distinct motility systems, one 
of which is obligately social [type IV pili-driven “S-motility” (Hodgkin 
and Kaiser, 1977; Wu and Kaiser, 1995)] and one of which allows indi-
vidual cell movement (“A-motility”) (Hodgkin, 1979; Sun et al., 2011). 
Swarms of M. xanthus in the soil kill and lyse prey cells of other micro-
bial species with secreted antibiotics and lytic enzymes (Rosenberg and 
Varon, 1984). Upon starvation, swarming cells aggregate and develop 
into multicellular fruiting bodies (Shimkets et al., 2006). In these fruiting 
body aggregates a minority of cells convert to metabolically quiescent 
spores, whereas many other cells within the fruiting body lyse, possibly 
to the benefit of sporulating cells (Nariya and Inouye, 2008). The precise 
advantages of sporulation within fruiting bodies are unknown, although 
several hypotheses have been proposed, including enhanced dispersal, 
increased germination and/or growth rates in high-density groups, and 
protection from predation and/or environmental insults [summarized in 
greater detail in Velicer and Vos (2009)]. Here “fruiting body group” and 
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“group” generally refer to either all cells that compose a particular fruit-
ing body or a set of laboratory strains isolated from the same fruiting body.

Although bacterial growth by binary fission in structured habitats 
inherently generates clonal cell pockets (Nadell et al., 2010), cell groups 
forming Myxococcus fruiting bodies are not expected to be entirely clonal 
owing to mutation. The M. xanthus genome is large [>9 Mb (Goldman 
et al., 2006)] and fruiting bodies are thought to be constructed by 
≈100,000 cells (Shimkets et al., 2006). If the mean M. xanthus mutation 
rate is roughly similar to that of Escherichia coli [≈5.4 × 10–10 per base pair 
per generation in one estimate (Drake et al., 1998)], any given fruiting 
body should contain at least dozens of mutational variants, even if 
the entire fruiting body group originated from a single cell. Although 
most mutations are deleterious (Eyre-Walker and Keightley, 2007) and 
are lost by selection or genetic drift, a small minority will persist and 
rise to high frequency either because they confer a selective advantage 
or nonadaptively by hitchhiking (Maynard Smith, 1991) or genetic drift 
(Wright, 1931). Persisting mutants might be socially defective cheaters 
that increase owing to a frequency-dependent advantage within groups 
(Velicer et al., 2000; Fiegna and Velicer, 2003; Ross-Gillespie et al., 2007; 
Sandoz et al., 2007). Alternatively, such mutants may be socially profi-
cient strains that outcompete dominant genotypes owing to increased 
intrinsic fitness (Buttery et al., 2009) or the ability to socially exploit major-
ity genotypes (Strassmann et al., 2000; Fiegna and Velicer, 2005; Vos and 
Velicer, 2009). Assessing the degree to which such persisting mutants 
migrate across social groups—within which cells interact during motil-
ity, predation, and development—is critical for understanding social 
evolution in the myxobacteria.

If intergroup migration is low, within-group diversity should derive 
primarily from endemic mutation and be lower than diversity across 
groups. In this scenario, relatedness values for social loci among inter-
acting variants may often be high, thus promoting the maintenance 
of cooperation by kin selection (Hamilton, 1964a; Sachs et al., 2004; 
Foster et al., 2006). Under low migration, cotransmission of within-group 
social diversity across generations will be high (Sachs and Bull, 2005; 
Wade, 2007), and lineages that repeatedly and preferentially interact may 
coevolve to reduce within-group conflict. Even if spatially proximate, 
distinct lineage groups among which migration is low may diversify via 
differential trajectories of adaptation and drift.

Previous work has indicated that some M. xanthus genotypes dis-
perse far, despite the overall differentiation of meter-scale populations 
isolated by distance across large spatial scales [e.g., >2,000 km (Vos and 
Velicer, 2008a)]. Across smaller scales (<300 km), local meter-scale popula-
tions were not differentiated at the genetic loci examined, and dispersal 
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appears to be extensive (Vos and Velicer, 2008a). In another study, the 
spatial distribution of diverse multilocus genotypes among 78 centimeter-
scale isolates did not appear to be significantly clustered, consistent with 
the possibility of extensive intergroup migration at this scale (Vos and 
Velicer, 2006). However, near the cellular (micrometer) scale, genetic vari-
ation in natural M. xanthus populations must be nonrandomly distributed 
due to the nature of bacterial colony growth by asexual binary fission in 
viscous environments (Nadell et al., 2010). Further work is required to 
better resolve patterns of genetic structure and degrees of dispersal 
and intergroup migration across a wide range of spatial scales.

A high level of phenotypic and genetic diversity has been documented 
among centimeter-scale M. xanthus isolates (Vos and Velicer, 2006, 2008b, 
2009; Krug et al., 2008; Kraemer et al., 2010; Morgan et al., 2010), despite 
the fact that genetic diversity at this scale was found to be much lower 
than at only slightly larger sampling scales (Vos and Velicer, 2008a). For 
example, genetically similar centimeter-scale isolates were found to show 
extremely divergent competitive abilities during fruiting body develop-
ment in forcibly mixed pairings (Vos and Velicer, 2009). However, the 
degree to which such diverse clones migrate across fruiting body–forming 
groups—either passively or by active motility—has remained unclear. 
In Myxococcus, cell–cell adhesion (Chang and Dworkin, 1994) and ter-
ritorial kin discrimination (Vos and Velicer, 2009) may limit intergroup 
migration.

Using a new collection of natural isolates, here we have tested whether 
diverse social phenotypes coexist within the most discrete social unit of 
the Myxococcus life cycle, the fruiting body group. We then tested for 
group-level structure in genetic and phenotypic diversity to discrimi-
nate between scenarios of low vs. high migration among social groups 
residing in forest soils. Ten natural fruiting body groups were harvested 
from soil collected at three Indiana woodland locations separated by 
several kilometers. Fruiting bodies from a given kilometer-scale loca-
tion originated from centimeter-scale (MC fruiting bodies; see Methods) 
or meter-scale (GH and KF fruiting bodies, see Methods) sites along 
sample transects. Forty-eight clones were independently isolated from 
each fruiting body and screened for diversity at several genetic loci and 
in several social phenotypes during group swarming and fruiting body 
development. Patterns of diversity within and across fruiting body groups 
were then analyzed. Detailed descriptions of the methods used can be 
found in Methods.
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RESULTS

Variation in Swarming Phenotypes

Myxococcus group swarming on soft agar is a social trait that is driven by 
the type IV pili-based S-motility system in standard laboratory strains 
(Shi and Zusman, 1993). Natural fruiting body groups, each represented 
by 48 clones, varied significantly in their mean swarming rate on soft 
agar (Fig. 5.1A; Kruskal-Wallis test: P < 0.001). This result is consistent 
with previous work that documented extensive variation in soft-agar 
swarming among other natural isolates (Vos and Velicer, 2008b).

Seven fruiting bodies did not exhibit significant within-group varia-
tion in swarming rate according to Kruskal-Wallis tests (P > 0.05), but two 
of these groups included stark variation in another visual phenotype 
(colony color in fruiting body GH5.1.9 and degree of cell–cell adhesion 
in MC3.3.5). Moreover, although swarming rate variation within GH5.1.9 
was not quite significant according to the Kruskal-Wallis test (P = 0.08), 
comparison of the mean swarming rates of the two color types revealed 
an extremely significant difference (yellow vs. orange, Wilcoxon rank-sum 
test, P < 0.001).

Three fruiting bodies (KF3.2.8, KF4.3.9, and MC3.5.9) harbored clones 
exhibiting significant within-group variation in soft-agar swarming rate 
according to Kruskal-Wallis tests (Figs. 5.1 B–D and 5.2; P < 0.001 in all 
cases). Among KF3.2.8 clones, k-means clustering into two groups reveals 
one majority rate phenotype [mean cluster swarming rate 5.63 mm/d; 
95% confidence interval (CI) = 0.23] and a faster minority type (mean 
cluster swarming rate = 6.32 mm/d; 95% CI = 0.3) (Fig. 5.1B). Post hoc 
testing revealed a significant difference between the swarming rates of 
those phenotype clusters (Wilcoxon rank-sum test on cluster means, P 
< 0.001), suggesting that they represent two distinct motility genotypes.

Cluster analysis of the other two fruiting bodies with significant 
variation among clones (KF4.3.9 and MC3.5.9; Fig. 5.1C and D) suggested 
the existence of three swarming rate phenotype classes in each group. The 
KF4.3.9 fruiting body is characterized by a fast majority type (mean cluster 
swarming rate 5.54 mm/d, 95% CI = 0.37) and two slower minority 
variants (Fig. 5.1C) (mean cluster swarming rates of 4.89 and 2.85 
mm/d, respectively; 95% CI = 0.54 and 0.16, respectively). In contrast, the 
MC3.5.9 clones grouped into a majority phenotype with an intermediate 
swarming rate (mean cluster swarming rate 4.15, 95% CI = 0.47) as well 
as faster and slower minority types (Fig. 5.1D) (mean cluster swarming 
rates of 7.14 and 2.94 mm/d, respectively; 95% CI = 0.49 and 0.31, 
respectively). Post hoc testing revealed that the mean swarming rates 
among the clusters within both KF4.3.9 and MC3.5.9 differ significantly 
(Wilcoxon rank-sum tests of all possible within-fruiting-body combina-
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tions of cluster means: P < 0.001 in all cases). In two cases, within-group 
variation in swarming rate was accompanied by variation in one or more 
additional phenotypes (colony color in KF4.3.9 and colony swarm pat-
tern, color, opacity and degree of cell–cell adhesion in MC3.5.9; Fig. 5.2, 
Table 5.1).

Variation in Spore Production

Fruiting body groups, each represented by a subset of the 48 clones per 
fruiting body examined for motility, varied significantly in their mean 
levels of spore production (Fig. 5.3A; Kruskal-Wallis test: P < 0.001). 
This result is consistent with previous work that documented extensive 
variation in several developmental phenotypes among natural M. xan-
thus isolates (Fiegna and Velicer, 2005; Kadam and Velicer, 2006; Vos and 
Velicer, 2009; Kraemer et al., 2010).

Five of the 10 fruiting body groups examined were found to harbor 
significant within-group variation in spore production (Fig. 5.3B–D). In 
all five cases clones that sporulated poorly were in the minority. Spore 
production by the lowest sporulator within each of these five groups 
ranged from ≈10-fold below the level of the dominant phenotype clus-
ter (MC3.3.5; Fig. 5.3C) to complete inability to produce viable spores 
(MC3.5.9; Fig. 5.3D). The isolates from fruiting bodies that harbored 
variation in spore production clustered into two distinct groups within 
each respective fruiting body by k-means cluster algorithms based on the 
criteria described in Methods. In two cases (GH5.1.9 and KF5.4.6), post hoc 
tests to compare cluster means were not possible because one cluster 
contained only a single clone. In the three remaining groups, the differ-

FIGURE 5.2 Swarming phenotypes of fruiting body MC3.5.9 isolates after 5 
days of growth on soft agar plates. Upper: Left to right, c16, c19, c22, and c25; 
Lower: Left to right: c31, c35, c36, and c48.
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ences in spore production between the two clusters were either highly 
significant (KF4.3.9 and MC3.5.9; Wilcoxon rank-sum test, P < 0.001 in 
both cases) or marginally nonsignificant (MC3.3.5; Wilcoxon rank-sum 
test, P = 0.09).

Sporulation efficiency correlated significantly with swarming rate 
across all clones from all sampling locations (Spearman’s rank correlation 
r: S = 3,758, r = 0.56, P < 0.001).

Genetic Structure of Fruiting Body Groups

All clones assayed for spore production were screened for genotypic 
variation within ≈500 base pair windows of six loci that contain above-
average levels of variation among the laboratory strain DK1622 (Kaiser, 
1979) and two M. xanthus isolates from Tübingen, Germany [A23 and 
A47 (Vos and Velicer, 2006)]. Genetic variation within fruiting body 
groups was found to be extremely low relative to variation across fruit-
ing bodies. Seven pilA alleles were found across all clones (Table 5.1), but 
only 5 of the 10 fruiting bodies harbored pilA polymorphisms, and no 
more than two pilA alleles were present in any fruiting body group. Each 
of the five other loci was highly polymorphic across fruiting bodies, with 
either six or seven alleles detected at each locus (Table 5.1). However, 
only one of these loci was found to vary among clones from the same 
fruiting body, in which instance a minority allele of Mxan_0533 was 
present in one clone of fruiting body MC3.3.5.

The vast majority of within-group phenotypic variation for swarm-
ing rate and spore production occurred between clones that are geneti-
cally identical at all (most cases) or most (a minority of cases) of the six 
loci examined (e.g., the swarming variants within fruiting body KF3.2.8 
share the same alleles) (Table 5.1).

Phylogenetic Relationships

An unrooted maximum-likelihood tree and a Baysian inference tree 
were constructed with a sequence concatemer of the five loci other than 
pilA (Fig. 5.4). Both phylograms had similar topologies. Only one of the 
KF haplotypes (4.3.9) was found to group within the highly supported 
clade containing all of the GH and MC location haplotypes, with the 
KF5.4.6, KF2.4.9, and KF3.2.8 haplotypes branching more deeply. 
As reflected by this deep branching pattern, the KF3.2.8, KF2.4.9, and 
KF5.4.6 haplotypes were found to have only 0, 1, and 2 loci, respec-
tively, that share an allele with one or more other fruiting body haplo-
types (Table 5.1). KF3.2.8 is most similar to the laboratory strain DK1622 
(Kaiser, 1979; Goldman et al., 2006).
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FIGURE 5.4 BI phylogram of 10 natural fruiting body groups based on a con-
catemer of the five loci (Mxan_0128, Mxan_0176, Mxan_0396, Mxan_0533, and 
Mxan_4405. BI and ML analyses produced similar topologies. Fruiting bodies 
harbored no internal variation at these loci with the exception of MC3.3.5, 
which contained a single minority variant MC3.3.5c4. Posterior probabilities 
>90 and bootstrap values >70 (based on 1,000 bootstrap replicates) are indi-
cated at the nodes (posterior probabilities shown first).
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Control for a Laboratory Origin of Minority Phenotypes

We tested whether the phenotypic variation demonstrated among 
isolated clones might have arisen during growth in the laboratory rather 
than in natural populations before soil collection. We examined four clones 
isolated from a fruiting body group (MC3.5.9) that exhibited a high degree 
of variation in both swarming rate and spore production. Specifically, we 
tested whether cultures from these four clones subjected to development 
and growth regimes similar to those experienced by the original fruiting 
body culture would generate an array of diverse phenotypes similar to 
that found among the 48 original MC3.5.9 clones. After cultures derived 
from these four clones had undergone development, heat, and sonication 
treatment and subsequent growth in CTT liquid, 48 clones were randomly 
selected from each culture after dilution plating and were screened for 
variation in swarming rate and fruiting body morphology. No significant 
variation was observed in either of these traits within any of the four clone 
sets, suggesting that the phenotypic variation documented here arose 
before fruiting body isolation.

DISCUSSION

The genetic and social diversity pervading natural Myxococcus 
populations is highly structured across local social groups within which 
cooperative—and likely antagonistic—interactions occur. This study and 
others have together shown that representatives of distinct but spa-
tially proximate fruiting body groups vary starkly in social motility 
(Fig. 5.1A) (Vos and Velicer, 2008b) and several developmental pheno-
types, including spore production (Fig. 5.3A), the rate of development, 
responsiveness to nutrient depletion in triggering development (Kraemer 
et al., 2010), and competitiveness in forced isolate pairings (Vos and 
Velicer, 2009). Here we have now also shown that pronounced social 
variation is present at high frequencies within many natural fruiting 
bodies—indeed within a majority of those fruiting bodies sampled 
here. Thus, diversity within fruiting bodies is high despite the fact 
that it was found to be much lower than diversity among fruiting bodies 
(Table 5.1 and Fig. 5.4). These results indicate that single clone isolates 
are likely to misrepresent the social phenotypes of other members of the 
groups from which they are isolated.

Possible Laboratory Effects

Control experiments strongly suggest that phenotypic variants isolated 
from the same fruiting body were already present at substantial frequen-
cies in natural groups before sampling and did not arise in laboratory 
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cultures. However, our data do not necessarily reflect accurately the 
frequencies of these variants in the soil at the time of sampling owing to 
possible variation in growth rate under laboratory conditions. Natural 
isolates of bacteria might vary in their degree of “preadaptation” to 
laboratory conditions (Velicer and Lenski, 1999), and some degree of 
phenotypic variation may be specific to laboratory settings. Nonetheless, 
it is plausible that the large trait differences documented here reflect 
heritable variation that is also manifested during motility and/or devel-
opment in natural habitats.

Phase Variation

The patterns of variation among fruiting body groupmates docu-
mented here are not explicable by a previously documented form of 
“phase variation” in M. xanthus. In phase variation, bacterial cells switch 
between discrete phenotypic states at much higher rates than would be 
generated by the genomewide average mutation rate (Laue and Gill, 1994, 
1995; Beaumont et al., 2009). In M. xanthus laboratory strain DK1622, color 
phase variation occurs in which ≈1% of cells derived from a yellow colony 
grow into tan colonies, whereas ≈25% of cells from a tan colony grow into 
yellow colonies (Laue and Gill, 1994). Although it has been suggested 
that tan and yellow cells may have different functional roles during 
development (Laue and Gill, 1995), the genetic basis and population-
level effects of M. xanthus phase variation remain poorly understood.

Most minority variants in swarming rate and sporulation among 
our fruiting body isolates did not exhibit minority color phenotypes 
(Table 5.1). The one exception is that all seven clones identified as having 
both unusually slow swarming and unusually low sporulation within 
their two respective fruiting body groups (KF4.3.9 and MC3.5.9) grew 
as tan colonies rather than as the majority yellow phenotype (Table 5.1). 
However, groupmates among these seven clones varied significantly in 
both swarming rate (Fig. 5.1C and D) and spore production (Fig. 5.3B and 
D), indicating that even these variants do not represent simple dual-state 
phase variation.

We screened 48 colonies derived from each of four clones isolated 
from the most internally diverse fruiting body, MC3.5.9. Three of the 
four parental clones (c6, c16, and c24) were yellow, and one was tan 
(c29). None of the 48 colonies derived from the tan clone were yellow, 
as would be expected for ≈25% of colonies under DK1622-like phase 
variation. Among these four clones only one instance of apparent phase 
variation was observed. In that case, the biphasic diversity observed 
differed dramatically both from the patterns of diversity documented 
among our original fruiting body isolates and from DK1622 phase 
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variation. Colonies derived from isolate MC3.5.9c6 showed two clearly 
distinguishable phenotypes of colony opacity during social swarming. 
Importantly, cultures derived from colonies of both opacity types form 
robust fruiting bodies and do not vary significantly in swarming rate. 
This limitation of variation among MC3.5.9c6 cells to colony opacity 
contrasts starkly with the variation observed among the original isolates 
from fruiting body MC3.5.9, which did not include similar variation in 
colony opacity but did include three distinct swarming-rate clusters and 
clones with severe developmental deficiencies. Colonies derived from the 
other three parental clones selected for the control experiments showed 
no variation for any visual phenotype. Thus, exhibition of phase variation 
is itself yet another phenotype that seems to vary among closely related 
groupmates within natural fruiting bodies.

Endemic Variation

Our results show that much of the detectable diversity within natural 
Myxococcus social groups derives from endemic mutation rather than 
intergroup migration. Here we consider migration to be the combina-
tion of dispersal to a new location and physical immigration into a new 
social group at that location. Five fruiting bodies, including the most 
phenotypically diverse one (MC3.5.9), contained only a single haplotype 
for all six loci sequenced here. Another four were polymorphic only at 
the pilA locus, with just two alleles present in each case. Only one fruiting 
body was polymorphic at more than one locus (MC3.3.5, polymorphic 
at pilA and Mxan_0533). In contrast, in almost all pairwise comparisons 
of fruiting body groups, the dominant six-locus haplotypes from the 
paired groups differed at most loci. The sole exceptional comparison 
is between MC3.3.5 and MC3.5.9, which share identical majority hap-
lotypes. However, genetic variation seems to be structured even across 
these two fruiting bodies that were isolated at the centimeter scale 
because variants with similar phenotype profiles are represented by 
multiple clones within each fruiting body group but are absent from the 
other (Table 5.1).

In contrast to patterns revealing endemic variation, the occurrence 
of some alleles that are shared by clones from multiple fruiting bodies 
isolated from different locations is consistent with some degree of recom-
bination across groups and populations, possibly mediated by phage 
transduction (Martin et al., 1978). Such patterns are not unexpected in 
light of previous evidence for horizontal gene transfer in Myxococcus 
populations (Vos and Velicer, 2006, 2008a; Vos and Didelot, 2009).
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Migration

Our data suggest that the rate at which Myxococcus social variants 
arise by mutation and subsequently increase to detectable frequencies 
within their natal groups is high relative to the rate at which variants 
migrate into “foreign” groups and subsequently persist. The among-
group migration rate will greatly affect the relative importance of within- 
vs. among-group selection (Wade, 1985) in determining the fate of new 
mutations in social genes. Low migration will promote spatiotemporal 
clustering of genetically similar lineages [i.e., high relatedness within 
groups (Foster et al., 2006; Gilbert et al., 2007, 2009)], high cotransmission 
of social diversity across generations (Wade, 2007), and the among-group 
component of selection in multilevel selection models of social evolution 
(Wade, 1985).

Biological traits that affect migration rate are thus likely to influ-
ence how cooperation is maintained in a metapopulation and the 
evolutionary forces causing socially proficient genotypes to diversify. 
In Myxococcus, most cells are highly cohesive owing to the production of 
cell-surface adhesins, which should hinder emigration away from natal 
kin groups. Moreover, kin discrimination mechanisms that hinder immi-
gration (Travisano and Velicer, 2004) by members of neighboring groups 
appear to be pervasive in natural M. xanthus populations. This inference 
derives from experiments in which neighboring swarms of genetically 
very similar centimeter-scale isolates failed to merge on agar plates for 
most pairings (Vos and Velicer, 2009) (Fig. 5.5). Cooperation benefits but-
tressed by low migration may thus contribute to selection for cell–cell 
adhesion and territorial kin discrimination.

Limitation of Socially Defective Cheaters

Cheater strains with social defects in clonal groups that can exploit 
cooperative genotypes in mixed groups during Myxococcus develop-
ment readily appear by mutation in laboratory populations (Velicer et 
al., 2000). When rare, these cheaters have a within-group advantage over 
cooperators but lose that advantage and impose cheating load (i.e., reduce 
group productivity) (Velicer, 2003) when they reach high frequencies 
(Velicer et al., 2000; Fiegna and Velicer, 2003). Many isolates described 
here exhibit low spore production (e.g., MC3.5.9c29; Fig. 5.3D) and/or 
slow swarming (e.g., KF4.3.9c1; Fig. 5.1C). These clones may represent 
cheaters of natural origin that defect from “fair” production levels 
for a social compound required for development or social motility 
but exploit others who produce more of that compound. Alternatively, 
socially deficient strains may be present owing to genetic drift or selection 
on some trait other than the socially defective one.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


108 / Susanne A. Kraemer and Gregory J. Velicer

FIGURE 5.5 Simple hypothetical model of natural Myxococcus population biol-
ogy. Circles represent social groups within which individuals directly interact. 
Sectors represent genetically distinct within-group variants. Distinctly shaded 
circles represent among-group genetic differentiation, with lines separating kin 
discrimination (KD) units (Vos and Velicer, 2009). Overlapping circles represent 
lack of KD between highly similar, but nonetheless genetically distinct, social 
groups. Multishaded circles represent kin-group fragmentation (see text). Small 
circles with a black sector represent cheater-infected groups burdened by cheater 
load (Velicer et al., 2000; Fiegna and Velicer, 2003; Velicer and Vos, 2009). Left vs. 
Right panels represent population differentiation across large spatial scales due to 
isolation by distance (IBD) (Vos and Velicer, 2008a). The arrow at Left represents 
establishment of a new clonal group by clonal emigration.

Only mutations creating socially defective cheaters that have an 
advantage within a group across an organism’s entire life cycle will 
increase substantially within groups. The mutation rate to cheaters that 
have such a net within-group advantage (at least when rare) remains 
unknown. Pleiotropy may limit this mutation rate (Foster et al., 2004; 
Travisano and Velicer, 2004). Cheater mutations that are net beneficial 
within groups may nonetheless be net deleterious across groups in 
a larger metapopulation owing to among-group selection mediated by 
cheater load (Velicer et al., 2000; Fiegna and Velicer, 2003; Gilbert et al., 
2007; Velicer and Vos, 2009) and promoted by limited migration (Fig. 5.5).

The mutation rate to socially defective cheating alleles that are net 
beneficial within groups might be lower than the rate at which such 
alleles are lost from a metapopulation owing to their net deleterious 
effect at the among-group level. In this scenario, the overall frequency of 
socially defective cheaters in a metapopulation should be determined 
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by the relative magnitude of that mutation rate and the strength of 
among-group selection against the spectrum of cheaters that arise by 
mutation (Crow and Kimura, 1970; Van Dyken et al., 2011). Alternatively, 
if the combination of mutation rate to socially defective cheaters and 
intergroup cheater migration is sufficiently high relative to the rate 
of cheater loss via among-group selection, all social groups in a meta-
population could become infected by cheaters. Four of the 10 Myxococ-
cus fruiting body groups examined here did not harbor variation 
in spore production or social swarming at frequencies above our 
detection limits, suggesting that these groups did not harbor cheat-
ers at the time they were sampled. This result is consistent with (but 
not demonstrative of) the possibility that socially defective cheater 
frequencies in natural Myxococcus populations are largely determined 
by “kin selection–mutation balance” (Van Dyken et al., 2011), with kin 
selection in this scenario being mediated by selection among spatially 
structured kin groups.

Coevolution

High cotransmission of within-group diversity across generations 
aligns the evolutionary interests of clustered lineages (Sachs and Bull, 
2005; Wade, 2007). Under low migration, diverse lineages that repeatedly 
and preferentially interact may coevolve to reduce conflict (Bouma and 
Lenski, 1988; Stewart et al., 2005; Weeks et al., 2007) and chimeric load (i.e., 
reduced group productivity caused by within-group diversity). Cheat-
ing load is one form of chimeric load. If coevolution within cheater-
infected groups proceeds rapidly relative to the rate of cheater loss by 
among-group selection, immunity to socially defective cheaters and 
policing behaviors that suppress them may evolve, as has occurred in 
experimental populations (Fiegna et al., 2006; Zhang et al., 2009; Manhes 
and Velicer, 2011). Indeed, cheaters themselves may reevolve proficiency 
at cooperation by novel genetic routes (Manhes and Velicer, 2011) and 
thereby perhaps reach new cooperation fitness peaks (Wright, 1932) 
not accessible to noncheaters.

Clusters of socially cotransmitted lineages may also coevolve to reduce 
chimeric load generated by behavioral incongruities among interacting 
strains that are each socially proficient in clonal groups (Castillo et al., 
2005; Fiegna and Velicer, 2005; Vos and Velicer, 2009). Cotransmitted lin-
eages might even coevolve to perform distinct mutually beneficial func-
tions that raise cooperative group productivity beyond that achievable 
by clonal groups. Unique trajectories of coevolution among clusters of 
cotransmitted lineages may promote diversification across kin groups.
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Regeneration of Clonality

New clonal groups can be established by clonal emigration from an 
internally diverse group (Fig. 5.5) (Travisano and Velicer, 2004) or by 
local selective sweeps of adaptive mutants that purge variation from 
an existing kin group (Cohan, 2001). Alternatively, new kin discrimina-
tion alleles might arise by mutations that generate biological barriers to 
migration across clonal cell patches (Nadell et al., 2010) and thereby 
fragment a preexisting group into multiple kin discrimination units (Fig. 
5.5). The rate at which clonal groups of cooperative genotypes are freshly 
established (or reestablished) is unknown but is an important parameter 
for understanding cheater–cooperator population dynamics.

What Maintains Diversity Within and Between Groups?

Natural variation in M. xanthus social traits documented here and 
previously (Krug et al., 2008; Vos and Velicer, 2008b; Kraemer et al., 
2010; Morgan et al., 2010) may be nonadaptive and may have reached 
detectable frequencies by genetic drift or hitchhiking (Maynard Smith, 
1991) or might reflect pleiotropic byproducts of evolutionary adaptation at 
some alternative trait. For example, even variation that causes large fitness 
differences during laboratory developmental competition experiments 
(Strassmann et al., 2000; Fiegna and Velicer, 2005; Vos and Velicer, 2009; 
Saxer et al., 2010) need not have been shaped by selection for within-
group competitiveness during development. Indeed, the strongest devel-
opmental cheaters yet identified in M. xanthus originated in a selective 
regime in which evolving populations never underwent development 
(Velicer et al., 1998, 2000). Alternatively, selective sweeps may be driving 
some observed variants to fixation. Finally, Myxococcus social diversity 
may be maintained by various forms of balancing selection.

Within kin groups, frequency-dependent selection might maintain 
both cooperators and socially defective cheaters (Velicer et al., 2000) or 
multiple genotypes that mutually benefit one another owing to dif-
ferential expression of cooperative traits (Manhes and Velicer, 2011). 
Within-group diversity might also be promoted by specialized perfor-
mance among genotypes across variable environmental conditions [e.g., 
surface conditions (Shi and Zusman, 1993; Hillesland and Velicer, 2005; 
Vos and Velicer, 2008b), prey composition (Morgan et al., 2010), etc.]. 
Across kin groups, balancing selection might take the form of kin-group 
specialization to different microhabitats or nontransitive fitness relation-
ships (Kerr et al., 2002) during competitive interactions, such as the pro-
duction of anticompetitor compounds (Riley and Gordon, 1999) by adja-
cent kin groups.
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The extensive diversity within natural Myxococcus social groups 
documented here suggests that within-group conflict is likely to play a 
major role in myxobacterial social evolution. Migration among kin groups 
seems to be low relative to the rate at which persisting variants arise 
by mutation and coevolution among socially cotransmitted Myxococcus 
lineages is likely to occur. The relative roles that the fundamental forces 
of evolution—mutation, distinct forms of selection, migration, genetic 
drift, and recombination—play in shaping natural social variation in the 
myxobacteria remain to be quantified. Doing so will require estimation of 
mutation rates, identification of loci and alleles responsible for observed 
social variation, screening for population genetic signatures of distinct 
evolutionary forces, and characterization of fitness relationships among 
social interactants under conditions relevant to natural habitats.

METHODS

Sample Collection and Strain Isolation

Soil samples were collected in a spatially nested design at three undis-
turbed woodland locations near Bloomington, Indiana [Old Meyers Road 
(GH) and Indiana University teaching and research preserves at Kent 
Farm (KF) and Moores Creek (MC)]. At each location, five sample sites 
were established at 10-m intervals along a line. At each of these meter-
scale sample sites, five soil samples were collected at 2-cm intervals along 
the line. Samples were collected as described previously (Vos and Velicer, 
2006) with a sterile 2-mL syringe from which the tip had been removed. 
Syringes were sealed with parafilm immediately after sampling to avoid 
cross contamination. After sampling, syringes were stored overnight at 
room temperature.

The day after sampling, ≈2 mm were removed from the ends of each 
soil core with a sterile scalpel, and the remaining core was crumbled onto 
selective agar medium [CTT medium with 1.5% agar (Hodgkin and Kaiser, 
1977) containing the antibiotics and antifungals vancomycin (10 mg/L), 
nystatin (1,000 units/L), cyclohexamide (50 mg/L), and crystal violet (10 
mg/L)]. Plates were incubated at 32 °C, 90% rH. After 2 weeks, plates 
were examined for the presence of fruiting bodies on soil particles. Ten 
spatially separated and individually discrete fruiting bodies were picked 
with a sterile toothpick from each plate. Each fruiting body was placed 
in a separate microcentrifuge tube containing 0.5 mL ddH2O and heated 
at 50 °C for 120 minutes to kill nonspore cells. Samples were sonicated 
twice for 10 seconds to disperse spores and then transferred to CTT growth 
medium. Early samples (GH2.1.4, GH3.5.6, KF5.4.6, MC3.3.5) were trans-
ferred into CTT liquid and grown at 32 °C, 300 rpm, as were all liquid 
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cultures described below. Cultures were grown until exponential phase 
(1–3 days) and then frozen with 20% glycerol at −80 °C (as were all frozen 
samples). Assuming a generation time of 4 hours [most likely a conserva-
tive underestimate (Velicer et al., 1998)], these cultures underwent no more 
than 18 generations of growth from the original group of fruiting body 
spores harvested directly from soil until frozen storage. 

However, because of several instances in which contaminants that 
survived the heat and sonication treatments outgrew Myxococcus cells in 
liquid culture, subsequent samples (GH5.1.9, KF2.4.9, KF3.2.8, KF4.3.9, 
MC3.1.9, MC3.5.9) were transferred onto CTT hard (1.5%) agar after soni-
cation and incubated at 32 °C, 90% rH (as were all agar-plate cultures 
described below). Plates were screened after 3 to 5 days for growth of 
Myxococcus cells, which grow into swarming colonies that are easily distin-
guished from contaminant colonies. When no contaminants were present, 
the entire Myxococcus population was harvested with a sterile scalpel and 
transferred into CTT liquid. If contaminant colonies were present, as much 
of the Myxococcus population as possible was harvested without touch-
ing contaminant colonies. Liquid cultures were incubated overnight and 
frozen. Cultures that underwent growth on agar plates likely underwent 
no more than 36 generations of growth from the original group of fruiting 
body spores harvested directly from soil until frozen storage.

Thawed samples (10 mL) from each of 10 frozen stocks derived from 
fruiting bodies isolated from the three sampling locations were diluted 
with CTT liquid into CTT soft (0.5%) agar (at 40 °C) at several dilution 
factors. Forty-eight spatially distinct colonies from each fruiting body 
culture were inoculated into separate flasks of CTT liquid, grown to high 
density, and frozen.

Fruiting body names reflect the sample location (GH, KF, or MC) and 
position (numbers). The first and second numbers in each name identify 
the meter- and centimeter-scale positions from which the respective soil 
sample was taken and the third number identifies the particular fruiting 
body taken from a given soil sample. Fruiting bodies from the GH and 
KF locations examined here were isolated from soil particles separated by 
meters in the sample plot, whereas the soil particles from which the MC 
fruiting bodies were isolated were from the same centimeter-scale plot 
because soil from other locations along the meter-scale transect did not 
yield fruiting bodies.

Swarming Motility Assays

Cells from all 48 clones representing each isolated fruiting body were 
inoculated from frozen stocks into 8 mL CTT liquid and incubated for 3 
or 4 days. Cultures that reached exponential growth phase prior to oth-

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Endemic Social Diversity / 113

ers were diluted to avoid entry into stationary phase. The day prior to 
the swarming assay, cultures were diluted to 3 × 107 cells/mL. CTT soft 
(0.5%) agar plates were poured on the same day (25 mL in 9-cm-diameter 
petri dishes) and allowed to solidify uncovered for 15–20 min in a sterile 
laminar-flow hood before being covered and stored overnight at room 
temperature.

To initiate the swarming assays, 5 mL of each exponential-phase cul-
ture were centrifuged at 4,500g for 15 minutes and then resuspended 
with CTT liquid to 5 × 109 cells/mL. Ten microliters of each resuspended 
culture was then placed at the center of an agar plate and subsequently 
plates were incubated for 5 days. Swarm perimeters were marked after 1 
and 5 days of incubation, and the distance swarmed between those time 
points for each replicate was measured as the average distance along four 
perpendicular vectors at a random orientation. More vectors were used 
for irregularly shaped swarms. All experiments (also those below) were 
performed in at least three temporarily independent replicate blocks.

Sporulation Assays

Five clones each were assayed for spore production from fruiting 
bodies that did not exhibit variation in swarming rate or other motility 
phenotypes. For fruiting bodies that did show variation, five clones of 
the majority swarming phenotype and minority-phenotype clones were 
assayed for spore production. For one fruiting body (KF4.3.9), all clones 
were included in the sporulation assay. Frozen samples were inoculated 
into CTT liquid, and resulting cultures were grown to visible turbidity 
but prevented from entering stationary phase by dilution if necessary. To 
initiate development, culture samples were centrifuged and resuspended 
to ≈5 × 109 cells/mL in TPM liquid (a buffered medium with no added 
carbon source) (Kroos et al., 1986). Ten microliters of each culture was spot-
ted onto TPM hard (1.5%) agar plates and incubated. After 3 days, spores 
were harvested from the agar surface with a sterile scalpel, transferred 
into 1 mL ddH2O and heated for 2 hours at 50 °C. After heat treatment 
spores were sonicated twice for 10 seconds and then diluted into CTT soft 
(0.5%) agar previously cooled to 40 °C. Plates were incubated 1 week, after 
which colonies were counted. 

Control for Laboratory Origin of Minority Phenotypes

We tested the hypothesis that minority variants observed in our motil-
ity and sporulation assays might have originated by mutation during 
culture growth in the lab rather than in natural populations prior to soil 
collection. To do so, we tested for phenotypic variation within cultures 
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derived from four randomly chosen clones isolated from fruiting body 
MC3.5.9, which exhibited a high degree of within-group variation in both 
motility and sporulation phenotypes. Cultures of the MC3.5.9 clones were 
subjected to growth in liquid medium (3–4 days), one cycle of develop-
ment on TPM agar followed by heat and sonication treatments and sub-
sequent growth again in CTT liquid prior to being diluted into CTT soft 
agar to allow isolation of clones for phenotypic analysis. Forty-eight clones 
from each initially clonal culture were isolated at random and examined 
for variation in swarming motility rate and phenotype as well as variation 
in fruiting body phenotypes after 10 µL of culture (5 × 109 cells/mL) were 
spotted onto CF hard (1.5%) agar (Hagen et al., 1978) and incubated for 5 
days. Average swarming rates and photographs of fruiting bodies for all 
control clones are available upon request.

Statistics

All statistical analyses were performed with R software (R Develop-
ment Core Team, 2009). Sporulation data were log10-transformed before 
analysis. Clones in populations harboring significant levels of variation 
were partitioned into phenotype clusters using k-means cluster algo-
rithms. Specifically, optimal cluster values were selected by minimizing 
the within-cluster sum of squares (Everitt and Hothorn, 2009). If three 
clusters were present, nonindependent post hoc tests were performed 
with Bonferroni corrections.

DNA Sequencing and Phylogenetic Analysis

Five randomly selected clones representing the majority phenotype 
within each fruiting body were chosen for comparative DNA sequence 
analysis, as were (nonrandomly selected) clones that exhibited clearly 
distinct minority phenotypes in motility, sporulation, colony color, or 
degree of cell-cell adhesion. Approximately 500-bp fragments of six loci 
were sequenced for selected clones: pilA and five loci [loci Mxan_0128, 
Mxan_0176, Mxan_0533, Mxan_0396, and Mxan_4405 (Goldman et al., 
2006)] identified as being highly variable among the M. xanthus strains 
DK1622 (Kaiser, 1979; Goldman et al., 2006), A23 and A47 (Vos and Velicer, 
2006) based on unpublished whole-genome sequence comparisons. Primer 
sequences and details of PCR and sequencing reactions are available upon 
request. All sequences were aligned with CodonCode Aligner Version 
3.7.1 (CodonCode, Deadham, MA) and adjusted manually. Sequences are 
deposited at GenBank under the accession numbers JF819182–JF819591 
and JF741968–JF742049.
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Phylogenentic analysis was based on a 2,270-base concatemer of all 
loci sequences except pilA, which is more polymorphic than the other 
loci. Independent phylogenetic analyses were performed using maximum 
likelihood (ML) and Bayesian inference (BI) with Kimura-2 parameters of 
base substitution. We determined the ML phylogram using Mega Version 
4.0 (Tamura et al., 2007) and assessed its support using 1,000 bootstrap 
replicates.

BI analyses were performed in BEAST version 1.6.1 (Drummond and 
Rambaut, 2007). Two MCMC runs with trees sampled every 1,000 gen-
erations were performed for 10 million generations and subsequently 
combined. Convergence was assured by visual inspection of parameter 
sample plots in Tracer version 1.4 (Drummond and Rambaut, 2007) and 
the first 10% of the analysis was discarded as burn-in. Bootstrap values 
>70% and posterior probabilities >95 were counted as high clade support.

ACKNOWLEDGMENTS

We thank H. Peitz for sharing genomic data; T. Platt for helpful sug-
gestions regarding the control experiments; and E. Hanschen and M. 
Toups for helpful suggestions regarding statistical and phylogenetic 
analyses. This study was supported by National Institutes of Health 
Grant GM079690 (to G.J.V.). The sequences reported in this chapter are 
deposited in the GenBank database (Accession Nos. JF819182–JF819591 
and JF741968–JF742049).

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


117

It is not immediately clear how costly behavior that benefits others evolves by 
natural selection. By saving on inherent costs, individuals that do not con-
tribute socially have a selective advantage over altruists if both types receive 
equal benefits. Restrained consumption of a common resource is a form of 
altruism. The cost of this kind of prudent behavior is that restrained individu-
als give up resources to less-restrained individuals. The benefit of restraint is 
that better resource management may prolong the persistence of the group. 
One way to dodge the problem of defection is for altruists to interact dispro-
portionately with other altruists. With limited dispersal, restrained individu-
als persist because of interaction with like types, whereas it is the unrestrained 
individuals that must face the negative long-term consequences of their 
rapacity. Here, we study the evolution of restraint in a community of three 
competitors exhibiting a nontransitive (rock–paper–scissors) relationship. 
The nontransitivity ensures a form of negative feedback, whereby improve-
ment in growth of one competitor has the counterintuitive consequence of 
lowering the density of that improved player. This negative feedback gen-
erates detrimental long-term consequences for unrestrained growth. Using 
both computer simulations and evolution experiments with a nontransitive 
community of Escherichia coli, we find that restrained growth can evolve 
under conditions of limited dispersal in which negative feedback is present. 
This research thus highlights a set of ecological conditions sufficient for the 
evolution of one form of altruism.

6
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Wisely and slow; they stumble that run fast.

       William Shakespeare

The conflict between individual and group interests is a common 
element in many social dilemmas. Consider the rate at which an 
organism consumes shared resources. Prudent use of common 

resources promotes the longevity or fecundity of the group; however, 
any individual that exhibits restraint suffers in competition with those 
using resources rapidly. Rapacity is selectively favored and the dis-
placement of prudent types by their unrestrained contemporaries occurs 
despite harmful consequences for the group (Maynard Smith, 1964; 
Williams, 1971). Restraint in the use of common resources is a form of 
altruism: behavior that is self-sacrificial and prosocial. Like other types 
of altruistic behavior, restraint faces a fundamental problem of subver-
sion (Dawkins, 1976a; Okasha, 2008). How can restrained types persist 
in the midst of would-be cheaters—individuals that have a competitive 
edge because they are unrestrained? In this chapter, we address this 
question directly by outlining ecological conditions sufficient to favor 
the evolution of restraint.

One ingredient found in most explanations for the evolution of altru-
ism, and thus relevant to the evolution of restraint, is positive assortment. 
Altruism stands a better chance when altruistic individuals dispro-
portionately help those possessing the genes for altruism (Hamilton, 
1975; Queller, 1992b; Pepper and Smuts, 2002; Fletcher and Doebeli, 
2009; Godfrey-Smith and Kerr, 2009). One of the most obvious ways 
to achieve positive assortment is through interactions between genetic 
relatives (Hamilton, 1964a). In such a case, altruistic individuals dis-
proportionately experience beneficial social environments (engineered 
by their kin), whereas selfish individuals tend to face a milieu lacking 
prosocial behavior (because their kin tend to be less altruistic). Interac-
tion with kin can occur actively through the choice of relatives as social 
contacts or passively through the interaction with neighbors in a habitat 
with limited dispersal. There is now a large body of literature on the 
effect of active and passive assortment on the evolution of altruism 
(Matessi and Jayakar, 1976; Eshel and Cavalli-Sforza, 1982; Toro and 
Silio, 1986; Wilson et al., 1992; Queller, 1994; Pepper and Smuts, 2002; 
Lehmann and Keller, 2006; Pepper, 2007; Rankin and Taborsky, 2009). At a 
fundamental level, this research focuses on the distribution of interactions 
among altruistic and selfish individuals. However, in many systems, 
these individuals are also interacting with other members of their com-
munity (competing species, predators, prey, mutualists, etc.). It is less 
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common to consider the role of broader ecological interactions on the 
evolution of various forms of altruism.

Here, we consider the evolution of restraint in communities where 
ecological interactions generate a type of negative feedback. One of the 
simplest communities with this property involves three members engaged 
in nontransitive competition. A simple scenario entails one player incur-
ring a significant cost to harm a second player (e.g., through parasitism 
or allelopathy) and a third player possessing mildly costly resistance to 
the harm. Reminiscent of the children’s game rock–paper–scissors, the 
harmer outcompetes the sensitive player, who outcompetes the resis-
tant player; in turn, the resistant player outcompetes the harmer. Such 
nontransitivity has been reported in plant systems (Lankau and Strauss, 
2007; D. D. Cameron et al., 2009) and as we see below, bacterial systems. 
More generally, in rock–paper–scissors games, each strategy beats one 
of the other two and is beaten by the third (e.g., paper covers rock but 
is cut by scissors). Imagine a nontransitive community in which, for con-
venience, we call the players Rock, Paper, and Scissors. Each type has a 
rate at which it displaces its victim (e.g., Rocks crush Scissors at some 
rate). Next, imagine a less-restrained variant of Rock, called Rock*, that 
displaces Scissors at a faster rate. In a Rock*–Paper–Scissors community, 
the abundance of Scissors decreases because of the increased prowess 
of Rock*. As a consequence, Scissors’ victim (Paper) is liberated, which 
can displace Rock*. In an ironic twist, the improved Rock* decreases in 
abundance because of the expansion of its victim’s victim. This form 
of negative feedback ensures that a higher displacement rate results in 
decreased abundance (Tainaka, 1993, 1995; Frean and Abraham, 2001; 
Marsland and Frank, 2001). Thus, more restrained players may be less 
prone to extinction, a phenomenon termed “survival of the weakest” 
(Frean and Abraham, 2001). A complication arises when considering a 
community with multiple variants present simultaneously (e.g., Rock and 
Rock* with Paper and Scissors). The same traits that allow Rock* to dis-
place Scissors faster may render Rock* a better competitor against Rock. 
In this case, restraint has a selective disadvantage, despite its positive 
effects on abundance. How then can restraint evolve in a nontransitive 
community?

Spatial structure can play a critical role promoting restraint in non-
transitive systems. Returning to our Rock–Paper–Scissors community, 
limitation of dispersal results in a patchwork of the three players. A patch 
of any one player chases its victim and is chased by its enemy (Durrett and 
Levin, 1997; Kerr et al., 2002). Within any patch, an unrestrained variant 
(Rock*) will replace its restrained counterpart (Rock). However, patches 
of unrestrained variants are more likely to go extinct. This difference in 
patch viability favors restraint. Limited dispersal ensures a type of posi-
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tive assortment where restrained and unrestrained individuals tend to be 
surrounded by like types. This means that the long-term negative conse-
quences of faster displacement are visited disproportionately on the less-
restrained type. Consequently, restraint can be maintained evolutionarily 
in a structured nontransitive community. This outcome has been shown 
theoretically in nontransitive triplets and larger communities (Johnson 
and Seinen, 2002; Prado and Kerr, 2008), but there is little empirical 
work on this topic. This is despite the fact that nontransitive dynam-
ics have been described in natural communities ranging from microbes 
to animals to plants (Jackson and Buss, 1975; Paquin and Adams, 1983; 
Sebens, 1986; Taylor and Aarssen, 1990; Sinervo and Lively, 1996; Clark 
et al., 2000; Birkhead et al., 2004; Lankau and Strauss, 2007; Sinervo et 
al., 2007; D. D. Cameron et al., 2009).

One well-studied nontransitive system involves strains of Escherichia 
coli that produce antimicrobial proteins termed colicins (James et al., 1996; 
Cascales et al., 2007). Colicin-producing cells possess a plasmid housing 
the colicin gene as well as a gene coding for a colicin-specific immunity 
protein. Cells that lack the plasmid, and thus lack immunity, are sensitive 
to the colicin. However, sensitive cells can experience mutations yielding 
resistance to colicins. Resistance is caused by alteration or loss of mem-
brane proteins that bind or translocate the colicin. Because these same 
membrane components are involved in nutrient acquisition, resistance 
is often costly in the absence of colicins (measured by a reduced growth 
rate relative to sensitive cells) (Feldgarden and Riley, 1998, 1999). How-
ever, in some cases, the producer incurs even greater costs to carry the coli-
cin plasmid and express immunity constitutively. Thus, these three players 
constitute a nontransitive community: the sensitive strain outgrows the 
resistant strain, the resistant strain outgrows the producer, and the pro-
ducer kills the sensitive strain. Previous work with the three members 
of the colicin E2 system has shown nontransitivity both in vitro (Kerr et 
al., 2002) and in vivo (Kirkup and Riley, 2004). Nevertheless, there have 
been no experimental studies of the evolution of restraint in this system.

In this chapter, we describe experiments with bacteria that explore 
how positive assortment and negative ecological feedback influence the 
evolution of restraint. Of the three players (sensitive, resistant, and pro-
ducer), we focus on the resistant strain. The mutations that define 
the resistant strain are costly, and there is evidence from numerous 
systems that secondary mutations can compensate for the initial costs of 
antimicrobial resistance (Schrag et al., 1997; Andersson and Levin, 1999; 
Reynolds, 2000; Nagaev et al., 2001; Andersson, 2006). Thus, we predict 
that this strain is the most likely to increase its growth rate, making it 
the most attractive candidate to study factors that would hinder such 
increase. We place the community in a metapopulation, structured into 
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many subpopulations. We manipulate the pattern of migration within the 
metapopulation, which affects the degree of positive assortment. Migra-
tions are either restricted to occur between neighboring subpopulations 
(Restricted treatment) or could occur between any subpopulations 
(Unrestricted treatment). The evolution of the resistant strain can be 
compared across migration treatments to gauge the effect of population 
structure on the evolution of restraint. To identify the role of negative 
feedback, the evolution of the resistant strain in the full community is 
compared with the evolution of the resistant strain evolving alone (Com-
munity and Alone treatments, respectively). By monitoring the resistant 
strain in three different types of metapopulations (Restricted Community, 
Unrestricted Community, and Restricted Alone), we assess the impact of 
both positive assortment and negative ecological feedback on the evolu-
tion of restraint.

RESULTS

Presence of Nontransitivity

As detailed in Methods, we constructed a strain that produced two 
colicins (Producer), a strain sensitive to both colicins (Sensitive), and a 
strain resistant to both colicins (Resistant). The double-colicin producer 
was used to decrease the likelihood of de novo resistance arising from 
the sensitive population during the evolution experiment. These three 
constructed strains are henceforth referred to as the ancestors. To 
confirm the nontransitive relationship, we performed pairwise competi-
tions among the ancestral strains. Each competition was initiated with 
a ratio matching the proportions of two competitors when they first 
meet through migration within the metapopulation. The resistant ances-
tor was outcompeted by the sensitive ancestor (one-sample t-test; t5 = 
−5.78, P = 0.0022). The producer ancestor was outgrown by the resistant 
ancestor (one-sample t-test; t5 = −3.62, P = 0.015). The sensitive ancestor 
was always driven to extinction when mixed with the producer (giving 
a relative fitness of zero in all five replicates). Because each player was 
competitively inferior to the second player (but superior to the third 
player), these three strains form a nontransitive system (Fig. 6.1).

Ecological Dynamics

We propagated our bacteria as metapopulations using 96-well microti-
ter plates, where each well constituted a distinct subpopulation. We initial-
ized the metapopulations with the nontransitive community (Community 
treatment) or the resistant strain alone (Alone treatment). Every 12 
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hours, each subpopulation was diluted into fresh growth medium, and 
migrations between subpopulations occurred. Within each metapopula-
tion, migrations occurred between neighboring wells (Restricted treat-
ment) or among any wells (Unrestricted treatment). We measured 
the abundances of all strains every six transfers. All three players were 
maintained in the Restricted Community and Unrestricted Community 
treatments for the duration of the experiment (Fig. 6.2A and B). The 
resistant strain persisted at a constant level in the Restricted Alone 
treatment for the length of the experiment (Fig. 6.2C).

Evolution of the Resistant Strain

We randomly sampled eight resistant isolates from the last transfer of 
the experiment. Each of these isolates was competed against a marked 
variant of the common resistant ancestor. To avoid pseudoreplication, 
we averaged relative fitness across isolates within each of five replicates 
of each treatment. We found that isolates from the Restricted Community 
treatment had the lowest competitive ability [single-factor ANOVA; F2,12 
= 9.36, P = 0.0036, multiple comparisons by Tukey’s Honestly Significant 
Difference (HSD)]. This is consistent with the evolution of a restrained 

FIGURE 6.1 Pairwise competitions between the ancestral bacterial strains show 
nontransitivity. Asterisks signify that relative fitness is significantly less than one, 
and the error bars show the SEM. The resistant ancestor is dominated by the sen-
sitive ancestor, and the ancestral producer is outgrown by the resistant ancestor. 
The sensitive strain is killed by the producer in all replicates, yielding a uniform 
relative fitness of zero. As each strain outcompetes one other strain but is outcom-
peted by the third strain, a nontransitive relation holds.
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FIGURE 6.2 Bacterial abundance in (A) the Restricted Community treatment, (B) 
the Unrestricted Community treatment, and (C) the Restricted Alone treatment. 
Points represent mean abundance of the sensitive strain (S), resistant strain (R), 
and producer strain (P). Shading gives the SEM. All three players coexisted in the 
Community treatments for the duration of the experiment, and the density of the 
resistant strain was comparable across all three treatments.
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growth rate. Resistant cells in a full community evolved a significantly 
higher competitive ability under unrestricted migration than under 
restricted migration (Unrestricted Community vs. Restricted Commu-
nity in Fig. 6.3).Resistant cells propagated alone evolved a significantly 
higher competitive ability than resistant cells in a nontransitive com-
munity (Restricted Alone vs. Restricted Community in Fig. 6.3). Thus, 
both population structure and the presence of the full community were 
important to the evolution of competitive restraint.

Simulation of Ecoevolutionary Dynamics

To better understand the evolutionary behavior of our system, we 
modeled the bacterial metapopulations using a lattice-based simula-
tion (details in Methods, SI Methods, Table S1, and Figs. S1 and S2†). 
Each metapopulation was initialized with the three ancestral strains in 
a spatially clumped pattern. The basic algorithm consisted of a 

FIGURE 6.3 Fitness of evolved resistant isolates relative to their common ancestor. 
Mean relative fitness of each treatment is shown, and error bars give the SEM. 
The fitness of isolates from the Restricted Community treatment was significantly 
lower than the fitness of isolates from the other treatments. Letters distinguish 
treatments significantly different using post hoc comparisons. This pattern is 
consistent with the evolution of restrained growth in the Restricted Community 
treatment.

†SI Methods, Table S1, and Figs. S1–S6 are available online as supporting information for 
the original PNAS article [108(Suppl 2):10831–10838] at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.110296108/-/DCSupplemental.
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cycle of three stages: (i) growth/competition within wells, (ii) dilution 
of wells, and (iii) migration among wells. Thus, a simulated cycle cor-
responds to a transfer within our experiment. Every cycle, mutations 
to growth rate were permitted in resistant subpopulations. We simu-
lated evolution within metapopulations in each of the three treatments 
described above (Restricted Community, Unrestricted Community, 
and Restricted Alone).

Although diversity was maintained in the Restricted Community 
treatment, the community tended to lose players in the Unrestricted 
Community treatment in the long run (e.g., after 100 transfers). Con-
sequently, the Unrestricted Community treatment was excluded from 
analysis. The loss of diversity was robust to changes in several different 
parameters of the model and suggests that the Unrestricted Community 
treatment in the laboratory may have lost strains if it had been run for 
more transfers. This result is also consistent with previous work on the 
importance of limited dispersal to coexistence in this system (Durrett 
and Levin, 1997; Kerr et al., 2002). After evolving the metapopulations 
in each treatment, we determined the mean relative fitness of the resis-
tant population. Consistent with our empirical results, we found the 
average growth rate of resistant strains from the Restricted Community 
treatment to be significantly lower than the average growth rate from 
the Restricted Alone treatment (Fig. S3).

To confirm the importance of positive assortment in the evolution 
of restraint, we ran an additional treatment: Restricted Community with 
Permutation. This treatment was identical to the Restricted Com-
munity treatment except that, at the beginning of each cycle, wells 
containing only resistant cells (ancestors or mutants) were randomly 
permuted. This operation allowed for mixing between the patches of 
resistant wells (capturing an element from the Unrestricted treatment). 
The average growth rate of resistant strains from the Restricted Com-
munity treatment was significantly lower than the average growth rate 
from the Restricted Community with Permutation treatment (Fig. 6.4). 

The rate of displacement by fitter variants within any population 
will be slowed by population subdivision. We were curious if the lower 
growth rate of our Restricted Community treatment could be 
explained entirely by the fact that the evolving resistant population 
was divided into semi-isolated patches. To explore this possibility, we ran 
an additional simulation treatment: Restricted Alone with Shadowing. 
In this treatment, a Restricted Alone metapopulation evolved alongside 
a standard Restricted Community metapopulation, with the caveat that 
the Restricted Alone metapopulation’s migrations and spatial distribu-
tion were forced to match the resistant portion of its paired Restricted 
Community metapopulation. In this way, the Restricted Alone shad-
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FIGURE 6.4 Mean resistant fitness relative to the resistant ancestor after simulated 
evolution in multiple treatments. Fitness values after (A) 100 and (B) 400 cycles 
are shown. Mean relative fitness of each treatment is shown, and error bars give 
the SEM. Letters distinguish significantly different treatments by post hoc com-
parisons. The fitness of resistant populations from the Restricted Community 
treatment was significantly lower than that of the other treatments at both time 
points. This pattern is consistent with the evolution of restrained growth in the 
Restricted Community treatment.

owed the Restricted Community. This meant that the Restricted Alone 
metapopulation was divided into patches. However, because muta-
tion occurred independently in the Restricted Alone shadow and its 
Restricted Community master, mutations within a given patch in the 
shadow world had no effect on the survival of the patch in that world. 
We found that division into semi-isolated patches accounted for some 
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but not all of the effect of lowering growth rate in the short term (Fig. 
6.4A) (single-factor ANOVA; F2,331 = 829.6, P < 0.001, multiple compari-
sons by Tukey’s HSD). However, simulations that ran for longer (Fig. 
6.4B) show that the Shadowing treatment converges to the Permuta-
tion treatment (single-factor ANOVA; F2,331 = 1,421, P < 0.001, multiple 
comparisons by Tukey’s HSD). We find the same patterns when we run 
simulations that exactly match the metapopulation size and number of 
transfers used in our experiment (Figs. S4 and S5). Thus, apparently, 
the connection between the presence of fast-growing variants within 
a patch and a greater probability of patch extinction was an important 
ingredient in explaining the evolution of restraint in the Restricted Com-
munity treatment.

DISCUSSION

For the resistant isolates considered here, the evolution of the lowest 
competitive ability occurred in the treatment in which migration was 
restricted and all three members of the nontransitive community were 
present (Fig. 6.3). If either migration was unrestricted or the resistant strain 
evolved alone, final competitive ability was significantly higher. The low 
competitive ability in the Restricted Community treatment presumably 
reflects a relatively low growth rate. There are a few possible expla-
nations for this outcome. One explanation is that if the number of 
resistant cell divisions in the Restricted Community treatment was less 
than the number of divisions in the other treatments, isolates from the 
Restricted Community treatment might not have had enough oppor-
tunity to evolve a higher growth rate. However, we find no significant 
difference among the treatments in the total number of resistant cell 
divisions (SI Methods and Fig. S6). A second explanation is that restricted 
migration slows the spread of any advantageous mutant (Bolker et al., 
2003). In this case, resistant mutants with a higher growth rate 
reach a lower frequency in the Restricted Community treatment than 
in the Unrestricted Community treatment by the end of the experiment. 
However, the resistant isolates with the highest growth rate came from 
Restricted Alone treatment; thus, a restriction to migration does not 
uniformly hinder the advent of fast-growing resistant mutants. A third 
explanation is that the presence of producers constrains the manner in 
which a resistant strain can compensate for the cost of resistance (e.g., 
reversion to sensitivity is not an option). This would limit the set of evolu-
tionary options for resistant cells in the Restricted Community treatment 
relative to the Restricted Alone treatment. However, the growth rate of 
isolates from the treatment with the highest level of interaction between 
resistant cells and producers (Unrestricted Community) was similar to 
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that of the treatment without producers (Restricted Alone). Addition-
ally, not a single resistant isolate from any treatment reverted to sensi-
tivity; thus, reversion did not explain competitive differences. Finally, 
the Restricted Community treatment’s resistant population was divided 
into discontinuous regions by barriers consisting of the other strains 
(illustrated in Fig. 6.5), and such barriers would inhibit the spread of 
advantageous mutants. Our simulation-based treatment, Restricted Alone 
with Shadowing, where the resistant type was restricted to the patchy 
spatial distribution of Restricted Community evolved a lower growth 
rate, indicating that population subdivision may contribute to the low 
growth rate in the Restricted Community. Nonetheless, subdivision does 
not fully account for the restraint found in the Restricted Community 
treatment (Fig. 6.4 and Fig. S5). Thus, we do not find complete support 
for any of these explanations and, instead, favor the following alternative.

In the Restricted Community treatment, the nontransitivity of the 
full community provides a form of negative feedback, and the restricted 
migration ensures a form of positive assortment. We suggest that it is 
these two factors, negative feedback and positive assortment, that set 
the stage for the evolution of restraint. In the Restricted Community 
treatment, we have a set of patches chasing each other (Fig. 6.5). A 

FIGURE 6.5 Snapshots of a metapopulation from an illustrative Restricted Com-
munity simulation recorded every 20 cycles (A–H). The metapopulation was 
initialized with the three bacterial strains sensitive (dark gray), resistant (white), 
and producer (light gray) in addition to a small patch of a mutant resistant strain 
(black) with an increased growth rate. The mutant initially outcompetes nearby 
ancestor patches (A–E) but is extinguished after outcompeting neighboring patch-
es of the producer (F–H).
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faster-growing resistant mutant has a competitive advantage within 
a resistant patch, but a fast-growing resistant patch is more likely to 
burn through its victim (the producer) and consequently, face its enemy 
(the sensitive strain). This sequence of events is shown in Fig. 6.5 for a 
Restricted Community simulation in which wells with a faster-growing 
resistant mutant are labeled in black. Limited migration ensures that 
it is the unrestrained mutants that reap the negative long-term conse-
quences (patch extinction) of their myopic strategy. When assortment 
is eradicated by shuffling the contents of multiple patches (as in the 
simulation-based treatment Restricted Community with Permutation), 
restraint is not maintained (Fig. 6.4). Without the negative feedback of the 
full community (e.g., in the Restricted Alone treatment) or the positive 
assortment resulting from limited migration (e.g., in the Unrestricted 
Community treatment), the evolution of restraint is not expected.

We have explored a model system under laboratory conditions, 
but our findings carry potential implications for other systems. In gen-
eral, allelopathy permits nontransitivity, and allelopathic bacteriocins 
are widely distributed across bacterial taxa (Riley and Wertz, 2002). 
Nontransitive relationships have also been described in other ecological 
contexts. For instance, nontransitivity in male mating systems has been 
reported in common side-blotched lizards (Sinervo and Lively, 1996) 
and viviparous lizards (Sinervo et al., 2007), wherein the males exist in 
three color morphs: an aggressive morph can displace a less aggressive 
morph, which displaces a nonaggressive morph. The nonaggressive 
male is a female mimic, which disproportionately mates with females 
on the most aggressive male’s territory. It has been argued that similar 
nontransitive mating systems are likely present in other animals, includ-
ing some reptiles, fish, birds, and insects (Sinervo and Calsbeek, 2006; 
Sinervo et al., 2007), and nontransitive sperm competition has been 
reported in fruit flies (Clark et al., 2000) and domestic fowl (Birkhead et 
al., 2004). Another situation resulting in nontransitivity involves types 
differing in their colonization and competitive abilities. An overgrower 
(the best competitor) can displace a fugitive (the best colonizer), which 
displaces a preemptor (an intermediate colonizer that is resistant to 
overgrowth); then, the preemptor can displace the original overgrower 
(Edwards and Schreiber, 2010). This type of system was described for a 
rocky subtidal community (Sebens, 1986; Edwards and Schreiber, 2010), 
and nontransitivity in overgrowth patterns has also been reported in 
coral reef communities (Buss and Jackson, 1979). Another instance of 
nontransitivity involves a victim–exploiter relationship. This situation 
was reported in a grassland community in which grasses outcompete 
forb species but are disproportionately parasitized by a root hemiparasitic 
plant (D. D. Cameron et al., 2009). More broadly, many studies have pro-
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posed that nontransitive relations may be more prevalent than currently 
appreciated in systems with frequency-dependent selection or ecological 
tradeoffs (Gilpin, 1975; Sinervo and Calsbeek, 2006; Allesina and Levine, 
2011).

Although the prevalence of nontransitivities in natural ecosystems 
remains to be determined (Verhoef and Morin, 2010), the ubiquity of spa-
tial structure is widely recognized. Indeed, spatial structure is a compo-
nent of many of the nontransitive systems described above. Structure 
may be most pronounced in sessile organisms (e.g., plants, some marine 
invertebrates, and microbes in biofilms); however, even populations of 
motile organisms can possess some degree of structure because of spatial 
limitations to dispersal and interaction. The spatial scale of ecological 
processes has been shown to be an important factor in the invasion of rare 
types (Chao and Levin, 1981; van Baalen and Rand, 1998), coexistence 
of multiple types (Kneitel and Chase, 2004), stability of communities 
(Morrison and Barbosa, 1987), and evolutionary trajectories of community 
members (Thrall and Burdon, 2002). We have shown that limited migra-
tion in a nontransitive community can promote the evolution of restraint. 
However, spatial structure can be important for the evolution of restraint 
in other types of communities as well.

As an example, limited dispersal can promote restraint within 
victim–exploiter communities (Boots and Mealor, 2007; Kerr et al., 2006). 
An inherent form of negative feedback exists when one species (e.g., 
predator, parasite, or herbivore) exploits another for critical resources (e.g., 
prey, host, or plant). To see this, consider a simple version of the Lotka-
Volterra model, where the dynamics of exploiters (at density E) and 
victims (at density V) are described by (Eqs. 1)

  

dV
dt

= V – VE,

dE
dt

= VE – E,

β λ

λ δ

 (1)

where β is the birth rate of victims, λ measures the attack rate of the 
exploiter, and d is the death rate of the exploiter (we assume a conver-
sion efficiency of unity). The nontrivial equilibrium for this community 
is V E , / , /( ) = ( )δ λ β λ . As the exploiter reduces its attack rate, its equi-
librium abundance increases (as λ drops, E = β λ/ grows). Nonethe-
less, an exploiter with a higher attack rate will displace a second exploiter 
exercising restraint (Korobeinikov and Wake, 1999). Selection for rapacious 
exploitation that results in community collapse constitutes an example of the 
tragedy of the commons (Hardin, 1968). Limited dispersal ensures that any 
tragedy of the commons that results from overexploitation primarily befalls 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Evolution of Restraint in a Structured Rock–Paper–Scissors Community / 131

the unrestrained exploiters. Several theoretical studies have explored the role 
of spatial structure in promoting restraint in victim–exploiter interactions 
(Mitteldorf et al., 2002; Killingback et al., 2006). There have also been exper-
imental demonstrations that limited dispersal favors restraint in host–parasite 
communities in the form of reduced parasite virulence and/or infectivity (Kerr 
et al., 2006; Boots and Mealor, 2007; Eshelman et al., 2010).

A second example involves the role of structure in promoting restraint 
in hypercycle communities. A hypercycle is a series of self-replicative mol-
ecules cyclically linked, where each molecule catalyzes the replication of 
the next molecule in the cycle. Unstructured hypercycles are plagued by 
parasitic molecules, which receive greater catalytic activity from the pre-
vious molecule in the cycle while withholding catalytic support for the next 
molecule in the cycle. Boerlijst and Hogeweg (1991) showed theoretically 
that hypercycles in an incompletely mixed medium could keep parasitic 
molecules at bay. In a structured habitat, the hypercycle community orga-
nizes into a collage of rotating spirals. A parasitic molecule originating at 
the center of a spiral can lead to spiral demise and replacement by other 
spirals. Thus, short-term payoffs to the parasite (displacement within a 
spiral) can generate negative long-term consequences (spiral extinction) in 
a structured world. This favors the evolution of restrained molecules that 
avoid the immediate gains of parasitism.

Spatial structure and ecological feedback can also favor mutualistic 
behavior between species (Frank, 1994). Recently, Harcombe (2010) studied 
a case of bacterial cross-feeding. In lactose medium, Salmonella enterica con-
sumes the acetate waste products of a mutant strain of E. coli. The E. coli 
mutant was a methionine auxotroph and could grow if S. enterica excreted 
methionine. Harcombe (2010) showed that, although methionine excretion was 
intrinsically costly, a mutant of S. enterica that exported an excess of methionine 
was able to displace WT S. enterica (which did not excrete methionine) when 
these types were grown on lactose plates with E. coli. The cooperative excre-
tion by S. enterica was favored through a combination of ecological feedback 
(acetate was produced when E. coli obtained methionine) and spatial structure 
(ensuring that excreting cells had disproportionate access to acetate). When 
Harcombe (2010) destroyed either feedback (by growing the community 
on acetate plates so that S. enterica did not rely on E. coli) or structure (by 
growing the community in lactose flasks), the excreting S. enterica mutant was 
outcompeted by WT. This work shows that ecological feedback and positive 
assortment can be important ingredients in other forms of cooperation.

In all of the communities described above, a form of altruism exists. 
The elements that we have underlined as important to the evolution of 
restraint connect readily to prominent theoretical frameworks used to 
understand the evolution of altruism. In our nontransitive system, limited 
dispersal results in a preponderance of interaction between relatives. Kin 
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selection arguments often focus on the coefficient of relatedness between 
interacting individuals (Eberhard, 1975; Griffin and West, 2002). In our 
system, limited dispersal results in higher coefficients of relatedness than 
in conditions of unlimited dispersal, a form of positive assortment (Pepper, 
2000). The multilevel selection framework describes altruism as a behavior 
opposed by within-group selection but favored by between-group selection 
(Sober and Wilson, 1999; Wilson and Wilson, 2007). In the patchwork 
of a structured community, a restrained variant is at a local disadvantage 
(e.g., within its patch), but patches of restrained types may persist longer 
because of the negative feedback from rapid growth. We propose that 
multiple frameworks have relevance for understanding restraint in our 
system, because each framework focuses on (different) important elements 
underlying the evolution of altruism (Kerr, 2009).

Overall, we observe that a form of altruism can evolve in microbial 
metacommunities. With limited migration, similar types associate into 
patches that chase one another. The negative feedback resulting from the 
nontransitivity in our system means that patches filled with unrestrained 
variants are more prone to extinction. Thus, we see that altruistic restraint is 
favored precisely when those that run fast tend to stumble.

METHODS

Community Players

The bacterial community consisted of three players: a toxin-producing 
strain (P), a toxin-sensitive strain (S), and a toxin-resistant strain (R). 
P expressed two toxins (colicin E2 and colicin D). This strain was con-
structed by transforming the Col E2 and Col D plasmids sequentially 
into BK10 (E. coli K-12) cells followed by selecting for resistance to phage 
T5. S was constructed by transforming the pACYC184 plasmid encoding 
tetracycline (Tet) resistance into BK10 cells. R was constructed by a series 
of sequential selections on BK10—resistance to colicin E2, colicin D, and 
phage T6. Before marker additions (T5, Tet, and T6 resistance), these 
strains exhibited a rock–paper–scissors relationship. However, the growth 
inhibition of P and R by a low concentration of Tet (and the cost of T6 
resistance in R) magnified the nontransitivity in our growth medium 
(LB + 0.25 mg/mL Tet).

Experimental Treatments

The evolution experiments involved propagating metapopulations 
of bacteria with two factors manipulated. The first experimental factor 
was the identity of the players in the metapopulation. Either the full com-
munity (S-R-P) was used or the resistant strain (R) was propagated alone 
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(the Community or Alone treatments, respectively). In the Community 
treatments, each metapopulation consisted of two microtiter plates (192 
wells with 200 mL growth medium each). In the Alone treatments, each 
metapopulation consisted of a single microtiter plate (96 wells with 200 mL 
growth medium each). The difference in the number of wells reflected 
our attempt to balance the total number of resistant cells across treatments 
(Fig. 6.2). The second factor manipulated was the pattern of migration 
within the metapopulations. Migration was either restricted to occur 
between wells directly bordering each other along cardinal directions or 
unrestricted (the Restricted or Unrestricted treatments, respectively). In 
both treatments, each well had a one-third probability of experiencing 
an immigration event from one random well in its neighborhood. In 
the Restricted treatment, this neighborhood included the wells directly 
north, east, south, or west of the focal well (using periodic boundaries to 
eliminate edge effects). In the Unrestricted treatment, the neighborhood 
included all wells minus the focal well. Migration events directly fol-
lowed dilution of the entire metapopulation in fresh growth medium. 
Every 12 hours, 40-fold dilution was accomplished using a 96-slot pin mul-
tiblot replicator (5 mL in 200 mL). Immediately after dilution, a BioRobot 
8000 liquid-handling robot (Qiagen) executed the migrations, where each 
migration involved transferring 5 mL from the source well within the 
exhausted plate into the destination well within the fresh plate. Between 
transfers, plates were incubated (37 °C) and shaken (350 rpm using a 
microtiter shaker, Bellco Glass). For the Alone treatment, the metapopula-
tion was initiated with the resistant strain in each well. For the Community 
treatment, the initial spatial arrangement of strains was obtained from the 
100th transfer of a 192-point lattice-based simulation with a restricted 
neighborhood (SI Methods). Each metapopulation was propagated for 
a total of 36 transfers. The abundance of each strain was gauged every 
six transfers by selective plating (using Tet, T5, and T6). There were five 
replicates of each of three treatments: (i) Restricted Community, (ii) Unre-
stricted Community, and (iii) Restricted Alone.

Competition Assay

We picked eight random resistant isolates from the last transfer of each 
metapopulation (we denote any one of these strains as RE). We marked 
our ancestral resistant strain (denoted RA) with resistance to phage T5. 
Before the competition, RE and RA are grown separately in 200 mL growth 
medium for two 12-hour cycles (with 40-fold dilution at transfer). After 
this acclimation phase, we added 5 mL RE and 5 mL RA to a well containing 
200 mL growth medium. The titer of each strain was assessed (by plating 
with and without phage T5) immediately after the competition was 
initiated and again after 12 hours. If Ri(t) is the titer of strain Ri at time 
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t, then the fitness of the evolved strain relative to its ancestor is given 
by (Eq. 2):

  (2)

The same competitive assay was used to establish the nontransitive 
dynamic between the three ancestral players (simply with different 
selective plating schemes).

Simulation

We model the metapopulation as an L × W regular square lattice with 
periodic boundaries subjected to a cycle of three phases: (i) growth, (ii) 
dilution, and (iii) migration. Each lattice point i at time t is described 
by the vector (Eq. 3)

  xi t si t pi t ri t r t r ti i
K) ) ) ) ) )( ( ( ( ( (= , , , , ..., ,0 1  (3)

where si(t), ri
0(t), and pi(t) are the abundances of sensitive, resistant, 

and producer ancestors, respectively. The variables ) ) )( ( (, , ...i
1 2r t r t r t i

k
i  

are the abundances of each of K types of mutant resistant strains. These 
abundances are expressed in units of the limiting nutrient concentra-
tion (SI Methods).

During the growth phase, the dynamics of each strain (y) of each 
lattice point (i) are described by the following differential equation (SI 
Methods) (Eq. 4):

  
y = y

n

+ ni
i i

Y i

Y
� ,

µ
κ    (4)

where ni=1 – Syi, mY is the maximum growth rate, and κY is the Monod 
constant (nutrient concentration yielding one-half maximum growth 
rate) of player Y. Each growth phase lasts T time units. Dilution at time 
t is given by (Eq. 5):

 φ)( )(′x t = x t ,i i  (5)

where f is the dilution factor and t′ marks the postdilution state.
Migration happens with α uniform probability α. If a migration 

event occurs, a point within the focal point’s neighborhood is chosen at 
random. For the Restricted treatment, the neighborhood is the four nearest 
lattice points (von Neumann neighborhood). For the Unrestricted treat-
ment, the neighborhood is the entire lattice minus the focal point. In the 
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case of migration, let the chosen neighbor of the focal point i be designated 
j. The state after migration (signified by t′′) is given by (Eq. 6):

  φ φ)() )( ( )(′′ ′x t = 1– x t + x t .i i i  (6)

Removal occurs next. At point i, any player whose abundance is less than 
or equal to a critical value (acrit) is removed. Also, the sensitive player 
is removed if the producer is present. In the simulation, the dilution, 
migration, and removal are assumed to be instantaneous and followed 
by a new growth phase. Lastly, mutation can occur with probability π. 
In the case of a mutational event, a fraction γ of the total abundance 
of the resistant players (ancestral and mutant) of a point is converted 
to a random resistant type.

We initialize lattice point i with the starting abundances of each ances-
tral player , and [pi(0)] using the same method as 
in the bacterial experiment (SI Methods). After C growth cycles, we mea-
sured the expected fitness of a randomly chosen resistant cell relative to 
the resistant ancestor. This mean fitness is (Eq. 7):
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In Table 6.1, we give values for all of the simulation parameters, which 
are tailored to our bacterial experiment or estimated from assays (SI 
Methods). For Figs. 6.4 and 6.5 and Fig. S3, we assume L = 100 and W = 100. 
For Figs. S4 and S5, we assume L = 16, W = 12, and C = 36, which are the 
values corresponding to our laboratory experiment.
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TABLE 6.1 Simulation Parameters

Parameter Description (units) Values(s)

L Length of the lattice (points) 16 or 100

W Width of the lattice (points) 12 or 100

T Duration of growth phase 
(hours)

12

C Number of growth cycles 
(unitless)

36, 100, or 400

K Number of mutant resistant 
strains (unitless)

7

mY Maximum growth rate 
(abundance per hour)

0.61

Monod constant of ancestral 
strains and resistant mutants 
(abundance)

{0.165, 0.93, 0.341, 
0.27, 0.28, 0.29, 0.30, 
0.31, 0.32, 0.33}

{rk(0),r0(0)} Initial competition amount 
(abundance)

{1/40, 1/40}

f Dilution factor (unitless) 1/40

α Probability of migration (unitless) 1/3

acrit Critical abundance for 
persistence (abundance)

0.00275

π Mutation probability per transfer 
per well (unitless)

1/100

γ Fraction of resistant 
subpopulation converted to a 
random mutant given a mutation 
event (unitless)

1/2

K K K K K

K K K K K
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Microbial ecology is revealing the vast diversity of strains and species that 
coexist in many environments, ranging from free-living communities to the 
symbionts that compose the human microbiome. In parallel, there is growing 
evidence of the importance of cooperative phenotypes for the growth and 
behavior of microbial groups. Here we ask: How does the presence of mul-
tiple species affect the evolution of cooperative secretions? We use a computer 
simulation of spatially structured cellular groups that captures key features of 
their biology and physical environment. When nutrient competition is strong, 
we find that the addition of new species can inhibit cooperation by eradicat-
ing secreting strains before they can become established. When nutrients are 
abundant and many species mix in one environment, however, our model 
predicts that secretor strains of any one species will be surrounded by other 
species. This “social insulation” protects secretors from competition with non-
secretors of the same species and can improve the prospects of within-species 
cooperation. We also observe constraints on the evolution of mutualistic interac-
tions among species, because it is difficult to find conditions that simultane-
ously favor both within- and among-species cooperation. Although relatively 
simple, our model reveals the richness of interactions between the ecology 
and social evolution of multispecies microbial groups, which can be critical 
for the evolution of cooperation.
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It would seem justified to assert that, so far, no revision of the Darwin-
ian paradigm has become necessary as a consequence of the spectacu-
lar discoveries of molecular biology. But there is something else that 
has indeed affected our understanding of the living world: that is its 
immense diversity.

   Ernst Mayr (2004)

DNA sequencing continues to reveal new species that could not 
be found with conventional methods. Nowhere is this more 
true than in the microbial world where the sequence-based 

estimates of species in a gram of soil commonly run into the thousands 
(Gans et al., 2005; Roesch et al., 2007). Only a fraction of these species 
would typically be identified by culture-based methods, revealing that 
the majority of microbial species will not grow in current laboratory 
conditions (Hugenholtz et al., 1998). This realization, along with the 
rapidly decreasing cost of DNA sequencing, has led to an impressive 
effort to identify and catalog microbial diversity across a wide range of 
environments. These environments include soil, which is often con-
sidered one of the most diverse environments, but also range out to 
marine environments including the open ocean (Yooseph et al., 2007), 
the massive microbial mats that form stromatolites (Baumgartner et al., 
2009) (Fig. 7.1C), and hydrothermal vents where large numbers of rare 
species have been found (Sogin et al., 2006).

The survey of microbial life is also looking inward to the species that 
live in and on humans, as exemplified by the concept of the human micro-
biome. Numerous projects are under way to catalog genetic diversity in 
areas including the skin, the oral cavity, and the intestine (Dethlefsen 
et al., 2006; Ley et al., 2006a). Whereas intestinal communities have been 
found to be quite similar across humans as compared with other mam-
mals (Ley et al., 2008), different people often carry different sets of micro-
bial species, underlining the complexity of intestinal ecology (Guarner 
and Malagelada, 2003; Eckburg et al., 2005; Dethlefsen et al., 2006). The 
composition of the gut microbiota has also been found to have impor-
tant implications for health and has been linked to a range of dis-
eases including obesity, inflammatory bowel disease, and colonic cancer 
(Guarner and Malagelada, 2003; McGarr et al., 2005; Dethlefsen et al., 
2006; Ley et al., 2006b; Manichanh et al., 2006).

Recognition of the vast diversity within microbial communities has 
occurred alongside another realization about microbial life: the impor-
tance of social interactions. It is now accepted that many phenotypes of 
one cell influence the ability of surrounding cells to divide and survive, 
which are social traits in an evolutionary sense (Crespi, 2001; West et 
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FIGURE 7.1 Microbial diversity: examples of natural microbial communities. 
(A) A two-species bacterial biofilm cultivated in the laboratory in which one strain 
evolves to increase its exploitation of the other. Adapted by permission from 
Macmillian Publishers Ltd: Nature (Hansen et al., 2007), copyright 2007. (B) A two-
strain bacterial aggregate detected on a bean leaf surface (magnification 500×) 
[Appl Environ Microbiol (2005) 71(9):5484–5493, 10.1128/AEM.71.9.5484–5493.2005. 
Reproduced with permission from the American Society for Microbiology] 
(Monier and Lindow, 2005). (C) Stromatolite fossil that is ~2 billion years old. 
Modern stromatolites consist of multilayered sheets of microorganisms, and are 
a good example of very diverse, yet spatially structured microbial communities 
(copyright Merv Feick, http://www.Indiana9Fossils.com). (D) The detection 
of two of the species present in a bacterial biofilm covering the intestinal mu-
cosae of a self-limiting colitis patient, imaged using triple-color fluorescence 
in situ hybridization [J Clin Microbiol (2005) 43(7):3380–3389, 10.1128/JCM.43.7. 
3380–3389.2005. Reproduced with permission from the American Society for 
Microbiology] (Swidsinski et al., 2005).

al., 2006; Foster, 2010). Social phenotypes in microbes include not only 
growth rate regulation (Kreft, 2004), which has the potential to affect 
the nutrients of surrounding cells, but also the widespread secretion of 
compounds that either promote or inhibit the growth of neighboring 
cells (Kerr et al., 2002; Griffin et al., 2004; Xavier et al., 2011).
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In a bid to understand social phenotypes in microbes, theories of social 
evolution first developed for social animals have been used for the study 
of microbial groups (Brown, 1999; West et al., 2006; Nadell et al., 2010). 
A key prediction of this work is that the degree of mixing between differ-
ent genotypes will be critical in determining the classes of social traits 
that evolve in microbial groups (Hamilton, 1964a). All else being equal, 
when cells of one genotype mix with many others, there is more potential 
for the evolution of competitive traits that harm neighboring cells than 
when strains are surrounded by clonemates. Clonal groups of cells are 
instead expected to display phenotypes that optimize the productivity of 
the group, like cells in a multicellular organism. For example, cells might 
display slow and efficient growth and secrete enzymes that harvest nutri-
ents for all cells in the area. A growing body of empirical work has shown 
that genotypic mixing has the potential to limit cooperativity in a wide 
range of microbial traits (Greig and Travisano, 2004; Gore et al., 2009), 
including enzyme secretion (Griffin et al., 2004), iron scavenging (Diggle 
et al., 2007b), quorum sensing, and fruiting body formation (Foster et 
al., 2002; Buttery et al., 2009). Genetic mixing experiments also reveal 
the importance of the fitness costs and benefits for social phenotypes, 
with the potential for cooperation to be stabilized by either constraints 
on competitive traits (Foster et al., 2004; Harrison and Buckling 2009) or 
strategies that make cooperation carry little or no cost (Xavier et al., 2011).

Although our understanding of the evolution of social phenotypes 
in microbial populations in the laboratory is growing, we still understand 
little of how the theory and experiments relate to natural microbial 
communities (Little et al., 2008; Filoche et al., 2010; Foster, 2010). In 
particular, studies from social evolution typically consider well-mixed 
groups in liquid where local spatial structure is lacking (Griffin et al., 
2004; Harrison et al., 2008). While shaking culture is an excellent tech-
nique with which to simplify and study interactions, microbes commonly 
form large surface-attached communities, known as biofilms. These bio-
films carry spatial structure, and the potential for social interactions 
will typically be much greater than in liquid (O’Toole and Kolter, 1998; 
Hall-Stoodley et al., 2004; Monds and O’Toole, 2009; Nadell et al., 2009) 
(Fig. 7.1). In addition, the primary focus has been on mixing strains of a 
single species, which contrasts with the lesson from metagenomics that 
thousands of species are commonly present in any one environment. 
Natural microbial communities are thus often characterized by spatial 
structure and a multitude of species and environments, making it chal-
lenging to understand the links between social evolution and microbial 
ecology, not in the least because so many of the species involved cannot 
yet be cultured.
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Our goal here is to develop models to explore the role of species 
diversity within biofilm-like microbial communities on the evolution of 
social phenotypes. In particular, we focus on the evolution of a growth-
promoting secretion within a focal microbial species and ask: How does 
the presence and behavior of additional species affect the evolution 
of the growth-promoting secretion? This chapter is centered around a 
series of virtual experiments that use an individual-based simulation of 
microbial biofilms. The model captures many of the key biological and 
physical processes that affect cell groups, such as nutrient diffusion, 
secretion, cell division, and colony expansion. Although simulations are 
ultimately no substitute for experiments with real organisms, we can 
explore a much greater range of parameters than is possible with an 
empirical project. The analysis reveals a number of interdependencies 
between ecological competition among microbial species and the evolu-
tion of cooperation.

RESULTS

This chapter is centered on models of competition that investi-
gate the evolutionary success of a strain that secretes a growth-promoting 
substance, such as an enzyme that diffuses outward and increases the 
availability of nutrients to all cells in proportion to its concentration. This 
focal strain is compared with a strain that does not secrete and by doing so 
saves energy that can be redirected into growth. The general question we 
ask is: What are the conditions that allow a cooperative secretor strain to 
outcompete the nonsecretor strain, or vice versa? Whereas we focus 
on a secretion phenotype, the general conclusions of the model should 
have relevance for any cooperative traits that affect the growth rate of 
neighboring cells (Kreft, 2004).

The framework used here is an agent-based model that employs 
mechanistic descriptions of solute diffusion and cell growth (Xavier et al., 
2005; Xavier and Foster, 2007; Nadell et al., 2008) (Materials and Methods) 
and has been developed over the last decade for applications in the field of 
biochemical engineering. The underlying assumptions are described and 
justified in detail elsewhere (Matsushita and Fujikawa, 1990; Ben-Jacob et 
al., 1994; Kessler and Levine, 1998; Nadell et al., 2008), and empirical tests 
have demonstrated the framework’s ability to make accurate predictions 
for real biological systems (Xavier et al., 2004, 2007).

Briefly, the simulations consider a two-dimensional surface on which 
a number of microbial cells (of the different phenotypes or species) 
attach, grow, and divide, resulting in a biofilm-like structure. Other 
geometries, including radial expansions from a point and three-
dimensional simulations, can also be implemented but do not appear to 
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affect evolutionary conclusions (Nadell et al., 2010). A constant concentra-
tion of nutrients is available at a fixed diffusion rate that cells take up, 
which leads to local gradients in nutrient concentrations. Cells may also 
secrete extracellular products, which become available to neighboring 
cells through diffusion. In the simulations presented, we assume that 
secretion carries an energetic cost of 30% of growth rate, in line with 
experimental results (Diggle et al., 2007b; Harcombe, 2010). However, we 
also investigate the effect of varying this cost (Figs. S1 and S6¶). In all 
experiments, cells are left to grow to a fixed total mass, at which point 
the fitness values of secretor and nonsecretor phenotypes (computed as 
the average number of cell divisions per unit time) (Materials and Meth-
ods) are compared to determine which of the two phenotypes would 
be expected to dominate in local competition. This cutoff point at which 
fitness is measured can be taken to model an environmental disturbance 
that occurs at a given frequency. The general effects of altering this 
parameter are discussed in Foster and Xavier (2007) and Brockhurst et al. 
(2007). Each cell is implemented as a circular agent, grows according to 
a Michaelis–Menten function of the substrate concentration in its local 
environment, and divides once it reaches a maximum radius (Materials 
and Methods). We do not consider active movement but cells can move 
passively due to the forces exerted between neighboring individuals as 
they grow and divide.

Single Species

In single-species simulations, Nadell et al. (2010) found that envi-
ronmental nutrient concentration can determine whether a secretor or a 
nonsecretor strain is more evolutionarily successful. We begin this study 
by reproducing these results, which then serve as an experimental con-
trol with which to compare the effects of introducing additional species. 
In agreement with the previous study, our single-species simulations 
show that low nutrient concentrations result in tower-like clonal clusters 
of cells, whereas high nutrient concentrations result in the mixing of cell 
types as they grow (Fig. 7.2). Nadell et al. (2010) showed that this dif-
ference is due to changes in the depth of the growing front of the cell 
group, which depends on a multitude of factors in addition to nutrient 
concentration, such as the diffusion rates of nutrients into the cell groups, 
or on the growth rates of the cells. It should be kept in mind, therefore, 

¶Figures S1 through S8 are available online as supporting information for the original 
PNAS article [108(Suppl 2):10839–10846] at www.pnas.org/lookup/suppl/doi:10.1073/
pnas.1100292108/-/DCSupplemental.
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that a change in nutrient levels in the simulations captures the effects of 
changing a number of factors.

When nutrients are low and growth results in clonal clusters, cells 
secreting a growth-promoting product (1s) are more likely to be sur-
rounded by others that also secrete the product. Consequently, the 
growth benefits of the product are preferentially directed toward clonal 

FIGURE 7.2 Secretors and nonsecretors of a single species. Equal proportions of 
two strains of the same species 1 are inoculated and left to grow to a fixed total 
biomass. Strain 1s secretes a product that benefits both strains. Strain 1n does not 
secrete the product. Product secretion incurs a cost of 30% of the cells’ growth 
rate. Boxplots show log relative fitness (Materials and Methods) of secreting to 
nonsecreting cells [log(w(1s):w(1n))] in 40 replicates with high and low nutrient 
concentrations. The dashed line shows the level at which the two phenotypes 
are equally fit. Asterisks indicate the significance of the difference between 
secretor and nonsecretor fitness, ***P < 0.001; **P < 0.01; *P < 0.05; ns, not sig-
nificant. Below each boxplot is an image generated using the simulation from 
one of the 40 simulations that was closest to the median in the boxplot. It is 
shown that secretors can outcompete nonsecretors when the two phenotypes 
are well segregated, whereas they are at a disadvantage under conditions lead-
ing to high mixing.

1s 1n+

212-3

Nutrient concentration

Nutrient concentration = 21Nutrient concentration = 2-3

0

1

2

-1

-2

Lo
g 

re
la

tiv
e 

fit
ne

ss
 o

f 1
s t

o 
1 n

1s: Species 1 secretors (50%)
1n: Species 1 non-secretors (50%)

*** ***

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


144 / Sara Mitri et al.

cells, whereas nonsecretors (1n) rarely benefit from the secretions. In 
agreement with this logic, at a low nutrient concentration, secretor 
cells have a significantly higher fitness than nonsecretors, regardless 
of whether product secretion incurred a cost (30% of their growth rate) 
or not (Mann–Whitney test, df = 38, both P < 0.001, Figs. 7.2 and S1A). 
In contrast, increasing nutrient concentration leads to more mixing 
between the two cell types, such that the benefit of the secreted product 
is now equally distributed among both cell types. Secretors therefore 
grow as well as nonsecretors when secretion is free (P = 0.39, Fig. S1A), 
but have a significantly lower fitness when secretion incurs a cost [P < 
0.001, Fig. 7.2; see also Nadell et al. (2010)].

Ecological Competition Can Inhibit Cooperation

We next ask how the presence of additional species can affect the 
conclusions of the single-species model. We focus on how additional 
species will influence the competition between the two secretor phe-
notypes in our focal species. We do not analyze the competition playing 
out among the different species nor do we investigate mechanisms that 
can maintain species diversity in the face of the potential for competi-
tive exclusion (Dethlefsen et al., 2006; Scheffer and van Nes, 2006; Gudelj 
et al., 2010; Robinson et al., 2010). Instead, we assume a simple model of 
species interaction that excludes the possibility for strong coevolutionary 
feedbacks among species (Box 7.1).

To investigate the effects of additional species, we introduce a new 
class of cells that can have different biological properties from the focal 
species. We assume that the second species uses the same nutrients as 
species 1 to grow so that it is an ecological competitor and can benefit 
from the secretions of species 1 (for results where species 2 does not benefit 
from the secreted product, see Fig. S2). As for the single-species model, 
we examine the outcome of competition between equal numbers of the 
secretor and nonsecretor phenotypes, with product secretion costing cells 
30% of their growth rate. However, the total number of species 1 cells 
inoculated is now half that of the single-species case, with the other half 
being species 2 (results are qualitatively similar if density is doubled, Fig 
S.3).

The addition of species 2 led to a significant reduction in the relative 
fitness of secretors at low nutrient concentration (Mann–Whitney test, df 
= 38, P < 0.001), such that nonsecretors now have a significantly higher 
fitness than secretors (P < 0.001, Fig. 7.3A) and secretor cells are outcom-
peted. The poor performance of secretor cells is explained by an inability 
to compete when inoculated at low frequency (Fig. S4). In particular, 
adding a second species appears to interfere with the initial formation of 
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BOX 7.1 Species and Niche

In the various models presented throughout the chapter, the phenotype 
of the introduced species differs only minimally from the two phenotypes 
of the focal species. This similarity among the species poses the follow-
ing question: How is the introduction of a second species different from 
simply increasing the frequency of one of the two phenotypes in the fo-
cal species? The key difference is that the focal species is mainly under 
selection in the focal environment, whereas the second species has its 
main selection component in different environments. A species in our 
model is thus functionally defined as a set of one or more phenotypes 
that share the same niche over evolutionary timescales. In this way, 
our “species 1” and “species 2” formally represent a dichotomous split 
between focal-niche and other-niche phenotypes. Each category could, 
in principle, contain multiple taxonomic species. In particular, species 2 
is a proxy for multiple species that overlap only slightly (in space and/or 
time) with the focal species (see diagram). Whereas no one of these 
species interacts with the focal species enough for coevolution to be 
important, there is enough net overlap to influence selection on the focal 
species. Accordingly, we disregard changes in the fitness of the nonfocal 
species and concentrate solely on competition between the two focal 
phenotypes. A more realistic analysis would allow for a full range of 
niche overlaps rather than our binary division into complete niche over-
lap and minor overlap.
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FIGURE 7.3 Ecological competition with a second species. A second species is 
added to the competition between secretors and nonsecretors (Fig. 7.2). This 
second species is intended to also approximate the effects of a mixture of many spe-
cies (Box 7.1). Species 1 is equally divided into secretor and nonsecretor strains, 
whereas species 2 represents either (A) 50% or (B) 90% of the cells inoculated. All 
cells are then left to grow to a fixed total biomass. Strain 1s secretes a product 
that benefits both strains of its own species, as well as species 2. Strain 1n and spe-
cies 2 do not secrete any products. Product secretion incurs a cost of 30% of the 
cells’ growth rate. See Fig. 7.2 legend for explanations on data representation. It 
is shown that when cells are highly segregated, secretor cells lose their advantage 
(compared with Fig. 7.2, Bottom Left), independently of the two proportions of 
species 2. At high levels of mixing, however, secretors can outcompete nonsecre-
tors when there is a high proportion of species 2 cells. The image (B, Bottom Right) 
shows the social insulation effect discussed in the text.
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cooperative clumps of secretors such that secretors are more often over-
grown. Consistent with the importance of ecological competition with 
species 2, we observe that the advantage of secretors over nonsecretors 
is significantly negatively correlated with the maximum growth rate of 
species 2 (Spearman’s rank correlation test, r = −0.51, P < 0.001, Fig. S5A) 
and with the cost of secretions (r = −0.67, P < 0.001, Fig. S6A). In addi-
tion, decreasing the density of inoculated cells (by doubling the size of 
the growth area) results in a significant growth advantage for secretors 
over nonsecretors (Mann–Whitney test, df = 38, P < 0.001, Fig. S5C). The 
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data thus far show that under low nutrient conditions, competition with 
a second species for nutrients and space can eliminate the advantage of 
cooperation.

Abundance of Additional Species Insulates Secretors from 
Nonsecretors

At high nutrient concentrations, we were surprised to find that the 
relative fitness of the secretor phenotype was significantly higher in the 
presence of species 2 than in its absence (Mann–Whitney test, df = 38, 
P < 0.001), although secretors still had a significantly lower fitness than 
nonsecretors (P < 0.001). To confirm that this result depended on the pres-
ence of species 2, we repeated the simulation, but instead of using equal 
proportions of both species, we started the simulation with 90% of the 
cells being of species 2 (Fig. 7.3B). Our focal species 1 is again divided 
equally among the two phenotypes, secretor and nonsecretor. This model 
is analogous to a conglomerate of multiple ecologically similar species 
(e.g., the model can be thought of as a mixture of 10 equally common 
species), where any focal species may often be in a minority (Box 7.1).

The higher initial proportion of cells of species 2 had no effect on 
the relative fitness of secretors and nonsecretors at low nutrient con-
centration compared with equal proportions (P = 0.78, Fig. 7.3B). The 
ecological competition effect still dominated and secretor strains fared 
poorly. However, at a high nutrient concentration, secretors now had a 
significantly higher fitness than nonsecretors (P < 0.05) and a higher rela-
tive fitness than when the initial number of cells of the two species was 
equal (P < 0.001). Overall, the proportion of species 2 inoculated together 
with species 1 correlated positively with the relative fitness of secretor 
cells (Spearman’s rank correlation test, r = 0.67, P < 0.001, Fig. S7D). We 
hypothesized that this increase in the competitiveness of secretors was 
because species 2 was insulating the secretor strain 1s from the nonsecre-
tor strain 1n, thereby reducing the access of the latter to the secretions of 
the former.

To examine this hypothesis further, we assessed the effect of species 
2 on the spatiogenetic structure of species 1. In the high-nutrient case, 
increasing the proportion of inoculated cells of species 2 leads to an 
increase in the segregation index (Materials and Methods) between the 
two phenotypes of species 1 (Spearman’s rank correlation test, r = 0.94, 
P < 0.001, Fig. S7B), suggesting a causal relationship between segregation 
and the increase in the relative fitness of secretors. This pattern was not 
observed at low nutrient concentrations (Fig. S7A and C).

Increasing the proportion of species 2 also decreases the number 
of cells of species 1 inoculated in the system, which might explain the 
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increase in segregation among strains, independently of the presence of 
the additional species. To examine this idea, we repeated the simulation 
in the absence of species 2. This simulation was thus identical to that with 
species 1 alone (Fig. 7.2), except that the initial number of inoculated 
cells was 10 times lower. Secretors have a significantly lower fitness than 
nonsecretors (Mann–Whitney test, df = 38, P < 0.05) and the relative fit-
ness of secretors is significantly lower than when species 2 was present 
(P < 0.001). However, the relative fitness of secretors is higher than in the 
original simulation with a higher number of inoculated cells (P < 0.001). 
This result suggests that reducing the inoculation density at high nutrient 
concentrations can increase segregation of the two phenotypes (see also 
Fig. S5D), but that species 2 was critical in acting as a social insulator 
that protects secretors from nonsecretors. Note that the insulation effect 
rests upon the assumption that the niches of the insulating species do not 
overlap perfectly with the focal species (Box 7.1). If the niches perfectly 
overlap, then the insulator species effectively become an excess of non-
secretors, which will tend to disfavor secretion (Fig. S4B).

Constraint on Multispecies Mutualism

We have explored the effect of competing species on the evolution 
of cooperative secretions in a focal species. Some species also exchange 
products or services that are mutually beneficial (Shimoyama et al., 2009). 
To investigate this possibility, we ran new simulations with an equal 
proportion of the two species in which the product secreted by strain 1s 
provided benefits to both species 1 and 2, as in the simulations described 
above, but where species 2 additionally secreted a noncostly product that 
was beneficial to species 1. We assume that the trait of species 2 is not 
costly to focus upon the evolution of costly cooperation within species 1.

We found that the return benefit from species 2 slightly improves 
the prospects of the secretor cells of species 1. In particular, the fitness of 
nonsecretors is no longer significantly different from that of the secretors 
at low nutrient concentrations (Mann–Whitney test, df = 38, P = 0.22). 
However, this fitness improvement is rather small; that is, the relative fit-
ness of secretors is not significantly different from the case where species 
2 secretes nothing (P = 0.12). The beneficial product secreted by species 
2 then does not strongly promote the fitness of secretor cells.

In the simulations described thus far, secreted products were always 
beneficial for cells of species 1. We next model a case involving the 
exchange of products that are only beneficial to the other species (Little 
et al., 2008) (Fig. 7.4B). Strikingly, secretors now have a significantly lower 
fitness than nonsecretors, independent of nutrient concentration (both P 
< 0.001). What explains the failure of secretors of species 1 to capitalize 
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on the return benefits from species 2? The answer is revealed by running 
simulations in which species 2 is mixed with either secretors or nonse-
cretors, but not both at the same time. At low nutrient concentration, 
nonsecretors perform better with species 2 than secretors with species 2 (P 
< 0.001, Fig. S8A) because spatial genetic segregation prevents secretors 
from interacting effectively with species 2. This explanation is further 
confirmed by the high-nutrient case where secretors with species 2 per-
form better than nonsecretors that are alone with species 2 (P < 0.001, 
Fig. S8B). However, the strain mixing that allows this positive effect is 
the same process in the full model that renders secretors vulnerable to 
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FIGURE 7.4 Multispecies mutualism. Species 2 now secretes a product that 
is beneficial to species 1, resulting in a mutualism between the two species. 
Species 1 is equally divided into secretor and nonsecretor strains, whereas spe-
cies 1 and 2 are inoculated in equal proportions and left to grow to a fixed 
total biomass. Strain 1s secretes a product that either benefits both strains of 
its own species, as well as species 2 (A) or species 2 only (B). Product secretion 
by 1s incurs a cost of 30% of the cells’ growth rate. In turn, species 2 secretes a 
cost-free product that benefits species 1. Strain 1n does not secrete any products. 
See Fig. 7.2 legend for explanations on data representation. It is shown that 
secretor cells do not have a clear advantage over nonsecretors in any one of the 
four conditions considered here. This result is because mixing is important for 
the benefits of the two secreting strains to be shared, but is detrimental because 
it allows nonsecretors to grow faster than secretors, thereby undermining the 
mutualistic interaction.
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competition from nonsecretors. The result is that in three-way competi-
tions, the secretors always perform poorly.

Competition Among Microbial Groups

The results presented above predict the evolutionary trajectory within 
a group of microbes and form a good first step to understand the effect 
of additional species on cooperation within a microbial group. However, 
when the total productivity of microbial groups is important for their 
ability to colonize new patches (“hard” selection at the group level), 
there is the potential for higher-level evolutionary competition among 
different microbial groups. This competition can strongly affect the out-
come of natural selection (Wilson, 1975; Rousset, 2004). In particular, it can 
favor genotypes that result in the most productive groups, even if those 
genotypes tend to do poorly within their groups.

To investigate the effects of competition among groups, we model the 
extreme case of maximum dispersal whereby after growth, cell groups 
disperse and mix with the cells of the same species in all other groups, 
before reforming groups containing two randomly chosen strains from 
the population. These groups then grow again before dispersing, and 
so on. Under this simple demography, we can estimate the potential 
for a rare secretor genotype to invade a population dominated by 
nonsecretors. This estimation is done by comparing the fitness of secre-
tors in mixed groups with nonsecretors (a rare secretor genotype will 
tend to meet a nonsecretor genotype) to that of nonsecretor cells in the 
presence of other nonsecretors (nonsecretors are the common genotype 
and will tend to meet each other) (Xavier and Foster, 2007; Nadell et al., 
2010). If the secretors tend to produce more cells per unit time in their 
groups, they will increase in frequency in the population: They are capable 
of evolutionary invasion. We can then reverse the problem and ask: 
Could a rare nonsecretor genotype invade a population of secretors? 
Under the assumptions of our model, we predict that if only one strain can 
invade, there will be a single strain at equilibrium. If both can invade, 
the prediction is that both can persist over evolutionary time.

As expected, competition among microbial groups increases the 
likelihood of the maintenance of cooperative secretions (Fig. 7.5). This 
result occurs because even though secretors often lose to nonsecretors in 
a group, the group they are in tends to do better and produces cells more 
rapidly than groups containing only nonsecretors (a phenomenon related 
to Simpson’s paradox) (Sober and Wilson, 1999). Nevertheless, the over-
all effect of introducing a second species is similar to the within-group 
analyses of the previous sections: Under low-nutrient conditions, the 
addition of species 2 reduces the advantage of secretors. In the single-
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species invasion model, nonsecretors are unable to invade at low nutrient 
concentration (Fig. 7.5A, Left). By contrast, in two of four multispecies 
simulations where nutrients are low (Fig. 7.5B–E, Left), the nonsecretors 
can invade while excluding secretors. Under high-nutrient conditions, the 
effect of social insulation that promotes cooperation is again seen. With 
a majority of species 2 and high nutrients, secretors not only can invade 
but also can do so to the exclusion of nonsecretor cells (Fig. 7.5C, Right). 
The most significant deviation from the within-group results occurs for 
the two-species mutualism under high-nutrient conditions. Here, compe-
tition among microbial groups allows some secretors to be maintained, 
providing a way in which the constraint on mutualism discussed in the 
preceding section might be overcome.

DISCUSSION

Ecological Competition

Our model suggests that among-species interactions can strongly 
influence the potential for cooperation within a species in spatially struc-
tured microbial groups. We find that ecological competition with other 
species can preferentially harm secretor cells over nonsecretors. This result 
arises because investment in secretion can slow the growth of cell lin-
eages at critical stages and lead to their overgrowth by another species. 
This initial investment leaves secretor cells vulnerable to being out-
competed by other lineages, particularly under low-nutrient conditions 
where resources are limiting and most lineages are eliminated through 
strong genetic bottlenecks (Fig. 7.3A, Bottom Left). The potential for such 
bottlenecks in growing microbial groups is empirically well documented 
(Gage, 2002; Hallatschek et al., 2007). Bottlenecks have been interpreted as 
being favorable for the evolution of cooperation because they promote 
genetic identity in the emerging clonal groups (Brockhurst, 2007; Nadell 
et al., 2010). Our study supports this interpretation in the single-species 
model (Fig. 7.2, Bottom Left), but suggests that this conclusion should 
be tempered by the fact that bottlenecks can also be indicative of strong 
ecological competition, which can eliminate cooperators before they have 
a chance to establish themselves.

The potential for ecological competition to preferentially harm 
cooperators was seen in a study that added Staphylococcus aureus to iron-
limited cultures of Pseudomonas aeruginosa (Harrison et al., 2008). P. aeru-
ginosa secretes iron-scavenging siderophores under iron-limiting condi-
tions, and secreting strains are susceptible to the evolution of nonsecreting 
strains that use siderophores without producing them. The study is not 
a direct test of the results of our simulations, as it used shaking cultures 
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where spatial structure is lacking. Nevertheless, the addition of S. aureus 
promoted nonsecreting P. aeruginosa over secreting strains, thereby dis-
favoring cooperation. In contrast, other theory and experiments have 
highlighted the potential for ecological competition to favor cooperation 
within species. A model by Rankin et al. (2007) showed how ecological 
competition can strongly enrich for cooperation when noncooperative 
species compete poorly with other species. In support of this, a study on 
two termite species suggested that the species more affected by within-
colony competition was more likely to be outcompeted by the other spe-
cies (Korb and Foster, 2010).

What explains the difference between these results and our predictions? 
The key is whether within-species cooperation increases or decreases the 
ability to compete with other species. The model by Rankin et al. (2007) 
and the termite example concern competition among established social 
groups of each species where within-species cooperation improves the 
ability to compete with groups of the other species. By contrast, in our 
model, lone cooperator cells meet the other species before they have 
a chance to establish a clonal group, which can mean that cooperators are 

FIGURE 7.5 Invasion analysis. The invasion index estimates the probability of 
a given minority phenotype to spread in a metapopulation consisting of many 
groups of the other phenotype (Materials and Methods). A–E correspond to Figs. 
7.2–7.4. (A) Competition between secretors and nonsecretors of a single species 
(Fig. 7.2). (B and C) The invasion index of the two phenotypes is compared when 
an introduced species competes with the first species at (B) 1:1 inoculation (Fig. 
7.3A) or (C) 1:9 inoculation densities of the two species (Fig. 7.3B). (D and E) The 
case of a mutualistic interaction with the second species (D) with self-benefit 
(Fig. 7.4A) or (E) without (Fig. 7.4B). See respective figure legends for details on 
simulations. Boxplots show log relative invasion index (Materials and Methods) 
of nonsecretor [log(I1n→ 1s

), light gray] and secretor [log(I1s → 1n
), dark gray] 

cells separately in 40 replicates with high and low nutrient concentrations. Black 
circles show the mean of the distributions. The dashed line shows the level above 
which a phenotype can invade a metapopulation of the other. If the mean of 
only one of the two phenotypes is above the line, we predict that this phenotype 
would invade the other in a metapopulation. If both means are above the line, we 
expect the evolutionary equilibrium to consist of a mixture of both phenotypes. 
It is shown that under high nutrient conditions, secretors are expected to at least 
persist in the population, even though they were often at a disadvantage under 
local competition (Figs. 7.2–7.4). At low nutrient concentration, results are similar 
to the local competition simulations, where the presence of species 2 reduces the 
advantage of secretors over nonsecretors.
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poor ecological competitors. It is interesting to speculate that this early-
stage cost to cooperation may be important in both natural selection for 
quorum sensing regulation of secreted products (Diggle et al., 2007b) and 
the evolution of clumped dispersal (Gardner and West, 2006), which both 
limit the likelihood of being a solitary secreting cell. These mechanisms 
are not part of our simulations, but may help to restrict cooperation to 
established clonal groups in nature. If effective, there may be conditions 
under which microbial cooperation is favored rather than disfavored by 
ecological competition, as was seen in the termites (Korb and Foster, 2010).

Social Insulation

Under high-nutrient conditions, competitive effects are less severe 
and, accordingly, the impact of additional species upon within-species 
cooperation is reduced. Indeed, the model even predicts that interac-
tions with other species can promote the evolution of secretor genotypes. 
Analysis of the spatiogenetic segregation in the simulations revealed that 
species 2 can act as a social insulator that keeps nonsecretor genotypes 
away from secretor genotypes. This insulation allows secretor cells to 
form patches in which they preferentially help their own genotype, in 
the same way that general spatial structuring can promote the evolution 
of cooperation (Hamilton, 1964a; Nowak and May, 1992; Rousset, 2004). 
Although the importance of social insulation effects in natural commu-
nities is not yet clear, our model suggests that it will be most important 
under relatively high nutrient conditions where many species meet 
and mix. One interesting candidate, therefore, is the human microbi-
ome, and in particular the intestine, where cells can form dense biofilms 
containing multiple species (Fig. 7.1) (Macfarlane and Dillon, 2007).

Multispecies Mutualism

The conditions for the evolution of multispecies mutualism in the 
model were relatively restrictive. When the secretion of species 1 benefited 
cells of its own species as well as species 2 (Fig. 7.4A), the conditions for 
cooperation were similar to the case where there was no return benefit 
from species 2 (Fig. 7.3A). In the absence of within-species benefits, how-
ever, the evolution of costly secretions in the focal species was particu-
larly unlikely (Fig. 7.4B). This result was due to an unexpected tension 
between the conditions that favor within- and among-species coopera-
tion. One of the requirements for cooperation between groups of two 
species is cooperation within each species group (Foster and Wenseleers, 
2006). However, within-species cooperation is favored by spatial segrega-
tion that keeps secretors away from nonsecretors, whereas among-species 
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cooperation is favored by mixing that allows efficient exchange of mutual 
benefits. The tension between the requirements for the two forms of 
cooperation makes costly cooperative exchanges among microbial spe-
cies relatively difficult to evolve. We know of no direct tests of this idea 
to date but some support comes from an example of cross-feeding among 
Escherichia coli strains where increasing spatial structure inhibited the 
benefits of the interaction among mutualists (Saxer et al., 2009). When 
within- and among-species mixing is coupled, however, our model sug-
gests that mutualism is less likely to be favored.

This tension between within- and between-species cooperation has 
not been observed in previous theory on multispecies cooperation. For 
example, Doebeli and Knowlton (1998) performed an on-lattice simula-
tion of two positively interacting species, which readily found condi-
tions under which cooperation could be maintained. In addition, a sim-
ple model by Foster and Wenseleers (2006) predicts that among-species 
mutualism can be favored as long as within-species genetic assortment is 
high and there are reliable feedback benefits from the other species. The 
difference between these models and the current simulation is that both 
previous studies assume that within- and among-species assortment can 
be decoupled [Doebeli and Knowlton (1998) placed the two species on 
separate lattices]. This is a reasonable assumption for many mutualisms 
where interacting species have different ecologies. For example, genetic 
assortment within symbiont populations can be entirely independent 
of their degree of interaction with their host (Foster and Wenseleers, 
2006): A bobtail squid can select for and interact with a near-clonal 
population of light-producing Vibrio fischeri (Visick et al., 2000). When 
within- and among-species mixing is coupled, however, our model sug-
gests that mutualism is less likely to be favored.

On the basis of this argument, we predict that mechanisms that decou-
ple mixing within and among species will promote the evolution of 
costly cooperation among microbial species. Species growing on different 
nutrient sources is one candidate mechanism suggested by our simula-
tions. With different nutrient requirements, the segregation index within 
species is significantly higher than between species under low nutrient 
concentrations (Mann–Whitney test, df = 38, P < 0.001, Fig. 7.6, Bottom 
Left). Growing on different nutrients also reduces competition among 
species. Together with the effects on mixing that we observe, this result 
predicts that species with different metabolic lifestyles are most likely 
to be mutualists, which is broadly compatible with current data (Little et 
al., 2008). Mechanisms to select mutualistic partners may drive similar 
effects. One example is seen in the bacterium Pelotomaculum thermopro-
pionicum, which uses its flagella to physically attach itself to the metha-
nogenic archaeon Methanothermobacter thermautotrophicus with which it 
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exchanges metabolic services (Shimoyama et al., 2009). Another candidate 
is chemotaxis by one species toward the secreting members of the other 
species, although additional mechanisms would presumably have to exist 
to ensure that the swimming species itself cooperates.

Mutualistic interactions have also been shown to persist between 
two engineered bacterial species under low inoculation density on agar 
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FIGURE 7.6 Mutualism when two species do not compete for nutrients: identical 
to Fig. 7.4B, but where species 1 and 2 consume different nutrients. See Fig. 7.4 
legend for details on simulations and Fig. 7.2 legend for explanations on data 
representation. It is shown that reduced competition for nutrients between the 
two species can result in a significant advantage for mutualistic secretors under 
low nutrient conditions. It appears that this condition allows secretors of the two 
species to mix, while keeping the two phenotypes of species 1 separate. This result 
is not observed when nutrient concentration is high.
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plates (Harcombe, 2010). These experiments suggest that low coloniza-
tion densities provide yet another mechanism to separate within- and 
between-species interactions by creating subpopulation structures, in 
which mutualist pairs can thrive in the absence of noncooperator strains. 
Selection for mutualism in this system was extremely strong, however, 
in that cells could hardly grow in the absence of secretors of the other 
species (Harcombe, 2010). More generally, the potential for within- and 
among-species cooperation in microbial communities will be promoted 
when there is higher-level competition among communities (invasion 
analyses, Fig. 7.5). The potential for such higher-level selection to shape 
microbial communities was seen in a large-scale simulation of microbial 
species growing and dispersing among a series of 10 interconnected flasks 
(Williams and Lenton, 2008). Over time, sets of species that limited harm 
to their local environment—a form of cooperation—were favored over 
more rapacious species that limited group productivity, something also 
seen in experiments that artificially selected for group productivity in real 
microbial communities (Swenson et al., 2000). Ultimately, the importance 
of local versus global competition will depend on the ecology of each 
species and the relative importance of within-community evolution 
compared with dispersal and colonization events.

Finally, we have deliberately focused on mutualisms where the invest-
ment in another species is an adaptation that carries an energetic cost. 
The majority of positive interactions among strains in nature may come 
about from cross-feeding by two species that comes at no energetic cost 
to the species involved. Such byproduct mutualisms are expected to 
often be evolutionarily stable (Connor, 1986; Foster and Wenseleers, 2006) 
and may be widespread in natural systems. However, our simulations 
suggest that even this form of mutualism can often be selectively neutral 
(Fig. S1D and E).

CONCLUSIONS

Although studies of microbial ecology and microbial sociality are 
progressing rapidly, we understand relatively little of the intersection 
between these disciplines. Our models indicate that this intersection can 
be important, owing to the interconnectedness of within- and between-
species interactions in microbial groups. Contrary to typical social evo-
lution predictions, we find that environmental conditions that promote 
genetic bottlenecks (and raise relatedness) can also increase ecological 
competition, thus disfavoring cooperation. Bottlenecks are also associ-
ated with segregation between species, which limits the potential for 
among-species mutualistic cooperation. The potential for social insula-
tion by other species and the occurrence of higher-level competition 
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among microbial groups, however, can counter these effects and favor 
cooperative phenotypes.

Ultimately, our simulations are simple and are able to capture only a 
small part of the complexity within real microbial communities. Neverthe-
less, we identify a number of familiar themes that can inform our under-
standing of microbial communities. A central theme is the importance of 
spatial structure for microbial interactions, which can simultaneously 
promote within-species cooperation and limit among-species interac-
tions. Spatial structure in microbial groups can depend on a number of 
factors in addition to nutrient concentrations emphasized here. Motility 
will also influence spatial structures, where mixing may increase through 
undirected motility or decrease through chemotaxis. In addition, cell–cell 
adhesion can affect genetic mixing both within (Queller et al., 2003; Smu-
kalla et al., 2008) and between species (Shimoyama et al., 2009). Related 
to this is the physical scale of social interactions. Strong spatial genetic 
structure may have no impact on the evolution of secretions that diffuse 
rapidly across strain and species boundaries.

The models also reemphasize the importance of the costs and benefits 
of social traits for the trajectories of their evolution (Hamilton, 1964a). 
The majority of the ecological barriers to cooperative evolution discussed 
here can be overcome by strategies that limit the cost of social traits, such 
as prudent regulation that produces a secretion only when it is cheap to 
do so (Xavier et al., 2011). The study of factors such as spatial structure 
and fitness costs promises a better understanding of when and why the 
members of microbial communities cooperate with one another.

MATERIALS AND METHODS

Model Framework

An individual-based model, described in detail previously (Xavier 
et al., 2005; Nadell et al., 2010), is used to simulate growing cell groups. 
Simulation parameter values (listed in Table 7.1) were taken from previ-
ous work (Nadell et al., 2010). At the beginning of each simulation, cells 
are placed at random positions on a surface and are left to grow to a 
fixed biomass. Most simulations are started with 120 cells but the effect 
of varying this number is discussed. Each cell grows according to the 
concentration of nutrients ([G]) and the concentration of extracellular 
secreted products ([E]) in its local microenvironment. The stoichiometry 
tables describing the metabolic model of cells (growth and secretion) can 
be found in Table 7.2. Cells whose radius exceeds a given value are 
divided into two new cells. Cells that overlap due to the growth and/
or division process are moved to eliminate the overlap, causing the cell 
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TABLE 7.1 List of Parameters and the Values Used in Our Simulation Models

Symbol  Description  Dimension  Value 

µmax1
  Maximum cell growth rate of species 1  T−1 1 

µ max2
 Maximum cell growth rate of species 2  T−1 1 

τ  Threshold for extracellular product  MEL−3  4 × 10−3

 concentration   
B1  Growth factor increase of species 1  Dimensionless  3
 due to the presence of product secreted 
 either by species 1 or by species 2 at 
 or above threshold concentration τ   
B2  Growth factor increase of species 2  Dimensionless  3
 due to the presence of product secreted
 by species 1 at or above threshold 
 concentration τ   
C1s

 Growth factor decrease in growth  Dimensionless  0 or 0.3
 rate of strain 1s due to the secretion
 of extracellular products   
C2 Growth factor decrease in growth  Dimensionless  0
 rate of species 2 due to the secretion
 of extracellular products   
DG Growth substrate (nutrient) diffusivity  L2T−1 4 × 104

DE  Extracellular secreted product diffusivity  L2T−1 3 × 105

[E1s
] Local concentration of extracellular  MEL−3 NA

 product secreted by strain 1s
[E2]  Local concentration of extracellular MEL−3 NA
 product secreted by species 2
Gbulk Bulk concentration of growth  MGL−3 2−3 or 2
 substrate (nutrient) 
[G]  Local concentration of growth  MGL−3 NA
 substrate (nutrient) 
KG Half saturation constant for growth  MGL−3 3.5 × 10−5

 substrate concentration
Nx,t Number of cells of strain or species  Dimensionless  NA
 x in a cell group at time t
RE1s

  Rate of secretion of extracellular  MEMX
−1T−1 1

 product by strain 1s
RE2

 Rate of secretion of extracellular  MEMX
−1T−1 0 or 1

 product by species 2
wx  Fitness of strain or species x  T−1  NA 
X1s

 Concentration of biomass of strain  MXL−3 NA
 1s (secretor cells) 
X1n

  Concentration of biomass of strain  MXL−3 NA
 1n (nonsecretor cells) 
X2 Concentration of biomass of species 2  MXL−3 NA 
Y1 Yield of biomass of species 1 on substrate  MXMG

−1 0.5
Y2 Yield of biomass of species 2 on substrate  MXMG

−1 0.5 

Notes: ME represents mass of extracellular enzyme, MG represents mass of growth 
substrate, MX represents cell biomass, L represents length, and T represents time. NA, not 
applicable. 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


160

Ta
b
le

S2
.

St
o
ic
h
io
m
et
ry

o
f
ce
ll
m
et
ab

o
lis
m

u
se
d
in

th
e
si
m
u
la
ti
o
n
m
o
d
el
s

So
lu
te
s

Pa
rt
ic
u
la
te
s

R
ea

ct
io
n

G
E 1

s
E 2

X
1 s

X
1 n

X
2

R
at
e
ex

p
re
ss
io
n

1 s
g
ro
w
th

−
1/
Y
1

1
þ
B
1
fð
½E 1

s
�Þ
þ
B
2
fð
½E 2

�Þ
μ m

ax
1

½G
�

½G
�þ

K
G
X
1 s

1 n
g
ro
w
th

−
1/
Y
1

1
þ
B
1
fð
½E 1

s
�Þ
þ
B
2
fð
½E 2

�Þ
μ m

ax
1

½G
�

½G
�þ

K
G
X
1 n

2
g
ro
w
th

−
1/
Y
2

1
þ
B
1
fð
½E 1

s
�Þ
þ
B
2
fð
½E 2

�Þ
μ m

ax
2

½G
�

½G
�þ

K
G
X
2

Pr
o
d
u
ct

se
cr
et
ed

b
y
1 s

1
�C

1 s
R
E
1 s
μ m

ax
1

½G
�

½G
�þ

K
G
X
1 s

Pr
o
d
u
ct

se
cr
et
ed

b
y
2

1
−
C
2

R
E
2
μ m

ax
2

½G
�

½G
�þ

K
G
X
2

f(
[E

x]
)
is
a
fu
n
ct
io
n
o
f
lo
ca
l
p
ro
d
u
ct

se
cr
et
ed

b
y
st
ra
in

o
r
sp
ec
ie
s
x,

fð
½E x

�Þ
¼

0;
½E x

�<
τ

1;
½E x

�>
τ:

�

A
ll
o
th
er

sy
m
b
o
ls
ar
e
d
efi

n
ed

in
Ta

b
le

S1
.

M
it
ri
et

al
.
w
w
w
.p
n
as
.o
rg
/c
g
i/c
o
n
te
n
t/
sh
o
rt
/1
10

02
92

10
8

7
o
f
7

TA
B

L
E

 7
.2

 S
to

ic
hi

om
et

ry
 o

f C
el

l M
et

ab
ol

is
m

 U
se

d
 in

 th
e 

Si
m

ul
at

io
n 

M
od

el
s

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Social Evolution in Multispecies Biofilms / 161

group’s front to advance where there are no physical barriers (e.g., the 
inoculation surface).

Nutrients come from above and the concentration of the nutrient 
source (bulk concentration, Gbulk) in the region above the upper boundary 
of growing cells is held constant (see Table 7.1 for values used) throughout 
the simulations. Under the assumption that reaction–diffusion is much 
faster than cell growth and division (Xavier et al., 2005), we update solute 
(nutrient and extracellular product) concentration fields after each cel-
lular growth and division step. The new spatial concentration fields of 
all solutes S (G and E) are determined by solving the reaction–diffusion 
equation

    
δ
δ

S
t

= D 2 S –
1
Y

r,s
[ ] ∇ [ ]  (1)

where t represents time, Ds is the diffusivity of solute S, ∇2[S] is the Lapla-
cian of the local solute concentration [S], r is cell growth rate (computed 
using Table 7.2), and Y is the yield of biomass on substrate (see Table 
7.1 for values used).

The individual-based simulation framework was written in the Java 
programming language. Numerical methods used in the model are 
detailed elsewhere (Xavier et al., 2005). Briefly, they include the Euler 
method to grow cells at each iteration, a hard-sphere collision detec-
tion method to identify pushing events between neighboring agents, 
and the FAS multigrid to solve reaction-diffusion equations to steady 
state (Rumbaugh et al., 2009; Press et al., 1997). All images were rendered 
using POV-Ray.

Calculating Fitness

Fitness w of a phenotype or species is calculated as the mean number 
of rounds of cell division per unit time that the cells of that phenotype 
achieve over the course of a simulation,

  
w =

t

N

N
,x 2

x,t1
log

end x,0

end

  (2)

where Nx,t is the number of cells of phenotype or species x present 
within the cell group at time t, and tend is the time that cells have taken 
to grow to the maximum total biomass. The log relative fitness of pheno-
type 1s in local competition with phenotype 1n (Figs. 7.2–7.4) is defined 
as log(w1s/w1n).
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Segregation Index

The segregation index used here is based on that used in previous 
work, with some minor differences (Nadell et al., 2010). To measure seg-
regation in a population of M cells, we consider each cell ci, i = 1, ... , M 
in the population and identify all other individuals within a distance 
of 10 cell lengths. The N cells in this neighborhood are indexed by cj, 
with j = 1, ... , N. In this case, we consider only cells of species 1. Cells 
of species 2 are treated as empty space. We define a phenotypic identity 
function, p(ci, cj):

   (3)

Segregation with respect to a focal cell, s(ci), was calculated as the mean 
of the p function for every cell in its neighborhood:

  s c =
N

p c ,c .i i j

N

∑ )()( 1

j=1
  (4)

Finally, we define the segregation index σ for the entire cell group as 
the mean value of s(ci) across the population of cells:

  =
M

s c .i

M

∑σ )(1

i=1

  (5)

The segregation index measures the degree to which colocalized cells 
are clonally related to each other. The index is related to, and expected 
to correlate with, the relatedness coefficient from social evolution theory. 
However, the exact relation will depend on both the relative benefits 
of secretions to neighboring cells (Nadell et al., 2010) and the patterns 
of dispersal among different groups of cells (Rousset, 2004). Here, it is 
intended to illustrate only that genetic relatedness will tend to increase 
through the process of social insulation by other species.

Invasion Analysis

Analyses of relative fitness indicate which strains would be most likely 
to outnumber the other locally. The invasion analysis [based on that in 
Nadell et al. (2010)], on the other hand, is conducted to determine whether 
a rare mutant with a particular phenotype would survive in a metapopu-
lation of cell groups where dispersal and colonization of new patches or 
hosts are common. We assume the existence of a very large number of 

p(c , c ) c ci j j i= 0,
1

is not the same phenotype as
,,c cj iis the same phenotype as{
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cell groups where the great majority of groups are of a single dominant 
genotype and only a small minority will contain the mutant. Each group 
is seeded at random from the population with a particular number of 
strains. We focus here on groups seeded by two strains of species 1. We 
also assume that all subpopulations have identical conditions regarding 
the presence of the second species.

Under these conditions, a strain 1x (rare mutant) can invade a 
metapopulation of strain 1y (majority resident) if the fitness of 1x in local 
competition with 1y is greater than the average fitness of the whole meta-
population, denoted w1y〉〈  (Maynard Smith, 1982). The fitness w

y1  was 
computed in 40 replicates of the simulations as in previous analyses in this 
chapter (with 1:1 inoculation frequencies of the two cell types). Because 
the great majority of cell groups in the metapopulation consist purely 
of the majority strain 1y, w1y〉〈 is approximated by the mean fitness of 
the majority strain, 1y, when growing on its own (or with species 2). To 
calculate w1y〉〈 , the mean of w

y1 over 40 simulations is computed, where 
the cells of strain 1x inoculated initially are replaced with 1y cells (a total 
of 120 or 60 cells of strain 1y together with 0 or 60 cells of species 2 are 
inoculated in the single- or multispecies simulations, respectively). The 
invasion index of a rare mutant 1x into a metapopulation with majority 
strain 1y was calculated for each of the 40 replicates as follows:

  l =
w

w
.1 1

1

1
x y

x

y

→   (6)

Under the assumptions of our model, we conclude that 1x can invade 
in a population of 1y when the mean of l1x→11>1.

Statistical Analysis

All simulations were repeated in 40 independent replicates. Boxplots are 
used to illustrate the distribution (medians, upper and lower quartiles, 
and outliers) of the 40 values. Because some of the data did not fol-
low a normal distribution, nonparametric statistical methods were used 
to compare medians (Mann–Whitney tests) and to detect correlations 
(Spearman’s rank correlation test). All statistical tests were conducted 
using Matlab.
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It is remarkable that a field founded on the concept of selfish genes 
(Dawkins, 1976b) got so far for so long without paying much atten-
tion to specifiable genes. That is probably because we learned how 

phenotypic strategies of cooperation and conflict could be understood as 
the results of genes maximizing inclusive fitness. However, studies at the 
genic level are now becoming common and should shed light both on the 
mechanisms and the manner in which social selection operates.

In Chapter 8, Brielle Fischman and colleagues review and extend what 
is known about the molecular genetic mechanisms of eusociality. Some 
of the information comes from studies of particular genes and pathways 
but much is now coming from evolutionary analyses of genome-scale 
data. To the seven sequenced genomes of social insects, the authors add 
their own transcriptome-based protein-coding sequences for 10 social 
and nonsocial bee species, representing three origins of sociality. Some 
of the patterns are idiosyncratic. For example, early results from the 
honeybee genome pointed to the importance of odorant receptors and 
immunity genes, but these do not hold up in the broader analyses. New 
findings include increased rates of evolution of brain-related genes in the 
primitively eusocial bees, conceivably because of the increased cognitive 
demands of their competitive social environment. Juvenile hormone and 
insulin are often important in caste. This is not surprising if caste is nutri-
tionally based, although the effects of juvenile hormone are quite different 
than in nonsocial insects. There is also a rapid evolutionary change in 
proteins involved in fundamental carbohydrate metabolism. Again, this 
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fits with a nutritional basis for caste, but it seems surprising that changes 
are common in such basic pathways. These issues should be clarified with 
additional genome sequences and functional studies of individual species.

In Chapter 9, Joan Strassmann and David Queller explore a micro-
bial social system where it is possible to manipulate genes. In the social 
amoeba Dictyostelium discoideum, starved cells come together in large 
groups in which 20% of the cells sacrifice themselves to make a stalk 
that aids in dispersal of the others as spores (Kessin, 2001). Besides this 
impressive altruism, this species has been shown to have cheating, kin 
recognition, and even primitive farming of their bacterial food. Numerous 
genes of many functional types can be mutated to cheaters. Some cheaters 
could destroy cooperation, yet cooperation is maintained for a variety of 
reasons, one being the rather high genetic relatedness in the field, part of 
which is due to kin recognition mediated by highly polymorphic adhesion 
genes. Other controls on cheating that have been demonstrated include the 
evolution of resistor genes, power asymmetries, and lottery-like mecha-
nisms. Studies of the dimA and csaA genes have shown that cheating can 
also be controlled by idiosyncratic pleiotropies of particular genes. The 
cheating allele would be favored by selection but other deleterious effects 
of the same allele keep it from spreading, suggesting that cheat-proof 
cooperation often may be built using elements that are essential for other 
reasons. Consistent with ongoing social conflicts and arms races, social 
genes evolve rapidly.

Dawkins (1976b) argued that all genes are selfish, but the ones that 
show the trait most distinctively are selfish genetic elements. These are the 
renegades of the genome, chunks of DNA that replicate in part at least via 
different pathways than most genes and thus can be selected to conflict 
with other loci. Transposons, for example, increase their representation by 
jumping from one place to another, often at some cost to the organism. 
Other examples include meiotic drive elements, various modification-
rescue systems, imprinted genes, B chromosomes, and organellar genes. 
In Chapter 10, John Werren tackles the issues of the function and adapta-
tion of these elements. He surveys the evidence, sometimes strong and 
sometimes suggestive, that such elements have had important functional 
consequences for their genomes. For example, parts of transposons some-
times evolve into regulatory regions, and defenses against selfish elements 
may have led to the eukaryotic intron-splicing apparatus. But contrary to 
some recent suggestions, Werren argues that there is as yet little evidence 
that these are the adaptive reasons for the maintenance of these elements. 
Instead, selfish genetic elements are maintained by their selfish behavior, 
but the new chunks of DNA that they sprinkle throughout genomes some-
times get co-opted, domesticated, or otherwise modified to cause some 
beneficial effect to the organism.
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The social insects live in extraordinarily complex and cohesive societies, where 
many individuals sacrifice their personal reproduction to become helpers in 
the colony. Identifying adaptive molecular changes involved in eusocial 
evolution in insects is important for understanding the mechanisms under-
lying transitions from solitary to social living, as well as the maintenance and 
elaboration of social life. Here, we review recent advances made in this area 
of research in several insect groups: the ants, bees, wasps, and termites. Draw-
ing from whole-genome comparisons, candidate gene approaches, and a 
genome-scale comparative analysis of protein-coding sequence, we highlight 
novel insights gained for five major biological processes: chemical signaling, 
brain development and function, immunity, reproduction, and metabolism 
and nutrition. Lastly, we make comparisons across these diverse approaches 
and social insect lineages and discuss potential common themes of eusocial 
evolution, as well as challenges and prospects for future research in the field.

The social insects are exemplars of cooperative group living. 
Within their complex societies, there is a reproductive division 
of labor in which only a small number of individuals reproduce, 

whereas all other individuals belong to a functionally sterile worker 
caste that specializes in tasks important for colony growth and develop-
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ment (Wilson, 1971). Although there has been much theoretical research 
on the evolutionary forces that may select for eusociality (Strassmann 
and Queller, 2007; Nowak et al., 2010), less is known about the actual 
molecular mechanisms involved in transitions from solitary to social 
living and in the maintenance and elaboration of eusociality in insects 
(C. R. Smith et al., 2008).

The social insects provide a powerful comparative framework for 
investigating mechanisms involved in eusocial evolution. Eusociality 
has arisen independently at least 12 times in the insects (Cameron and 
Mardulyn, 2001; Brady et al., 2006; Hines et al., 2007; Cardinal et al., 
2010), and eusocial insects have all converged on the following three 
characteristics: reproductive division of labor, cooperative brood care, 
and overlapping generations (Michener, 1974). Additionally, despite shar-
ing this core set of traits, there are many differences among eusocial 
lifestyles, which may be related to ecological, phylogenetic, or other fac-
tors specific to particular eusocial lineages (Wilson, 1971). By comparing 
across social insect lineages, it is possible to both search for common 
mechanisms of eusocial evolution and explore how eusociality evolves 
under different conditions.

Analysis of adaptive evolution at the molecular level can yield great 
insights into the mechanisms underlying the evolution of complex phe-
notypes, such as eusociality. Genomic sequence provides a molecular 
record of how natural selection has shaped an organism’s evolutionary 
history (Clark, 2006). Several methods have been developed for compar-
ing genes and genomes to identify molecular signatures of adaptation. 
These methods were largely developed during the pregenomic era (Li, 
1997) but gain enormous power when large genomic datasets are avail-
able, particularly for sets of closely related and phenotypically variable 
species (Clark et al., 2003; Drosophila 12 Genomes Consortium, 2007). 
For example, comparisons of primate genomes have identified adap-
tive genetic changes involved in the evolution of brain size in humans 
(Pollard et al., 2006), and comparisons of drosophilid genomes have 
shed light on the ecological pressures that shaped speciation in this 
group (Clark et al., 2003).

Here, we review some of the first contributions of molecular evolu-
tionary research to our understanding of eusocial evolution in insects. 
This research has focused on the most well-studied social insects, which 
include several eusocial lineages within the order Hymenoptera, the 
ants, bees, and wasps, and the one eusocial lineage in the order Blat-
todea, the termites (Fig. 8.1). Some studies have performed targeted 
molecular evolutionary analyses of candidate genes that have been par-
ticularly valuable in species for which large amounts of genomic sequence 
are not yet available. Others have focused on comparative analyses of 
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whole-genome sequence, which is currently available for six social insects, 
the honey bee, Apis mellifera (Honeybee Genome Sequencing Consortium, 
2006), plus five ant species (Bonasio et al., 2010; C. D. Smith et al., 2011; 
C. R. Smith et al., 2011; Wurm et al., 2011), and for many solitary insects, 
including three solitary hymenopterans in the parasitoid jewel wasp 
genus, Nasonia (Werren et al., 2010).

We also draw heavily from our own recent genome-scale study of pro-
tein-coding sequence evolution in bees (“bee molecular evolution study”). 
This study analyzed ~3,600 genes from a set of 10 social and nonsocial 
bee transcriptomes; these species encompass three independent origins 
of eusociality (Woodard et al., 2011). Hundreds of genes were identi-
fied that exhibit a molecular signature of rapid evolution associated with 
sociality, defined as a higher ratio of nonsynonymous-to-synonymous 
nucleotide substitutions (dN/dS) in social relative to nonsocial bee lin-
eages (Woodard et al., 2011). Throughout this review, evidence for rapid 
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FIGURE 8.1 Cladogram showing the origins of eusociality in insects. Topology 
and reconstruction of evolutions of eusociality are based on multiple studies 
(Cameron and Mardulyn, 2001; Brady et al., 2006; Hines et al., 2007; Cardinal 
et al., 2010).
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evolution is based on relative dN/dS, and positive selection is defined as 
dN/dS > 1, unless otherwise specified.

Genes identified in these studies are listed in Table 8.1. The insights 
gained from these studies have implications for understanding how evo-
lutionary changes in the following five major biological processes might 
be involved in the evolution of eusociality: chemical signaling, brain 
development and function, immunity, reproduction, and metabolism and 
nutrition. We discuss evidence and predictions for the putative functional 
effects of identified molecular changes in these processes on social phe-
notypes. We also speculate on the potential adaptive significance of 
these molecular changes and consider whether these changes evolved in 
response to the origin, maintenance, or elaboration of eusociality, because 
each case likely involved a distinct set of selective forces. For the pur-
poses of interpreting and synthesizing results across multiple studies, 
we present each process separately, but it is important to recognize that 
these biological processes may evolve in concert and that some molecular 

TABLE 8.1 Genes Implicated in the Origin or Maintenance of Insect Society by 
Molecular Evolutionary Research

Gene Function Evidence
Type of  
Changea

Chemical signaling

decapentaplegic Gland development 
(Bradley et al., 2003; 
Harris et al., 2007)

Rapid evolution 
in eusocial bees 
(Woodard et al., 
2011)

1

thickveins Gland development 
(Bradley et al., 2003; 
Harris et al., 2007)

Rapid evolution 
in eusocial bees 
(Woodard et al., 
2011)

1

PDGF- and VEGF-
related factor 1

Gland development 
(Bradley et al., 2003; 
Harris et al., 2007)

Rapid evolution 
in eusocial bees 
(Woodard et al., 
2011)

1

AmOr11 OR (Wanner et al., 
2007)

Responds to main 
component of 
queen honey bee 
pheromone, 9-ODA 
(Wanner et al., 2007)

2

Neofem 2 β-Glycosidase-like 
(Korb et al., 2009; 
Weil et al., 2009)

Involved in 
signaling queen 
termite presence 
(Korb et al., 2009; 
Weil et al., 2009)

3
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Gene Function Evidence
Type of  
Changea

GP-9 Putative OBP (Keller 
and Ross, 1998; 
Krieger and Ross, 
2005; Gotzek et 
al., 2007; Leal and 
Ishida, 2008; Gotzek 
and Ross, 2009)

Allelic variation 
associated with fire 
ant queen number 
(Keller and Ross, 
1998; Krieger and 
Ross, 2005; Gotzek 
et al., 2007; Leal and 
Ishida, 2008; Gotzek 
and Ross, 2009)

1,2

Brain development 
and function

dunce cAMP/CREB 
signaling pathways 
(Silva et al., 1998)

Rapid evolution in 
primitively eusocial 
bees (Woodard et al., 
2011)

1

nejire CREB binding 
protein (Silva et al., 
1998)

Rapid evolution in 
primitively eusocial 
bees (Woodard et al., 
2011)

1

Immunity

defensin Antimicrobial 
protein (Viljakainen 
and Pamilo, 2008)

Positive selection in 
ants (Viljakainen and 
Pamilo, 2008)

1

termicin Antimicrobial 
protein (Bulmer and 
Crozier, 2004; Bulmer 
et al., 2010)

Gene duplication, 
positive selection in 
termites (Bulmer and 
Crozier, 2004; Bulmer 
et al., 2010)

1,2

GNBP 1 and 2 Pattern recognition 
receptors (Bulmer 
and Crozier, 2006)

Gene duplication, 
positive selection in 
termites (Bulmer and 
Crozier, 2006)

1,2

relish Transcription factor, 
induces production 
of antimicrobial 
peptides (Bulmer and 
Crozier, 2006)

Positive selection in 
termites (Bulmer and 
Crozier, 2006)

1

Reproduction

tudor piRNA pathway 
(Siomi et al., 2010)

Rapid evolution in 
primitively eusocial 
bees (Woodard et al., 
2011)

1

continued

TABLE 8.1 Continued
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Gene Function Evidence
Type of  
Changea

capsuleen piRNA pathway 
(Siomi et al., 2010)

Rapid evolution in 
primitively eusocial 
bees (Woodard et al., 
2011)

1

vasa piRNA pathway 
(Siomi et al., 2010)

Rapid evolution in 
primitively eusocial 
bees (Woodard et al., 
2011)

1

csd Sex determination 
(Beye et al., 2003; 
Hasselmann et al., 
2008a,b)

Gene duplication, 
positive selection in 
honey bees (Beye et 
al., 2003; Hasselmann 
et al., 2008a,b)

1,2

Metabolism and 
nutrition

MRJPs Main components of 
royal jelly (Drapeau 
et al., 2006)

Gene family 
expansion, novel 
feeding-related 
functions in honey 
bees (Drapeau et al., 
2006)

2

Hex-1 and Hex-2 Storage proteins 
(Zhou et al., 2006, 
2007)

Unique insertions in 
termites (Zhou et al., 
2006, 2007)

1

phosphofructokinase Key regulator of 
glycolysis (Kunieda 
et al., 2006)

Rapid evolution 
in eusocial bees 
(Woodard et al., 
2011)

1

hexokinase Regulator of 
glycolytic flux 
(Kunieda et al., 2006)

Rapid evolution 
in eusocial bees 
(Woodard et al., 
2011)

1

pyruvate kinase Regulator of 
glycolytic flux 
(Kunieda et al., 2006)

Rapid evolution 
in eusocial bees 
(Woodard et al., 
2011)

1

Note: Although many genes in this table are presumably involved in multiple biological 
processes, they are classified in one of five processes with known links to insect sociality: 
chemical signaling, brain development and function, immunity, reproduction, and me-
tabolism and nutrition.

aType of change: 1, protein coding sequence change; 2, novel gene; 3, change unknown.

TABLE 8.1 Continued
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changes could potentially affect multiple processes. We end with a discus-
sion of future prospects and challenges for this young field.

CHEMICAL SIGNALING

Social insects use pheromones to coordinate the behavior and phys-
iology of colony members, such as directing the foraging activity of nest-
mates, reinforcing dominance status, and inhibiting ovary development 
in workers (Le Conte and Hefetz, 2008). It is unknown whether chemical 
signaling was important during the origins of eusociality, because other 
mechanisms to mediate social interactions, such as physical interactions, 
serve similar functions in some social insect societies (Wilson, 1971). 
However, chemical signaling is certainly involved in the maintenance 
and elaboration of eusociality because it is crucial for the coordination 
and control of colony members. In humans, in whom vocalization is 
a major component of social communication, molecular signatures of 
adaptation have been detected in genes underlying both the production 
(Enard et al., 2002) and perception (Clark et al., 2003) of vocal signals. 
Early studies in social insects suggest that analogous changes have 
occurred in the molecular machinery underlying the production and 
perception of chemical signals.

Gland Development

Our bee molecular evolution study identified ~200 genes evolving 
more rapidly in social relative to nonsocial bee lineages (Woodard et al., 
2011). Gene ontology enrichment analysis revealed that this set of genes 
was enriched for genes involved in gland development. This supports a 
role for these genes in chemical signaling, because glands are the primary 
organs involved in pheromone production in insects. Moreover, the evo-
lution of complex chemical signaling in the social insects has been asso-
ciated with the diversification of the gland repertoire (Wilson, 1971).

In other organisms, modular evolution, in which semiautonomous 
genetic pathways evolve as a functional unit and are reused in multiple 
contexts, appears to be a common evolutionary mechanism involved 
in morphological diversification (Wagner et al., 2007). The sequence 
changes identified in genes involved in gland development in social bees 
may have caused modular changes to the gland development program, 
resulting in functional changes to existing glands or the appearance of 
entirely new glands. This is supported by the evidence that several of 
these genes (decapentaplegic, thickveins, and PDGF- and VEGF-related factor 
1) have specific roles in gland patterning during early development in 
Drosophila (Bradley et al., 2003; Harris et al., 2007).
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Because diversification of gland function is a common characteristic 
shared by all social insects, it would be fruitful to investigate the sequence 
evolution and function of these genes in other social insect groups. It 
is possible that molecular changes in the same or similar genes were 
involved in gland evolution across other independent eusocial lineages.

Odorant Receptors

Given the diversity of chemical signals used by social insects, odor-
ant receptor genes (ORs) have been predicted to be important targets of 
selection during eusocial evolution (Robertson and Wanner, 2006). Early 
support for this prediction was found in the genome of the honey bee, 
A. mellifera, which, at the time of its publication, contained the largest 
number of ORs yet found in an insect genome (Honeybee Genome 
Sequencing Consortium, 2006). However, as more insect genomes have 
been sequenced, it has been discovered that A. mellifera has an interme-
diate number of ORs, there is significant variation in OR number between 
the five ant genomes (Bonasio et al., 2010; C. D. Smith et al., 2011; C. R. 
Smith et al., 2011; Wurm et al., 2011), and several solitary insect genomes 
have among the most ORs found in insects so far (Engsontia et al., 2008; 
Robertson et al., 2010). Thus, the evidence no longer supports an associa-
tion between sociality and expansion of the OR repertoire. Furthermore, 
studies in other organisms have revealed that ORs can function combi-
natorially and that bioinformatically predicted ORs may not all produce 
functional proteins, which, together, suggest that the number of ORs in 
a genome may not scale with the complexity of chemical communication 
in a species (Nei et al., 2008).

As a result of their functional specificity, ORs are particularly good 
targets for candidate gene studies, because the adaptive significance of 
OR evolution may be easier to interpret than for genes with broader 
functions (Nei et al., 2008). A functional genomics approach was used to 
identify a novel OR in the A. mellifera genome, AmOr11, which responds 
to the main component of the honey bee queen pheromone, (E)-9-oxo-
2-decenoic acid (9-ODA) (Wanner et al., 2007). The queen pheromone 
attracts workers to the queen, partially inhibits worker ovary devel-
opment, and acts as a sex pheromone, among other functions (Wanner 
et al., 2007). The specific molecular characteristics of AmOr11 that are 
involved in the perception of 9-ODA are not yet known, but it appears 
that it arose early in Apis evolution (Plettner et al., 1997; Cruz-López et 
al., 2005; Urbanová et al., 2008).
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Termite Queen Pheromone

Neofem2 is the first gene discovered in termites that is involved in 
signaling queen presence to workers. It was originally identified as being 
up-regulated in female neotenic “replacement” reproductives relative 
to other colony members in two species of Cryptotermes termites (Weil 
et al., 2009). Knocking down Neofem2 in Cryptotermes secundus queens 
using RNAi caused an increase in aggressive behavior among workers, 
which is typically only exhibited under queenless conditions (Weil et al., 
2009). Based on sequence similarity, Neofem2 is most closely related to a 
β-glycosidase expressed in the salivary glands of the termite Neotermes 
koshunensis (Korb et al., 2009). β-glycosidases are enzymes that break 
down polysaccharides; in wood-dwelling termites, such as N. koshunen-
sis and C. secundus, whose diet primarily consists of rotting bark, these 
enzymes are important for breaking down cellulose (Tokuda et al., 2002). 
It has thus been suggested that Neofem2 evolved from a wood-digesting 
enzyme to pheromone (Korb et al., 2009). Supporting this speculation, 
β-glycosidases exhibit pheromonal activity in other insects, including 
the production of an egg recognition signal in another termite species 
(Korb et al., 2009). The specific molecular changes that have occurred 
in Neofem2 as it evolved this new social function remain to be discov-
ered. The story of Neofem2 highlights the importance of considering the 
ecological context of social evolution in a given lineage, because the 
origin of a social pheromone from a wood-digesting enzyme is almost 
certainly a phenomenon specific to the wood-dwelling termites.

General protein-9 in Fire Ants

General protein-9 (Gp-9) alleles are strongly associated with variation 
in queen number in fire ants (genus Solenopsis). In monogynous (single 
queen) colonies, all females are homozygous for B-type alleles and will 
not tolerate the presence of multiple queens, whereas in polygynous (mul-
tiple queens) colonies, some individuals possess b-type alleles and do 
accept multiple queens but only if those queens also possess the b-type 
allele (Gotzek and Ross, 2009). Gp-9 has been called a “greenbeard gene” 
(Keller and Ross, 1998), because workers carrying one allele favor queens 
that share the same allele. Molecular phylogenetic analyses of Gp-9 both 
within and across Solenopsis species have revealed that the b-like alleles 
form a monophyletic clade, suggesting that monogyny was the ances-
tral condition in the genus and that polygyny arose once and has been 
maintained through multiple speciation events (Krieger and Ross, 2005; 
Gotzek et al., 2007).

At the protein sequence level, Gp-9 most closely resembles odorant-
binding proteins (OBPs), which are expressed in chemosensory sensilla 
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lymph and bind and transport soluble odorants (Gotzek and Ross, 2009). 
These results have led to the suggestion that Gp-9 is an OBP that plays a 
role in pheromonal communication in fire ants (Gotzek and Ross, 2009). 
However, Gp-9 is ubiquitously expressed in the hemolymph, suggesting 
it may be involved in functions that are unrelated to chemosensation 
(Leal and Ishida, 2008). In addition, Gp-9 is found in a genomic region 
with a low recombination rate; therefore, other linked genes in the region 
may potentially have more influence on the regulation of queen number 
(Krieger and Ross, 2005; Gotzek and Ross, 2009). Gp-9 alleles are also 
associated with variation in several life history traits in Solenopsis queens, 
including body fat and dispersal behavior (Gotzek et al., 2007), suggest-
ing that Gp-9 either acts pleiotropically or with other genes in the region.

Although the function of Gp-9 is unresolved, molecular evolutionary 
analyses suggest that this gene is evolving adaptively, implying that Gp-9 
played an important role in fire ant evolution. A signature of positive 
selection was detected in the branch leading to the b-like allele clade 
(Krieger and Ross, 2005), suggesting that this allele had an adaptive 
benefit when it arose. In addition, all b-like alleles share the same 
amino acid residues at three diagnostic codon positions, and two of 
these positions show evidence of positive selection in Solenopsis invicta, 
the species in which it has been best studied (Gotzek et al., 2007).

BRAIN DEVELOPMENT AND FUNCTION

Some of the most striking differences between social and solitary 
insects are behavioral. Several social insect behaviors appear to be 
truly novel, such as symbolic dance communication in honey bees and 
slave making in ants (Wilson, 1971). Other behaviors exhibited by social 
insects appear to be modified forms of behaviors performed by solitary 
insects, for example, social foraging, which resembles nest provisioning 
in solitary insects. It is likely that molecular changes affecting nervous 
system development and function were important in the evolution 
of social insect behaviors, but very little is currently known.

Brain Evolution in Primitively Eusocial Bees

Our bee molecular evolution study detected a strong signal of rapid 
evolution in brain-related genes in primitively eusocial, but not highly 
eusocial lineages across two independent origins of each lifestyle 
(Woodard et al., 2011). Among these rapidly evolving genes were dunce 
and nejire, two genes that mediate learning and memory in inver-
tebrates and vertebrates through cAMP/CREB signaling pathways 
(Silva et al., 1998).
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The detection of molecular changes in brain-related genes exclusively 
in primitively eusocial bee lineages is perhaps surprising, given that this 
finding is not what may have been predicted by a prominent hypoth-
esis about the relationship between sociality and brain evolution in verte-
brates, the social brain hypothesis (SBH). Originally developed to explain 
the evolution of the enlarged neocortex in many social vertebrates, the 
SBH posits that the cognitive demands of social living are a strong selec-
tive force in brain evolution (Dunbar and Shultz, 2007). Given that highly 
eusocial bee societies have larger colony sizes, greater social complexity, 
and novel behaviors (i.e., dance communication in honey bees) relative 
to primitively eusocial bees, one might have assumed that the cognitive 
demands of social living are strongest in highly eusocial species and 
lead to stronger selection on brain-related genes.

Unique features of insect sociality and the primitively eusocial life-
style may help to explain why selection on brain evolution appears to 
have been stronger in the primitively eusocial bees. First, unlike in ver-
tebrate social evolution, where there has been an emphasis on increased 
individual cognitive abilities, there appears to have been an emphasis 
on increased connectedness among colony members in insect social 
evolution, often accompanied by a reduction of individual behavioral 
repertoires (Oster and Wilson, 1979; Gronenberg and Riveros, 2009). 
Therefore, individual cognitive abilities may not be correlated with 
group size in social insects, as has been found in vertebrates. There are 
also several distinguishing features of the primitively eusocial bee life-
style that may have placed unique selective pressure on brain evolution 
in these lineages. Social structure in primitively eusocial bee colonies is 
typically maintained through fluid and dynamic dominance hierarchies 
(Michener, 1974; O’Donnell et al., 2007), which can be an especially cog-
nitively challenging form of social interaction (O’Donnell et al., 2007; 
Salvador and Costa, 2009). In addition, a primitively eusocial bee queen 
is capable of behaving both solitarily, as she does during the colony-
founding phase of her life cycle, and socially, as she does once she has 
reared her first brood of workers (Michener, 1974).

In both ants and wasps, which each evolved eusociality independent 
of bees, there are some species in which queens exhibit a similar “solitary-
like” phase during colony founding and other species that found colonies 
in swarms, like highly eusocial bees do (Wilson, 1971). A comparison of 
brain-related genes and/or brain structure in ant and wasp species that 
do or do not establish colonies solitarily may provide clues as to whether 
this trait is a strong force in social insect brain evolution. One study in 
paper wasps reported brain region volume differences between swarm 
and independent-founding species, suggesting that these differences in 
colony founding can affect brain evolution (Molina et al., 2009).

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


178 / Brielle J. Fischman et al.

IMMUNITY

Pathogens and parasites are thought to have been a strong selective 
force challenging the maintenance of sociality in a variety of organisms, 
including social insects (Wilson-Rich et al., 2009). Crowded living condi-
tions, often with closely related individuals, facilitate pathogen transmis-
sion (Wilson-Rich et al., 2009). Social insects appear to have responded 
to this potentially dissolutive selective pressure in three main ways 
(Viljakainen and Pamilo, 2008). The first way is through “social immu-
nity,” which refers to group-level defenses, such as hygienic behaviors 
and the use of collected antimicrobial resins for lining nest cavities 
(Wilson-Rich et al., 2009). The second way is through increasing intraco-
lonial genetic diversity via multiple mating by queens (Tarpy and Seeley, 
2006) and high rates of genetic recombination (C. R. Smith et al., 2008) 
to enhance colony-level disease resistance. The third way is through 
adaptive evolution of immune genes (Viljakainen and Pamilo, 2008).

Molecular evolutionary analyses of immune genes have provided 
some of the best examples of positive selection acting in social insect 
genomes. This may be partly attributable to the fact that immune systems, 
in general, are often at the forefront of an ongoing evolutionary arms 
race with pathogens; thus, selection pressure on immune-related genes is 
typically quite strong (Lazzaro, 2008). In addition, many immune-related 
genes are functionally well characterized (Hoffmann, 2003), facilitating 
interpretations of the adaptive significance of sequence changes.

Immune Gene Evolution in Hymenoptera

When the first social insect genome was sequenced, that of A. mel-
lifera, researchers were intrigued by the low number of immune genes 
found in A. mellifera relative to other fully sequenced insect genomes: 
those of the Diptera, Drosophila melanogaster, and Anopheles gambiae (Hon-
eybee Genome Sequencing Consortium, 2006). Although the main com-
ponents of canonical immune pathways are conserved, the A. mel-
lifera genome contains smaller numbers of gene family members at 
all points along these pathways (Evans et al., 2006). It was hypothesized 
that the loss of immune genes was facilitated by novel forms of social 
immunity in social insects, resulting in relaxed constraint on immune 
genes (Evans et al., 2006). However, as more insect genomes have been 
sequenced, it has become apparent that sociality is not necessarily pre-
dictive of immune gene number. Rather, it seems that dipterans have 
unusually large immune gene repertoires, whereas the recently sequenced 
ant genomes (Bonasio et al., 2010; C. D. Smith et al., 2011; C. R. Smith 
et al., 2011; Wurm et al., 2011), the solitary wasps Nasonia (Werren et 
al., 2010), and the solitary pea aphid Acyrthosiphon pisum (International 
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Aphid Genomics Consortium, 2010) have similar numbers of immune 
genes as A. mellifera (Evans et al., 2006).

By contrast, molecular evolutionary analysis of individual immune 
genes in social Hymenoptera has provided evidence that sociality has 
driven immune gene sequence evolution. One study revealed that some 
immune genes are evolving more rapidly in species of honey bees, bumble 
bees, and ants relative to Drosophila (Viljakainen et al., 2009). This study 
also showed that immune genes are evolving more rapidly than non-
immune genes in several honey bee species. Similarly, genes related to 
innate immunity and humoral immunity were among the fastest evolv-
ing (based on branch lengths in phylogenetic trees inferred from protein 
sequence) in A. mellifera in a comparison of over 3,000 genes among 
A. mellifera, Nasonia, and their common ancestor (Werren et al., 2010). 
Additionally, evidence for positive selection has been detected in the 
antimicrobial protein defensin in a study comparing the sequence of 27 
ant species (Viljakainen and Pamilo, 2008). This study revealed that the 
signal and propeptide regions of defensin, which are cleaved off to acti-
vate the mature peptide, are evolving neutrally, whereas the active region 
of the peptide is under positive selection, including one amino acid site 
thought to mediate antimicrobial activity. Our bee molecular evolution 
study did not detect a strong signal of selection on immune genes, but 
that was likely because these classes of genes were underrepresented 
in our dataset (Woodard et al., 2011).

Immune Gene Evolution in Termites

A study of the termite defensin-like gene, termicin, in 11 Nasutitermes 
termite species revealed that this gene has duplicated repeatedly during 
Nasutitermes radiation and that positive selection has driven a diver-
gence in the molecular charge of the gene copies (Bulmer and Crozier, 
2004). Insect defensins are known to function by disrupting bacterial 
plasma membranes, and experimental evidence suggests that molecular 
charge may be a crucial component of this activity (Bulmer and Crozier, 
2004). It was hypothesized that there is a selective advantage to having 
two termicins with different charge properties at specific sites (Bulmer 
and Crozier, 2004). In support of this hypothesis, results from this study 
suggest that ancestral termicins had relatively high positive charges and 
that in species in which there has been a gene duplication event, 
positive selection has driven a decrease in charge for one of the copies. 
Sequence analysis revealed a strong positive correlation between the 
strength of selection (dN/dS) and the change in molecular charge along 
different termicin lineages. Additionally, three amino acid sites that 
show a signature of positive selection have substitutions at these sites 
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that contribute to a charge change, and they fall on the external surface 
of the predicted protein structure, suggesting that these sites may 
interact with a fungal membrane receptor (Bulmer and Crozier, 2004).

A different study of 13 Nasutitermes termite species also found evi-
dence that gene duplication and positive selection are involved in termite 
immune gene evolution (Bulmer and Crozier, 2006). This study focused 
on genes encoding Gram-negative bacterial-binding protein 1 and 2 
(GNBP1 and GNBP2), which are thought to have duplicated early in 
termite evolution, and the transcription factor relish, which induces 
production of antimicrobial peptides in Drosophila. All three genes show 
evidence of positive selection, with relish showing the strongest signal. 
Four of the five positively selected sites in relish are in a “spacer” region 
of the protein that is cleaved by the caspase Dredd. This cleavage is 
thought to activate relish by generating a DNA-binding Rel homology 
domain that translocates to the nucleus and binds to promoters of target 
genes (Stoven et al., 2003). Analysis of the Drosophila simulans ortholog 
also found positive selection in this spacer region (Bulmer and Crozier, 
2006). It was hypothesized that microbial pathogens may be targeting this 
region of relish to prevent its activation, sparking an evolutionary arms 
race as relish evolves counterresponses to maintain its normal function 
(Bulmer and Crozier, 2006). Another study found evidence of positive 
selection in termicin but not in GNBP2 in two Reticulitermes termite spe-
cies, a genus distantly related to the Nasutitermes genus (Bulmer et al., 
2010). This study used a population genetics approach to analyze intra-
specific polymorphism and interspecific divergence in coding sequence, 
and results indicated that termicin underwent a selective sweep driven 
by positive selection for beneficial amino acid changes.

REPRODUCTION

In many insect societies, queens are highly reproductive individu-
als, whereas workers perform almost no reproduction activity. Worker 
sterility is achieved through a variety of morphological, behavioral, and 
physiological mechanisms in social insects (Wilson, 1971). For example, 
in many social species, workers lack spermatheca for sperm storage. 
In addition, ovary development is tightly regulated by social cues, and 
queens and workers typically have grossly over- and underdeveloped 
ovaries, respectively, relative to solitary insects (Wilson, 1971). Social-
ity also has strong implications for reproductive behavior, particularly 
for mating frequency, which can affect genetic variation among colony 
members.
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Ovary Development in Primitively Eusocial Bees

Our bee molecular evolution study identified some genes involved 
in ovary development evolving most rapidly in primitively eusocial bees 
(Woodard et al., 2011). Although both highly and primitively eusocial bee 
societies have a strong reproductive division of labor, the reproductive 
differences between queen and worker in primitively eusocial species 
are less extreme, and ovary development appears to be more sensitive 
to social cues in primitively eusocial species (Wilson, 1971). Perhaps the 
molecular changes in ovary development-related genes found only in the 
primitively eusocial lineages underlie some of the unique characteristics 
of the reproductive biology of this eusocial lifestyle.

Several genes (i.e., tudor, capsuleen, vasa) evolving rapidly in one or 
both of the primitively eusocial bee lineages interact together in the 
PIWI RNA (piRNA) pathway. The piRNA pathway is expressed only in 
gametic tissue, and it is involved in regulating gametic cell division and 
differentiation (Siomi et al., 2010). Functional PIWI genes have recently 
been discovered in A. mellifera (Liao et al., 2010), suggesting that the 
piRNA pathway is present and functional in bees. These genes are par-
ticularly good candidates for further study, because the tissue specificity 
of the piRNA pathway suggests that selection on these genes is specifi-
cally directed at changes related to reproductive processes, in contrast 
to genes with broader ranges of tissue expression, where the functional 
target of selection is harder to infer. Additional ovary development-
related genes unrelated to the piRNA pathway also showed a signature of 
rapid evolution in these primitively eusocial bees (Woodard et al., 2011).

Sex Determination and complementary sex determiner in Honey 
Bees

More is known about the evolution of complementary sex determiner 
(csd) in honey bees than probably any other gene in the social insects. 
The story of csd involves the origin of entirely new genes and pathways, 
as well as a classic example of balancing selection. Sex determination in 
honey bees is based on genotype at the csd locus; individuals heterozy-
gous at the csd locus develop into females, whereas hemizygous individu-
als develop into males (Beye et al., 2003). Sex in many Hymenoptera is 
probably determined through a similar single-locus system of comple-
mentary sex determination (Cook, 1993), but csd is the first and only locus 
that has been discovered thus far. The genomic region containing csd was 
first identified through mapping (Beye et al., 2003), and the function of the 
gene was confirmed by RNAi, which showed that reducing csd expression 
in genetically female eggs results in male-like development (Hasselmann 
et al., 2008a). Complementary sex determination not only regulates sex 
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determination but influences many aspects of social insect biology that are 
influenced by kinship and degrees of relatedness, including kin selection 
and the genetic composition of colonies, which are important for division 
of labor and colony immunity (C. R. Smith et al., 2008).

The csd gene appears to be a honey bee–specific gene because it has 
been found in multiple Apis species (Hasselmann et al., 2008b) but not 
outside of the genus (Hasselmann et al., 2008a). The gene likely evolved 
through the duplication of an adjacent gene, feminizer (fem). The csd 
and fem genes are similar (>70%) in amino acid sequence, and both are 
serine/arginine-rich proteins, a class of proteins involved in RNA splic-
ing (Hasselmann et al., 2008a). Both genes share two major domains, 
but csd has an additional hypervariable region located between these 
other domains (Hasselmann et al., 2008a). The fem gene has been found 
in several non-honey bee species and in Nasonia wasps, but not in any 
additional insect species, suggesting that it evolved sometime before the 
split between the hymenopteran superfamilies Apoidea and Chalcidoidia 
~140 Mya but after the split from Drosophila ~300 Mya (Hasselmann et al., 
2008a). The fem gene shares some functional and sequence similarities to 
transformer (tra), a gene involved in sex determination in Drosophila, and 
it perhaps evolved from an ancestral form of tra common to fly and bee 
lineages (Beye et al., 2003; Hasselmann et al., 2008a). RNAi experiments 
were used to show that csd acts upstream of fem in the sex determination 
pathway. Genetically female embryos treated with fem RNAi develop 
male heads, and RNAi knockdowns of csd cause male-specific fem 
splicing, suggesting that csd is involved in fem splicing (Hasselmann et 
al., 2008a).

The csd gene has been subject to rigorous population genetic analysis. 
Because homozygous males do not reproduce, it was predicted that there 
would be strong negative frequency-dependent selection at the csd locus 
(Hasselmann et al., 2008b). This prediction has been upheld, because at 
least 15 different csd alleles have been found in natural populations around 
the world in three different Apis species (Hasselmann et al., 2008b) and 
the gene has accumulated 10- to 13-fold more mutations than the rest 
of the genome (Hasselmann et al., 2008b). Pairwise nonsynonymous dif-
ferences between alleles are highest in exons 6 and 7 (Hasselmann et al., 
2008b), suggesting that this region is a target of positive selection, and is 
therefore presumably functionally important. Six fixed amino acid dif-
ferences between csd and fem are located in the coiled-coil domain, which 
is important in protein binding (Hasselmann et al., 2008a). Strong positive 
selection was detected on the branch right after the split between the two 
genes, suggesting that positive selection played a role in their diversifica-
tion (Hasselmann et al., 2008a).
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METABOLISM AND NUTRITION

Transcriptomic analyses have shown that nutritional and metabolic 
pathways play an important role in queen-worker caste determination 
in every eusocial insect lineage thus far studied and also contribute 
to worker-worker division of labor in many species (C. R. Smith et al., 
2008). Given these fundamental connections to eusociality, nutritional 
and metabolic pathways are well studied in social insects and several 
molecular evolutionary studies have identified changes associated with 
their function.

Major Royal Jelly Proteins

The evolution of the Major Royal Jelly Proteins (MRJPs) in honey bees 
is an excellent example of novel genes playing an integral role in the 
social biology of a species. In the honey bee, A. mellifera, the develop-
mental fate of female larvae is determined by the amount of royal jelly 
they consume (Kamakura, 2011). Royal jelly is a protein- and lipid-rich 
substance secreted from the hypopharyngeal glands of brood-feeding 
“nurse” bees and fed to larvae, which triggers endocrine and epigenetic 
events that lead to the development of either a worker or a queen (Lyko 
et al., 2010; Kamakura, 2011). The main components of royal jelly are 
the MRJPs. The A. mellifera genome contains 10 mrjp genes, encoding 9 
MRJPs (one mrjp is a pseudogene). These genes are arranged in tandem 
in the genome, have high sequence similarity (~60%) to one another, 
and have a conserved intron/exon structure, suggesting that they are a 
fairly young gene family (Drapeau et al., 2006). There is evidence that 
mrjp genes are also present in other Apis species (Drapeau et al., 2006; 
Yu et al., 2010).

The mrjp gene family in A. mellifera appears to have evolved via a 
gene duplication event from a member of the yellow gene family. The clus-
ter of mrjp genes in the A. mellifera genome is flanked by members of the 
yellow gene family, and one of the flanking yellow genes, yellow-e3, shares 
the characteristic intron/exon structure of the mrjp genes, suggesting 
that it is their progenitor (Drapeau et al., 2006). Members of the yellow 
gene family are involved in pigmentation, reproductive physiology, and 
courtship behavior in insects (Ferguson et al., 2011).

The use of mrjp genes for larval feeding appears to be a derived 
social trait that is unique to honey bees. Although mrjp-like genes have 
been found in other social and nonsocial Hymenoptera species, evi-
dence suggests that the yellow gene family is prone to duplication and 
that the mrjp-like genes in non-Apis species evolved independently of 
Apis (Werren et al., 2010; C. D. Smith et al., 2011). Furthermore, there 
is no evidence of a food-related role for any mrjp-like or yellow-like gene 
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outside of Apis (Ferguson et al., 2011). Because many other social insect 
species manipulate larval nutrition for the purposes of caste determi-
nation without the use of specialized glandular secretions (Webster and 
Peng, 1988), the evolution of the mrjp genes in honey bees appears to be 
associated with the elaboration of eusociality and may have been cor-
related with or dependent on other evolutionary changes, such as 
changes in gland function.

Hexamerins

The work done on the termite hexamerins is another excellent exam-
ple of linking genetic changes to protein function and social phenotype. 
In the lower termites, workers may develop into either reproductives or 
soldiers, depending on a number of social and environmental cues, and 
differentiation into the soldier caste is induced by high juvenile hor-
mone (JH) titers (Zhou et al., 2007). RNAi studies in the termite Reticu-
litermes flavipes have shown that two hexamerin genes, Hex-1 and Hex-2, 
are involved in the regulation of this caste determination (Zhou et al., 
2006). In many insects, hexamerins act as storage proteins that sequester 
substances from the diet and release them when food is scarce or inacces-
sible, such as during early development (Zhou et al., 2007). It has been 
hypothesized that Hex-1 and Hex-2 work together to regulate caste 
differentiation in termites via direct interactions with JH (Zhou et al., 
2006); however, elucidating the specific molecular mechanisms involved 
in JH action is a difficult challenge in insects in general (Riddiford, 2008).

Molecular evolutionary studies of Hex-1 and Hex-2 provide clues 
as to how these genes may interact with JH. Relative to 100+ known 
Hex genes in other insects, both termite Hex genes have distinctive 
insertions in their coding regions; the unique insertion in Hex-1 con-
tains a prenylation motif with a proposed function in JH binding, and 
the unique insertion in Hex-2 shares sequence similarities to the well-
characterized blowfly (Calliphora vicina) hexamerin receptor (Drapeau et 
al., 2006). Consistent with these predicted functions, follow-up experi-
ments demonstrated that the Hex-1 protein has strong binding affinity 
for JH and the Hex-2 protein shows strong membrane affinity, as would 
be expected for a receptor protein (Zhou et al., 2006).

Hexamerins also exhibit novel social functions in other social insect 
species, suggesting that they may be particularly prone to social co-
option. Evidence in honey bees (Martins et al., 2010) and Polistes wasps 
(J. H. Hunt et al., 2010) suggests that hexamerins may be important in 
caste determination in these social insect lineages, and in ants, hexam-
erins appear to be have been important in the evolution of elaborated 
life history characteristics (Wheeler and Buck, 1995).
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JH, Insulin, and Vitellogenin Axis

In the highly eusocial honey bee, A. mellifera, the JH and insulin/insulin-
like growth factor-1 (IIS) signaling pathways, as well as the yolk protein 
precursor vitellogenin (Vg), interact with one another and function in 
novel ways that are important in multiple social contexts. JH does not 
function as a gonadotropin in adult honey bees as it does in most 
insects; instead, it plays a strong role in caste determination and worker 
division of labor (Robinson and Vargo, 1997). The IIS signaling pathway 
interacts with JH and is also involved in worker division of labor. Forag-
ers exhibit higher expression of genes in the IIS pathway in the brain rela-
tive to nurses, and down-regulating IIS signaling delays the age-related 
transition from nursing to foraging (Ament et al., 2008). This represents 
a reversal of the traditional positive relationship between high nutrition 
and IIS signaling, because foragers are nutritionally deprived relative to 
nurses (Ament et al., 2008). Vg also shows novel social functions in honey 
bees. It is highly expressed in some workers, although they are largely 
nonreproductive; it may be used by nurses in the synthesis of royal jelly 
(Amdam et al., 2003); and it functions as an antioxidant that may be 
involved in promoting longevity in queen bees (Corona et al., 2007).

The molecular changes underlying these novel functions of JH, 
IIS, and Vg are unknown, but insights from solitary insects may pro-
vide clues as to what these changes may be. The relationship between 
genetic variation and regulation of JH titers has been particularly well 
studied in crickets and butterflies (Zera et al., 2007), molecular evolu-
tion and function of the IIS pathway have been investigated across the 
complete genomes of 12 Drosophila species (Alvarez-Ponce et al., 2009; 
Grönke et al., 2010), and insect Vgs and their receptors are well charac-
terized at the molecular level (Sappington and Raikhel, 1998).

Carbohydrate Metabolism

Several studies in bees suggest that the evolution of the highly euso-
cial lifestyle involved molecular changes in genes related to carbohy-
drate metabolism. Our bee molecular evolution study revealed that 
genes involved in carbohydrate metabolism are evolving more rapidly 
in eusocial relative to noneusocial bee lineages and are evolving most 
rapidly in highly eusocial lineages (Woodard et al., 2011). In particular, 
15 genes encoding glycolytic enzymes showed evidence of rapid evolu-
tion in eusocial lineages, including enzymes that play a key regulatory 
role (e.g., phosphofructokinase) or are involved in glycolytic flux (e.g., hexo-
kinase, pyruvate kinase) (Kunieda et al., 2006). Analysis of protein sequence 
evolution of genes with queen-biased brain gene expression in A. mel-
lifera found that queen-biased genes involved in metabolism, includ-
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ing carbohydrate metabolism, were among the most rapidly evolving 
(based on branch lengths in phylogenetic trees inferred from protein 
sequence) relative to orthologs from several solitary insects (B. G. Hunt 
et al., 2010). Comparative analysis of the genome sequences of A. mellifera, 
D. melanogaster, and A. gambiae suggest that there may also have been bee-
specific changes in gene copy number for carbohydrate-metabolizing 
genes (Kunieda et al., 2006). Given that carbohydrate metabolism is 
such a fundamental “housekeeping” process, it is not immediately clear 
why there has been unique selective pressure on these processes in highly 
eusocial bee lineages. Here, we offer three speculative hypotheses.

First, increases in the flight demands of highly eusocial bees may 
have placed strong selective pressure on increasing efficiency of glyco-
lytic enzymes, because carbohydrates are the main fuel for flight in bees 
(Suarez et al., 2005). The individual foraging activity of highly eusocial 
bee workers appears to be higher than for solitary bees (Roubik, 1992), 
although, to the best of our knowledge, no direct comparisons of highly 
and primitively eusocial bee foraging activity have been performed.

Second, highly eusocial bees are unique in relying exclusively on 
a diet of modified stored sugars (i.e., honey) for long periods of time. 
Nest thermoregulation during winter months is completely reliant on 
honey stores as a fuel source to sustain workers, who shiver to pro-
duce metabolic heat to maintain optimal hive temperature (Southwick 
and Heldmaier, 1987). Perhaps these differences in diet have placed 
some novel selective pressure on glycolytic enzymes in highly eusocial 
lineages.

Third, perhaps the greatly extended life span of queens in highly 
eusocial species evolved through changes in metabolism-related genes, 
including those involved in carbohydrate metabolism. A connection 
between reduced metabolic rate and increased life span has been 
shown in many species (Finkel and Holbrook, 2000). In the honey bee, 
A. mellifera, queens exhibit an age-related reduction in IIS signaling 
(Corona et al., 2007) that regulates carbohydrate metabolism. If the 
molecular changes in carbohydrate metabolism genes in highly euso-
cial bees were attributable to selection for extended queen life span, it 
can be predicted that similar molecular changes may also be found 
in independent social insect lineages that also exhibit extended queen 
life spans (Wilson, 1971).

PROSPECTS AND CHALLENGES

Recent work on molecular evolutionary changes in social insects has 
identified specific genes, molecular pathways, and biological processes 
that appear to have been shaped by natural selection. Some of these 
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changes can be plausibly associated with the origins, maintenance, or 
elaboration of eusociality, albeit speculatively.

Two insights emerge from this review. First, it appears that there have 
been unique genetic changes in different social insect lineages, suggesting 
that the multiple independent occurrences of eusociality have involved 
multiple molecular routes. These differences may reflect distinct ecologi-
cal or other constraints for each lineage. For example, the evolution of 
a queen pheromone in termites from a wood-digesting enzyme seems 
fitting, given that many termite societies live in rotting wood (Korb et 
al., 2009).

Second, genetic changes also have occurred in similar biological 
functions across diverse species of social insects. This supports the con-
cept of a genetic toolkit for eusociality (Toth and Robinson, 2009). This 
concept is reasonable, because despite the striking diversity among 
social insect species, they all have converged on a similar suite of traits, 
which are the defining characteristics of eusociality (Michener, 1974). Pre-
vious research suggesting components of a genetic toolkit for eusociality 
has focused on genes and molecular pathways that are associated both 
with solitary and related social behaviors in insects, for example, the 
foraging gene, which is involved in feeding behavior in Drosophila and 
a variety of other solitary organisms, and social foraging behavior in 
honey bees and ants (Toth and Robinson, 2009). Transcriptomic studies 
have also identified shared sets of genes whose expression patterns are 
associated with division of labor in independent social insect lineages 
(Toth et al., 2010).

The molecular evolutionary studies we reviewed identify biological 
processes and specific genes that may be excellent systems in which to 
investigate the concept of a genetic toolkit for eusociality further. Among 
the most promising are the following:

(i) Hexamerins. As discussed above, hexamerins have been shown to be 
involved in queen physiology and other social traits in a variety of social 
insects, and the work on Hex-1 and Hex-2 in termites demonstrates how 
hexamerin sequence evolution can be studied and linked to social traits.

(ii) Gland development genes. The rapidly evolving gland development 
genes identified in our bee molecular evolution study (Woodard et 
al., 2011) are also good candidates for further study, because the gene 
functions are relatively well characterized, and gland diversification is 
a universal phenomenon in social insect evolution.

(iii) Brain-related genes. The rapidly evolving brain-related genes iden-
tified in primitively eusocial lineages in our bee molecular evolution 
study (Woodard et al., 2011) are prime candidates for further study in 
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primitively eusocial bees, as well as in ant and wasp species that share 
the primitively eusocial bee lifestyle feature of solitary nest-founding.

The molecular changes and biological processes highlighted in this 
review are currently the most well studied in social insects. There are 
almost certainly other equally important types of molecular changes 
and biological processes associated with social insect evolution that have 
not yet been discovered, perhaps because of the limited range of taxa 
subjected to these types of analyses thus far. This gap in our knowledge is 
largely attributable to a lack of genomic resources, especially for closely 
related social and nonsocial species. For example, some types of genetic 
changes, such as chromosomal rearrangements and patterns of DNA 
methylation, are not possible to study with only fragments of the genome. 
In addition, the identification of truly novel genes is limited by the 
small sample size of available genomes and less well-developed forward 
genetic analyses in social insects relative to model genetic organisms. 
As these limitations are overcome, it should be possible to search more 
broadly for different types of genetic changes associated with the evolu-
tion of eusocial traits. These analyses can be guided by several theoretical 
models that have been proposed to predict the types of genetic changes 
that are most important in social evolution (Nonacs and Kapheim, 
2007; Linksvayer and Wade, 2009; Johnson and Linksvayer, 2010).

Whole-genome scans for molecular signatures of adaptive evolu-
tion specific to social insects will be particularly useful for generating new 
hypotheses and implicating new biological processes in social insect 
evolution. Candidate gene approaches across a broad sample of social 
and nonsocial insects will allow for greater accuracy in reconstructing 
the phylogenetic history of molecular changes and testing their asso-
ciations with social evolution. Once specific sequence changes are 
identified, functional analyses are necessary to determine their effect on 
protein-, organismal-, and group-level phenotypes, as well as the adap-
tive significance of the phenotype change (Dean and Thornton, 2007).

This leads us to raise one important caveat for most molecular evolu-
tionary studies in the social insects: the lack of species-specific information 
about gene function. As is often the case, gene function in this chapter is 
typically inferred from orthology to the fruit fly D. melanogaster, which 
shared a common ancestor with eusocial insect lineages over 300 Mya 
(Honeybee Genome Sequencing Consortium, 2006). Although gene func-
tion for molecular processes is generally highly conserved over evolution-
ary time, when interpreting findings, it is important to consider the pos-
sibility that a particular gene has evolved a novel function. Furthermore, 
many genes have multiple functions; thus, the target of selection can be 
difficult to infer solely from identifying molecular evolutionary changes. 
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Experimental approaches to determining gene function in social insects, 
via RNAi and transgenesis, will strengthen the interpretation of molecu-
lar evolutionary findings. Additional challenges arise in determining the 
adaptive or ecological significance of molecular changes, even when their 
functional significance is understood (Feder and Mitchell-Olds, 2003).

Despite these challenges, molecular evolutionary analysis of social 
insect societies holds promise for testing venerable theories of social 
evolution using genomic data. Multiple evolutionary scenarios have been 
proposed as potential routes to group living in insects. These include 
the composition of incipient social groups, such as associations between 
mothers and offspring (the “subsocial” route) or between related and 
unrelated individuals of the same generation (“semisocial” route) 
(Michener, 1974); mechanisms through which altruism is achieved, such 
as kin selection (Strassmann and Queller, 2007); parental manipula-
tion of offspring or voluntary helpers at the nest (Charnov, 1978); 
and necessary preadaptations for social living, such as a monogamous 
mating system (Hughes et al., 2008) or progressive provisioning of off-
spring (Nowak et al., 2010). Wedding this rich theory with genome-scale 
molecular evolutionary analysis and functional experimentation holds the 
promise of finally answering the compelling question of how eusociality 
evolved in insects.
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Much of what we know about the evolution of altruism comes from ani-
mals. Here, we show that studying a microbe has yielded unique insights, par-
ticularly in understanding how social cheaters are controlled. The social stage 
of Dictylostelium discoideum occurs when the amoebae run out of their bacterial 
prey and aggregate into a multicellular, motile slug. This slug forms a fruit-
ing body in which about a fifth of cells die to form a stalk that supports the 
remaining cells as they form hardy dispersal-ready spores. Because this social 
stage forms from aggregation, it is analogous to a social group, or a chimeric 
multicellular organism, and is vulnerable to internal conflict. Advances in cell 
labeling, microscopy, single-gene knockouts, and genomics, as well as the results 
of decades of study of D. discoideum as a model for development, allow us to 
explore the genetic basis of social contests and control of cheaters in unprec-
edented detail. Cheaters are limited from exploiting other clones by high 
relatedness, kin discrimination, pleiotropy, noble resistance, and lottery-like 
role assignment. The active nature of these limits is reflected in the elevated 
rates of change in social genes compared with nonsocial genes. Despite control 
of cheaters, some conflict is still expressed in chimeras, with slower movement 
of slugs, slightly decreased investment in stalk compared with spore cells, 
and differential contributions to stalk and spores. D. discoideum is rapidly 
becoming a model system of choice for molecular studies of social evolution.
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Natural selection favors cooperation when genes underlying it 
increase in frequency compared with their noncooperative coun-
terparts (Hamilton, 1964a; Frank, 1998; West et al., 2007b). Evo-

lutionary studies of cooperative interactions have focused on the selec-
tive advantages of cooperating, how cooperation is organized, whether 
cheating a cooperative system can occur, and how cheaters are controlled 
(Ratnieks, 1990; West et al., 2002c; Beekman and Ratnieks, 2003; Griffin 
et al., 2004; Sachs et al., 2004; Travisano and Velicer, 2004; Ratnieks et al., 
2006; Wenseleers and Ratnieks, 2006b). These studies generally, but not 
always, focus on within-species interactions and have been behaviorally 
oriented. Social insects have been a major focus (Bourke and Franks, 
1995; Robinson, 2002; Strassmann and Queller, 2007), with cooperative 
birds and mammals also getting considerable attention (Cockburn, 1998; 
Clutton-Brock et al., 2001; Cornwallis et al., 2010). The past few decades 
have seen phenomenal progress in understanding cooperation in these 
organisms by applying the powerful logic of kin selection (Queller, 1992a; 
Frank, 1998; West et al., 2007b). 

Our advances in understanding the evolution of social behavior 
through kin selection have been very satisfying, but they have been 
isolated in some respects. This is because most organisms have not been 
seen to be particularly cooperative. They may come together briefly 
for mating but otherwise go about the business of securing nutrients, 
avoiding disease and predation, and producing progeny largely on 
their own.

COOPERATION IS WIDESPREAD

Behavioral ecologists have begun to study a wider selection of organ-
isms and are finding cooperative interactions to be much more perva-
sive than previously appreciated. This is particularly true for microbes, 
wherein the structured environments necessary for cooperation have been 
discovered to be pervasive (Kerr et al., 2002; Griffin et al., 2004; Vos and 
Velicer, 2009). Microbes are particularly affected by the actions of their 
neighbors, because many functions that are internal in multicellular 
organisms are external in single-celled organisms. Secreted compounds 
involved in processes like iron sequestration or food digestion are vul-
nerable to exploitation by neighboring individuals (Travisano and Velicer, 
2004; Buckling et al., 2007; West et al., 2007a). Microorganisms evaluate 
their numbers with quorum sensing, kill nonclonemates with bacteriocins, 
hunt in groups, and cooperatively swarm through their environment, to 
name just a few examples of their social attributes (Crespi, 2001; Riley and 
Wertz, 2002; Diggle et al., 2007a; West et al., 2007a). Sociality in nontra-
ditional study organisms is only beginning to be understood, however.
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COOPERATION, ORGANISMALITY, AND 
MAJOR TRANSITIONS IN EVOLUTION

The second reason for expanded interest in cooperation is a growing 
appreciation that it is important for how organisms came to be. Coop-
erative major transitions in life alter the raw material for natural selec-
tion in fundamental ways (Buss, 1987; Maynard Smith and Szathmáry, 
1995). One of the earliest transitions brought molecules together into 
cells in which the fates of all were intertwined in a cooperative network. 
Eukaryotes themselves represent a major transition resulting from the 
capture of a bacterium that becomes the mitochondrion (Margulis, 1970). 
The level of cooperation between these partners is profound but not 
complete. Mitochondria are maternally inherited and do not go through 
meiosis, and thus will favor daughter production and have no interest 
in son production.

Another major transition resulted in multicellularity (Queller, 1997, 
2000; Grosberg and Strathmann, 1998; Herron and Michod, 2008). Mul-
ticellularity has evolved multiple times in both bacterial and eukaryote 
lineages. Animals and plants have elaborated multicellularity into a 
plethora of diverse types. There are also a number of comparatively 
simple multicellular forms, like some single-species biofilms, the algal 
group Volvocales, or Dictyostelium (Herron and Michod, 2008; Strassmann 
and Queller, 2010). The transition to multicellularity is different from the 
transition to eukaryotes because the former involves an aggregate of 
like entities, whereas the latter binds different elements. The major 
transitions can thus be categorized as fraternal, with like cooperating with 
like, or egalitarian, where the cooperating units bring different things to 
the collaboration (Queller, 1997). Either kind of collaborative organism 
will usually retain conflicts, but these conflicts must be controlled if the 
partnership is to survive. How these controls operate is a major research 
topic under this view of life.

The selective factors that favored a past transition are not easy to 
study because they have already completed their work. There are living 
systems that could be considered to be more representative of transi-
tional stages, however. These, we believe, may be the most productive 
for investigation into the advantages of cooperation and how conflict 
is controlled. We have argued elsewhere that organisms themselves can 
be defined as adapted bundles of cooperative elements, wherein actual 
conflict is at a minimum (Queller and Strassmann, 2009; Strassmann and 
Queller, 2010). In a 2D space, with one axis being cooperation and the 
other being conflict, organisms are those collaborative living units at the 
high end of cooperation and the low end of conflict. There is variation 
in the level of organismality, however, and those lacking complete coop-
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eration and retaining conflict represent the best choices for studying the 
origins of cooperation.

LABORATORY-FRIENDLY, SOCIAL MODEL ORGANISMS

Kin selection has been very successful for generating predictions on 
the impact of queen number, mate number, and caste on sociality in 
social insects (Bourke and Franks, 1995; Bourke, 2011). Nevertheless, one 
would have to say that social insects fall short as an ideal model for 
studies of social evolution. They are long-lived, often do poorly in the 
laboratory (except ants), are not amenable to genetic experimentation, 
and have mostly already crossed the threshold to obligate sociality. 
Thus, social evolution research has not found its Drosophila here.

Another problem with the organisms currently favored for studies 
of cooperation is that the actual genes underlying cooperative behavior 
are elusive. This is particularly true for long-lived social insects and ver-
tebrates, although the advances of genomics are slowly mitigating this 
(Robinson, 2002; Honeybee Genome Sequencing Consortium, 2006). Still, 
the twin powers of experimental evolution and single-gene knockouts are 
beyond the reach of most currently studied social organisms.

A social evolution Drosophila would need to address these issues; 
thus, it would probably be single-celled. In addition to being amenable 
for experimental evolution and single-gene knockouts, it should have 
full altruism, with some individuals dying to help others. This makes it 
easier to interpret the actions of different partners. Other attributes of 
the ideal social Drosophila include feasibility of study in a fairly natural 
environment, placement in a rich phylogeny with related species that 
vary in social traits, a sequenced set of genomes, and a collegial com-
munity of fellow investigators. Here, we make the case that the ideal 
model organism for social evolution has been found and is the social 
amoeba Dictyostelium discoideum. This choice is supported by the enor-
mous progress in understanding social evolution that has been made 
with this organism in the past decade. In addition to D. discoideum, Vol-
vox and its relatives are great for studying the origins of multicellularity 
in a clonal organism (Herron and Michod, 2008). Myxococcus xanthus 
offers all the advantages of a bacterial system (Velicer and Stredwick, 
2002). There are also others, but we focus here on D. discoideum (Fig. 9.1).
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DICTYOSTELIUM DISCOIDEUM AS A MODEL 
SYSTEM FOR COOPERATION

What Is a Social Amoeba?

Social amoebae are in the eukaryote kingdom Amoebozoa, sister to 
the Opisthokonts, or animals plus fungi (Baldauf et al., 2000). This king-
dom is composed of solitary amoebae-like Entamoeba and Acathamoeba, 
the acellular slime molds such as Physarum, and the Dictyostelidae. There 
are over 100 species of Dictyostelium, divided into four major taxonomic 
groups (Raper, 1984; Schaap et al., 2006). D. discoideum is in group four 
and is the focal species here.

Individual amoebae of D. discoideum live in the upper layers of soil 
and leaf litter in the eastern Northern Hemisphere and in eastern Asia. 
The most intensely studied clone, NC4, and its derivatives such as Ax4, 
come from a temperate forest near Mount Mitchell in western North 
Carolina (Raper, 1984). D. discoideum amoebae are solitary predators on 
bacteria, which they consume by engulfment (Bonner, 1967). Although 
this is usually viewed as a solitary stage, they are always able to sense 
the density of nearby amoebae with a molecule called prestarvation 
factor (Kessin, 2001). Response to this factor is inhibited when bacteria 
are present (Kessin, 2001). When bacteria get scarce, and amoeba density 
is sufficient, they enter one of two stages, a sexual one, discussed later, or 
a social one (Fig. 9.2).

Social Cycle

The social stage, often called the developmental stage, occurs when D. 
discoideum amoebae begin to starve (Fig. 9.2). Amoebae have a quorum-

FIGURE 9.1 D. discoideum fruiting bodies on an agar plate.
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FIGURE 9.2 Colony cycles of D. discoideum. This study focuses on the social cycle, 
but the sexual cycle is a promising area for future study.

sensing mechanism; if there are enough other amoebae in the area, 
they begin to release cAMP and to make receptors to it, products of the 
CAR genes (Kessin, 2001; Alvarez-Curto et al., 2005). A signal relay system 
causes the amoebae to move up the cAMP gradient and form a mound 
of hundreds of thousands of cells. Differentiation begins in the mound 
stage, wherein some cells sort out toward the tip and express prestalk 
genes. The tip becomes the anterior of the slug and organizes forward 
movement. During movement, cells are lost from the slug posterior. At 
least some of these are capable of dedifferentiating and consuming any 
bacteria encountered (Kuzdzal-Fick et al., 2007). The slug itself will not 
fall apart on encountering bacteria. Some shed cells are former sentinel 
cells, full of toxins, and bacteria mopped up as they traverse through the 
slug (G. Chen et al., 2007).

The multicellular slug moves toward heat and light and away from 
ammonia (Kessin, 2001; Bonner, 2006). The cells at the tip then migrate 
down through the center of the aggregate and initiate stalk formation in 
a process called culmination. The stalk cells vacuolate and die, forming 
sturdy cellulose walls in the process that give them the strength to hold 
up the spherical ball of spores. The final fruiting body consists of about 
20% stalk cells and 80% spore cells. Thus, the social stage is triggered by 
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starvation and involves altruism, because the stalk cells die to support 
the spore cells (Kessin, 2001).

D. discoideum arrives at multicellularity not through development 
from a single cell but through aggregation of dispersed cells. Therefore, 
the social stage of D. discoideum is vulnerable to cheaters. This makes 
it fundamentally different from a metazoan that has gone through a 
single-cell bottleneck and had the interests of all cells in the organism 
reset to complete cooperation every generation (Maynard Smith, 1989b). 
This conflict, its control, and the resulting cooperation are what make D. 
discoideum such a great model for social evolution.

Why Have a Social Stage?

During the social process, three things happen, and we predict that 
all three are adaptive. First, spores are made. The adaptive value of a 
hardy spore is clear and has been demonstrated; it is not easily digested 
by predators and can withstand long periods of cold, heat, or drought 
(Raper, 1984). Second, the spores are only made atop a relatively long stalk 
composed of dead cells. These stalks can be anywhere from 1 to about 
4 mm long, and their construction is the most vital part of the altruism 
story of D. discoideum. Why are spores made only atop stalks? It could be 
that cells are vulnerable during the transformation to spore, and doing 
so atop a stalk protects them from hazards in the soil. Another possibility 
is that dispersal is facilitated when the spores are lifted above the soil 
and that this is the main purpose of the stalk. In D. discoideum, spores 
are likely to be actively transported on small invertebrates, although 
the guts of vertebrates and stalks could increase the chance that they 
are contacted. The third advantage to grouping is slug movement; 
slugs move farther than amoebae, which could position them into 
a better place for dispersal. The complex orchestration of fruiting body 
formation could only have arisen through natural selection, but more 
work on the actual advantages is needed. In this review, we focus on the 
interactions of genetically different clones in this social process and not 
on the reasons why it is adaptive.

Chimerism and Cheating the Social Contract

Mixing of two or more genetically distinct clones is likely for social 
groups that form by aggregation. To see if this actually occurs, we col-
lected tiny soil samples of 0.2 g at Mountain Lake Biological Station 
(Fortunato et al., 2003b). We reasoned that this was a reasonable scale 
over which social aggregation might occur. We found that our 0.2-g 
samples contained zero to five clones and that relatedness within the 
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samples was about 0.52. These data support the view that chimerism 
is possible, at least in this population.

Later, we were able to find and genotype individual wild-fruiting 
bodies collected from the very rich resource of deer dung and nearby 
soil. This approach gave much higher relatednesses, between 0.86 and 
0.98 depending on the sample and technique (Gilbert et al., 2007). Thus, 
relatedness is clearly high enough for kin selection under reasonable 
values of costs and benefits, and chimerism is common enough for 
social competition to be favored evolutionarily. Nevertheless, for coop-
eration to occur, there must be control of cheating. Here, we discuss 
what cheating is and then move on to evidence for it and its control in 
D. discoideum.

Complications with Defining Cheating

Cheating can only happen when one organism takes advantage of 
another; however, it is more than that. We would not say the lion cheated 
the gazelle out of its life with the lion’s pounce and suffocating bite. This 
is because there is no expectation that the lion would behave in any 
other way. So, for an exploitative behavior to be considered cheating, 
there must be some expectation of cooperation that is not met. Cheating, 
therefore, is a fundamentally social action that takes place in the context 
of ordinarily cooperative acts, which the cheater somehow violates.

In D. discoideum, we talk of cheating in the context of cell allocation 
to the somatic, dead stalk and the living spores. The expected social 
contract is that the frequency of each clone among the spores will be the 
same as it was in the original mixture of aggregated cells. The same 
should be true in the stalk tissue. If this is not the case, we can say that 
the dominant clone cheated the minority clone by getting more than its 
fair share into spores, and cooperation can be put at risk when cheaters 
gain an advantage.

In many kinds of interactions, the starting and ending frequency may 
be viewed as enough information to determine if one partner is cheating 
the other. The formation of a fruiting body from an initial population of 
spores is a process that could vary for reasons other than social competi-
tion, however. Some clones may make longer or more robust stalks than 
others when they are entirely on their own. Some clones may migrate 
farther than others, losing cells in the process. Some clones may lose more 
cells from the slug than others even if they migrate the same distance. 
Variation is particularly expected in the highly variable environment of 
the soil. For example, a loose-grained soil may favor longer stalks 
for a given number of cells than a tighter-grained soil if the adapted 
trait is to rise above the surface. Selection on these traits can occur inde-

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Evolution of Cooperation and Control of Cheating in a Social Microbe / 199

pendently of cheating but then have consequences in chimeras. If one 
clone in isolation allocates more to spore and continues to do so in the 
chimera with another clone that allocates less to spore, the first clone may 
then be viewed as a cheater, although it has behaved no differently in 
the chimera.

We will argue that even this case should be called cheating, because 
one clone does take advantage of the other. It might even have evolved 
for that purpose: Selection in chimeras could have favored variants that 
do suboptimal things on their own. We call this type of cheating “fixed,” 
following Buttery et al. (2009). Cheating that results from behavior differ-
ent from what they would do when clonal, in recognition that there is a 
partner to cheat, we then call “facultative” (Fig. 9.3). If the only informa-
tion we have is how they behave in a chimera compared with starting 
frequencies, we cannot distinguish between these two and just call it 
“cheating.”

It is probably worth pointing out that we are not implying any sort 
of conscious awareness to cheating in D. discoideum. In humans, cheating 
is value-based and assumes a certain awareness of the moral grounds 
of an act. This, of course, is impossible in an organism lacking a nervous 
system.

EVIDENCE FOR CHEATING IN D. DISCOIDEUM

Do Wild Clones Cheat?

When wild clones are mixed together, one clone often prevails over 
the other (Strassmann et al., 2000). Furthermore, there is a transitive 

FIGURE 9.3 In the social stage, clones 
may take advantage of their partner in 
three different ways. They may allocate 
cells to spore and stalk in the same pro-
portions as alone but allocate less to 
stalk than their partner, fixed cheating. 
They may modify their behavior in chi-
mera to take advantage of their part-
ner, facultative cheating. Third, a social 
parasite can only make fruiting bodies 
in chimera with a victim.
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hierarchy of cheaters (Fortunato et al., 2003a; Buttery et al., 2009). In all 
these cases, the clones are perfectly able to produce fruiting bodies with 
normal, although variable, spore/stalk ratios as pure clones. Buttery et 
al. (2009) found both fixed and facultative cheating among the clones. 

Other evidence for social conflict among wild clones in the social 
stage comes from comparing chimeras with pure clones in their ability to 
migrate as slugs and to form tall fruiting bodies (Fig. 9.4). Chimeric slugs 
move less far than clonal slugs when cell number is controlled (Foster et 
al., 2002). This may be the result of increased competition to stay out of 
the front control region that becomes the sterile stalk. The other effect 
is that there are more spore cells in chimeric mixtures, presumably 
because there is less selective benefit to becoming a stalk to lift nonrela-
tives (Buttery et al., 2009).

Cheating by Single-Gene Knockouts

Nearly all the research by cell, developmental, and molecular biolo-
gists on D. discoideum has used a single clone, or descendants of that 
clone. This means that these studies could not reveal cheating even 
if it were common. The exception is that they could reveal circum-
stances under which a clone with a single gene that was knocked out 
cheated its immediate ancestor. Kessin and colleagues (Ennis et al., 2000) 
did just such a study. They made a large random collection of clones 
that each had a single gene disrupted by restriction enzyme-mediated 
integration (REMI), a process that randomly inserts a known sequence 
containing both restriction cut sites, and an antibiotic resistance gene 
(Kuspa and Loomis, 1992). Kessin and colleagues (Ennis et al., 2000) put 
a pool of REMI knockouts through 20 generations of selection in a well-
mixed (low-relatedness) environment. At each round, they harvested 
the spores and began the next round from them; thus, any clone that 

FIGURE 9.4 Conflict is manifested in 
chimeras in the form of shorter stalk 
lengths, shorter migration distances, 
and unequal spore/stalk ratios.
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cheated the others increased in frequency over these rounds. They then 
characterized one mutant, fbxA. The fbxA knockout cheats its ancestor 
but cannot make spores on its own.

Pools of REMI mutants can also be screened to obtain cheat-
ers that are able to make normal fruiting bodies on their own but cheat 
their ancestor in a chimera. A large study of this type used pools of 
REMI mutants and required that every mutant be able to fruit on its 
own (Santorelli et al., 2008). This approach identified over 100 different 
knockout mutants that cheated their ancestor. If knockout cheaters 
are so easy to generate and cheating is advantageous, one has to ask why 
these genes have not lost function in the wild. We discuss the answer to 
this question below in the section on the control of cheating.

CONTROL OF CHEATING

When wild clones come together in the social stage, cheating occurs 
between pairs of co-occurring wild clones. This could be the result of 
genetic or environmental factors. The work on single-gene knockouts 
suggests that at least some of the differences are genetic. Why are genes 
underlying victim status not eliminated from the population? We think 
the answer lies in the ways cheating is controlled. It can be controlled 
by high relatedness within social groups, which could result from kin 
discrimination. It can be controlled by positive pleiotropy, wherein a 
cooperation gene also has another essential function. Cheating can also 
be controlled if spore vs. stalk fate is the result of environmental rather 
than genetic factors. For example, spore fate could be the result of posi-
tion in the mitotic cell cycle or it could be dependent on who starved 
first. Here, we take up these issues (Fig. 9.5).

Control of Cheating by High Relatedness

Cheaters can be controlled if relatedness within social groups is high 
enough. This is because the benefits of the sacrifice that stalk cells make 
will mostly go to relatives, and thus could be favored under kin selec-
tion. The importance of high relatedness can be seen in an experiment 
that used the knockout cheater fbxA (Gilbert et al., 2007). In this study, we 
showed that at low relatedness, the fbxA cheater knockout wins within 
groups at all mixture frequencies. This means that it should increase in 
frequency in the population. There is a tradeoff, however. The higher 
the frequency of the cheater in a group, the lower the spore production 
becomes, hurting the fbxA knockout and WT alike within that group. 
This means that the cheater knockout can only flourish at low related-
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ness because at high relatedness, it is selected against by its own com-
promised spore production.

We expect social parasites like this one to fail in nature because of 
the high relatedness within fruiting bodies found in the wild. If this is true, 
we should not find any clones within wild fruiting bodies that are unable 
to form fruiting bodies on their own. We tested this by plating cells from 
wild fruiting bodies clonally. Of 3,316 clonal isolates from 95 wild fruit-
ing bodies, all were able to make completely normal fruiting bodies on 
their own. There was not a single social parasite like fbxA. Clearly, high 
relatedness within fruiting bodies is a powerful evolutionary deterrent 
to cheating. This does not mean cheater mutants that are competent on 
their own are equally controlled, however (Santorelli et al., 2008).

Control of Cheating by Kin Discrimination

One way of achieving high relatedness is to exclude nonkin from the 
group. This behavior could explain the difference in relatedness between 
small soil samples and fruiting bodies. Different clones might aggregate 
together to cAMP and then sort into genetically homogeneous slugs. 
Even different species coaggregate to cAMP and then separate (Jack et 
al., 2008); thus, it is not unreasonable to postulate a similar process 
within species.

Studies of chimerism between two clones of D. discoideum have gener-
ally found fairly homogeneous mixing, however (Strassmann et al., 2000; 
Fortunato et al., 2003a; Buttery et al., 2009). A couple of studies found 

FIGURE 9.5 Cheating can be controlled 
in the social stage if fruiting bodies are 
clonal, as might happen if they arise 
from different patches. They may mix 
but then sort into nearly clonal fruit-
ing bodies through kin discrimination. 
Pleiotropic effects may prevent cheat-
ing genes from spreading. Caste fate 
may be determined through a lottery, 
with cells in the M or S stage of the cell 
cycle becoming stalk and those in the G2 
stage becoming spore. D. discoideum ap-
parently has no G1 stage, although this 
is controversial.
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some evidence for sorting, particularly between clones collected far 
apart (Ostrowski et al., 2008) or, in another study, particularly between 
clones found close together (Flowers et al., 2010). Neither approached 
the levels of sorting found in another species, Dictylostelium purpureum 
(Mehdiabadi et al., 2006).

At this point, we have a puzzle. Tiny soil samples have multiple clones 
of D. discoideum, but fruiting bodies are nearly clonal. Kin discrimination 
is weak as far as we can tell in laboratory mixtures of equal numbers of 
cells from two clones. The finding of an apparently selected molecular 
mechanism for sorting deepens the puzzle. Our supposition that sort-
ing will occur in the aggregation stage or later means that cells are likely 
to discriminate when they are in direct contact with each other. This 
suggests that adhesion genes are likely candidates for recognition. To 
function as recognition genes, adhesion genes would have to be highly 
variable. The variability would provide an opportunity for discrimina-
tion that favors others carrying the same adhesion protein variant over 
others carrying different forms of the molecule. They should recognize 
self, with a homophilic binding site, or they should recognize a highly 
variable receptor.

There is excellent evidence that two cell adhesion genes, initially 
called lagC and lagB but now called tgrC and tgrB, are the kin discrimina-
tion genes in D. discoideum (Benabentos et al., 2009). These two genes 
are extremely variable and are part of a large gene family of generally 
much less variable genes. The protein produced by tgrC is hypothesized 
to adhere to the protein produced by tgrB. If one is knocked out, it 
causes development to fail at the aggregation stage. In that case, the 
amoebae aggregate begins to make a mound but then falls apart, as if a 
crucial component of recognition necessary for the subsequent altruistic 
steps were missing. The temporal coexpression, knockout behavior, 
high variability, and impact on sorting make these likely kin recogni-
tion genes. More work is clearly needed on this system to see if there 
are consequences of recognition other than sorting. It could be that it 
is advantageous to remain in the group but that the chimeric nature is 
recognized and responded to, causing reduced migration distances and 
shorter stalks, for example.

Control of Cheating by Pleiotropy

Pleiotropy means that a single gene has an impact on multiple phe-
notypic traits. It is therefore usually viewed as something that impedes 
selection on a specific trait, because any changes in the underlying genes 
will affect other traits as well. This conservative force in pleiotropic genes 
can have interesting consequences for social genes. If an altruistic trait 
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is piggy-backed on an essential gene, a mutation that causes selfish 
behavior is unlikely to proliferate, because the essential function would 
also be lost.

Exactly how important this might be in social traits is unknown, 
because we know the genetic underpinnings for comparatively few traits. 
There are a couple of genes having an impact on altruism in D. discoideum 
that could be maintained through pleiotropy, however. They are from 
very different parts of the genetic landscape underlying altruism in D. 
discoideum. One is a cell adhesion gene, and the other is involved in the 
differentiation-inducing factor (DIF-1) signaling system.

Cell adhesion is an essential part of the social process because it is 
how the multicellular group stays together (Kessin, 2001). Variation in 
adhesion can have an impact on cell fate, because the cells at the front 
of the slug become stalk and the cells in the back three-quarters or so 
become spore (Bracco et al., 2000). One way of increasing the likelihood of 
becoming spore could therefore be to have reduced adhesion to the other 
cells and to slip back in the slug (Ponte et al., 1998; Queller et al., 2003). 
The knockout of the cell adhesion gene csaA has just this effect. When 
csaA is knocked out, adhesion is reduced. On agar, this has the impact 
of increasing the knockout’s frequency in the spores, presumably because 
reduced adhesion allows it to slip out of the stalk-forming tip (Ponte et 
al., 1998; Queller et al., 2003). On the more natural substrate of soil, how-
ever, csaA knockouts apparently do not hold together enough to get into 
aggregations. It is therefore no surprise that the csaA gene continues to 
be expressed normally and that cheater knockouts have not prospered.

Another gene that could be a cheater were it not for pleiotropic effects 
is dimA (Foster et al., 2004). This gene was isolated in a screen of REMI 
mutants that are unresponsive to DIF-1, a small molecule that forces 
some cells to become stalk (more on this later). In chimeras with WT, 
dimA knockouts predominate in the prespore zone, presumably because 
they are insensitive to DIF (Thompson et al., 2004). Ultimately, however, 
they are in a minority in the actual spores. This could be true if they trans-
differentiate from prespore cells to prestalk cells later in development, 
and this was shown to be the case (Foster et al., 2004). We interpreted 
this to be the result of another unknown function of dimA, an essential 
function that made the knockouts worse spore cells. This is another case 
in which pleiotropy inhibits the spread of a cheater.

Control of Cheating by Lottery

When two or more individuals take unequal roles in a social interac-
tion, with one being the recipient and the other being the beneficiary, 
conflict can result. One way of controlling this conflict is if the partners 
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do not know which role they will assume on entering the interaction. A 
human equivalent is called the veil of ignorance (Rawls, 1971), and it calls 
for resource allocation between partners by someone who does not know 
which lot he or she will get. A familiar example is the common family 
situation of dividing up a cake. If the child cutting the pieces does not 
get to decide which piece he or she gets, under the veil of ignorance 
model, he or she will be more likely to make the pieces equally sized. 
Cheating could be controlled in D. discoideum if there were a lottery to 
become spore based on the cell cycle.

The D. discoideum cell cycle has a very short G1 phase; thus, imme-
diately after the mitosis (M) phase, cells enter the synthesis (S) phase and 
cytokinesis occurs during the S phase (Weijer et al., 1984). Therefore, in a 
population, the cells in S and early growth after synthesis (G2) phases tend 
to be the smallest cells with the fewest nutrient reserves. An experiment 
on a thin layer of cells not touching other cells, followed with videog-
raphy, indicated that stalk cells were most likely to arise from cells that 
happened to be in the S or early G2 phase of the cell cycle at the time of 
starvation, whereas cells that happened to be in the late G2 phase became 
prespore (Gomer and Firtel, 1987). A variety of other experiments have 
also shown this (Araki et al., 1994; Azhar et al., 2001). If weaker cells are 
more likely to become stalk, this makes sense, because recently divided 
cells would have fewer nutrients. This cell cycle lottery system fits the 
veil of ignorance model. As cells encounter less and less food, however, 
it could be that those dividing earlier than others are selected against 
because these cells will be in the stage that sends them to stalk.

Another interesting result of this paper (Gomer and Firtel, 1987) sug-
gests that delaying cell division may not be necessary for a cell to avoid 
becoming a stalk cell. This result was derived from careful observation 
of the fate of sister cells through videography. Every time a cell divided, 
one sister cell became prestalk or prespore according to the above musi-
cal chairs lottery mechanism, whereas the sister cell became a null cell, a 
third cell type that stained with neither prespore nor prestalk markers 
(Gomer and Firtel, 1987). The fate of these null cells is unclear. These null 
cells could become pstO, because that region of the slug also did not stain 
with prespore or prestalk markers. This region can be viewed as the most 
flexible area, with cells in that region remaining pstO on exposure to DIF, 
and perhaps becoming prespore otherwise. These interesting results 
remain controversial, however, and should be followed up on carefully 
(Shaulskyand Loomis, 1993; Jang and Gomer, 2011).

If a recently divided cell becomes stalk because it is smaller and 
weaker, cell division could be disfavored as starvation approached for 
this social reason. Under normal circumstances, however, amoebae 
will be selected to eat and proliferate as rapidly as possible. These two 
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counterforces might achieve a compromise that could support altruism 
under a wide variety of conditions in D. discoideum, if one of two recently 
divided cells becomes stalk and the other becomes spore. This scenario 
is consistent with the data.

CONTROL OF CONFLICT BY POWER

We began the section on control of cheating with a discussion of 
social contracts and defined cheating as the violation of those contracts. 
In this case, we mean evolved contracts that favor the evolution of coop-
eration. One form of contract may be that the stronger individuals take 
the best roles. Here, we explore the evidence for this idea in D. discoideum.

First-Strike Power

One of the most common determinants of whether an individual in a 
social interaction becomes the altruist or the beneficiary is that individual’s 
relative strength, or ability to prevail in a contest. Such contests under 
social and cooperative circumstances may look very similar to contests 
between nonsocial organisms for scarce resources such as good territo-
ries. The difference is that if the contest is between relatives, or mutually 
dependent individuals, after the contest is decided, the loser may acqui-
esce and go to work for the winner. Such contests can be valuable for 
all concerned, particularly if weaker individuals that lose contests are 
more effective in taking on the helping role than they would be with the 
winning, reproductive role.

How do we evaluate power in D. discoideum interactions? In some 
ways, all predictors of fate also involve power. The lottery system has 
a power element, because cells that recently divided may be weaker and 
go to stalk. If becoming a spore cell is competitive, the first amoebae to 
depart from growth and binary fission and enter the social stage may 
get a head start on preparing their weapons. Under this hypothesis, the 
first to starve would become spore. That this is the case has been very 
nicely demonstrated in both an experiment that manipulates timing 
of starvation in genetically identical cells and an experiment that uses 
an aggregation-initiation knockout. In the first experiment, cells were put 
into nutrient-free medium 4 hours apart. Those with the 4-hour head 
start in the social stage preferentially became spores (Kuzdzal-Fick et 
al., 2010). The other experiment used a knockout that was incapable of 
initiating aggregation but was capable of responding to the initial signal 
from others and relaying it (Huang et al., 1997). In this case, the single 
cell initiating aggregation became a spore.
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Glucose Feeding, Condition, and Power

Power based on condition has also been studied directly by making 
chimeras of cells that were well fed with cells that were poorly fed. This 
was done by varying the amount of glucose in the medium of axenically 
grown cells. The cells fed with glucose were more likely to become spore 
than the glucose-starved cells (Leach et al., 1973). This effect holds with 
other metabolizable sugars and is absent with other sugars (Takeuchi et 
al., 1986). This is strong support for the hypothesis, but there could be 
something special about sugars; thus, we repeated this experiment with 
a glucose treatment and added another treatment to separate cells. In 
this treatment, we stressed the cells by growing them in a more acid pH 
than usual (Castillo et al., 2011). We affirmed the weakening effects of 
both treatments by documenting that they increased doubling times in 
the solitary stage. As expected, both acid-stressed and glucose-starved 
cells ended up preferentially in the stalk. Both treatments also made 
fewer spores when grown alone, however; thus, the chimera results are 
not attributable to competition alone (Castillo et al., 2011).

DIF-1 and Power

One of the delights in working with a microbial system is the acces-
sibility of mechanisms. Whether a cell becomes spore or stalk is medi-
ated by DIF-1, a small, secreted, chlorinated alkyl phenone (Kay, 1998). 
Stronger cells that are immune to its effects at biological levels produce 
DIF-1. Weaker cells can break it down but become stalk cells from its 
impact, mostly ending up in the lower cup or the basal disk, both of 
which are dead parts of the stalk (Thompson and Kay, 2000a,b). DIF-1 
is unlikely simply to be a signal rather than a mediator of competition 
for several reasons. Signals are unlikely to include chlorine, something 
that is common for poisons. Levels of DIF-1 in the slug are about 62 nm 
(Kay, 1998), which is high, given that it can be lethal at concentrations as 
low as 200 nm (Masento et al., 1988). Signals have receptors and poisons 
do not, and no receptor has ever been found for DIF-1. Its small, toxic 
nature is just what might be expected of a poison (Atzmony et al., 1997). 
Unlike most morphogens, it is distributed evenly through the social 
stage and varies on its cell-specific impact (Kay and Thompson, 2009; 
Chattwood and Thompson, 2011; Parkinson et al., 2011). In some respects, 
it is a tame poison, incorporated into social life to mediate condition in 
a homogeneous mixture into different cell fates.

The condition variants resulting from position in the cell cycle or glu-
cose feeding are tied to DIF-1 levels with weaker, more recently divided 
cells more vulnerable to DIF-1. There are single-gene knockouts with an 
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impact on cell cycle and nutritional responses that further support the 
involvement of DIF-1, in a story nicely summarized by Chattwood and 
Thompson (2011). Cells that have rtoA knocked out lose the specificity 
toward stalk of the M and/or S cell cycle phase, producing fruiting bod-
ies that are mostly stalk with tiny spore heads (Wood et al., 1996). This 
has been shown to be the result of high intracellular calcium, which has 
independently been shown to bias cell fate toward stalk (Baskar et al., 
2000; Azhar et al., 2001; Chattwood and Thompson, 2011). Cells with 
high intracellular calcium are far more sensitive to DIF-1 (Schaap et al., 
1996; Baskar et al., 2000). A similar story can be told with a gene that 
links nutritional status to cell fate, a D. discoideum homolog of the human 
retinoblastoma gene, rblA (MacWilliams et al., 2006; Chattwood and 
Thompson, 2011). Knockouts of rblA are hypersensitive to DIF-1 and 
preferentially become stalk.

Other work by Thompson and colleagues (Parkinson et al., 2011) has 
shown that the patterns linking DIF-1, or more generally stalk-inducing 
factors (StIFs), are also important in spore-stalk hierarchies of natural 
clones. These hierarchies are based on whether clones become spore 
or stalk when mixed pairwise with other clones (Fortunato et al., 2003a; 
Buttery et al., 2009). They separately evaluated response to and produc-
tion of StIFs and found a threefold difference in production and a 15-fold 
difference in response; the latter was most powerful in explaining the 
hierarchy observed in natural clones (Parkinson et al., 2011). Thus, we 
know a satisfying amount about how power affects cell fate through 
DIF-1. There is more to learn, however, particularly because cheating 
can result from knocking out so many different genes (Santorelli et al., 
2008). This led to another general approach to identifying resistance 
genes.

Genetic Control of Cheating by Noble Resistors

The evolution of resistance to cheater genes may limit their spread. 
To test this idea, we selected for resistors of cheater genes. We took one 
cheater, chtC, and exposed a pool of REMI mutants to it over successive 
rounds (Khare et al., 2009). We allowed selection of the REMI pool but 
not of the chtC knockout. We did this by removing the G418 resistance 
from the chtC clone so that we could kill it at each round, leaving the 
mutants we were selecting intact. We then simply added back in the 
naive chtC clone for the next round. This process resulted in a number of 
mutants that were resistant to chtC knockouts and could not be cheated by 
it. Interestingly, they were not cheaters of their ancestor; thus, we called 
them noble resistors (Khare et al., 2009).
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SOCIAL GENES, ARMS RACES, AND THE RED QUEEN

Cheating and countering cheating are social processes that we 
predict will result in rapid evolution in the underlying genes. Our test 
of this hypothesis used the newly sequenced species D. purpureum and 
compared it with D. discoideum (Sucgang et al., 2011). Unfortunately, this 
is not an ideal pair of species because their proteins are as diverged as 
those of humans and fish. This means that silent amino acid changes 
(ds) are saturated, and thus are not useful in comparisons. Instead, we 
compared homologs; rates of amino acid change; and conservation scores, 
a measure of similarity that includes indels. We used two sets of social 
genes for comparisons. The first set was the 100 or so REMI mutants 
that cheated their ancestors when mixed equally with them (Santorelli 
et al., 2008). These genes did not show more rapid evolution, and thus 
failed to support our hypothesis that social genes evolve more rapidly.

The second set of genes we used was based on a social index, 
which was higher when a gene was more expressed in the social stage 
compared with the nonsocial stage. In this analysis, the more social 
genes had a lower probability of having homologs, an elevated rate of 
amino acid change, and a lower conservation score, supporting our 
hypothesis (Sucgang et al., 2011). The result could also be attributable 
to weaker purifying selection on social genes, however, and a better 
analysis would be between more closely related species.

OTHER ARENAS FOR COOPERATION: MUTUALISMS AND SEX

No review of social behavior of D. discoideum would be complete with-
out mentioning two very exciting areas for future study. The sexual cycle 
is also a social cycle but has been studied very little. The other area is the 
discovery of a farming mutualism between D. discoideum and bacteria. 
This opens up the opportunity for studies of between-species symbioses.

Sexual Cycle Has Social Elements That Involve the Ultimate 
Sacrifice

The sexual cycle is triggered by starvation in the presence of sufficient 
numbers of other amoebae under wet, phosphate-poor conditions and 
begins with aggregation to cAMP (Bonner, 1967; Kessin, 2001). Two cells 
of different mating types fuse, forming a diploid zygote. The amoeba 
stage is ordinarily haploid and divides by mitosis; thus, no reduction 
division is necessary before sexual fusion. Aggregation does not cease 
with the formation of a diploid zygote (Urushihara, 1992; Ishida et al., 
2005). Other amoebae continue to swarm in by the thousands, up the 
cAMP gradient. The zygote proceeds to consume the other cells by 
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phagocytosis. The pace of consumption is slowed to a level that allows 
the waiting victim amoebae to construct an envelope around the aggrega-
tion, and this slowing is also regulated by cAMP. After a time, there is a 
firm wall around the zygote and its victims, and the latter are consumed 
and digested. Recombination and crossing over then happen, the zygote 
undergoes meiosis, and many recombinants are formed.

In a major recent advance, the sex-determining locus was identified 
and the presence of three mating types was confirmed, clearly establish-
ing the genetic basis of sex (Bloomfield et al., 2010). The sexual cycle is 
somewhat of an enigma because it rarely leads to recombinant progeny 
under laboratory conditions (Kessin, 2001), but estimates of recombina-
tion rates of natural clones indicate they are very high, with a population 
r of 37.75 and baseline linkage disequilibrium achieved between 10 and 
25 kb (Flowers et al., 2010). Getting the system to work in the laboratory 
would open up many interesting social questions to investigation. For 
example, we could select for social traits in sexually recombined pools 
and look for quantitative trait loci associated with social traits.

D. discoideum Farms Bacteria

There is another reason why D. discoideum is particularly good for 
studies of cooperation: mutualism. The standard view of the social stage 
of development is that all bacteria are purged from the aggregate (Kessin, 
2001). There are known mechanisms for this that function at different 
stages, from mound, to slug, to final fruiting body. The sorus is consid-
ered to be sterile apart from the D. discoideum spores. Very recently, we 
discovered that this is not the case for about one-third of all clones 
(Brock et al., 2011). These clones carry bacteria with them through the 
social stage like a farmer might bring a flock of sheep to a different pas-
ture. These bacteria are found within the fruiting body. When the spores 
hatch after favorable growing conditions have been encountered, they 
can feed on the proliferating population of the bacteria they brought. 
These farmed bacteria are better food than most wild bacteria. This farm-
ing mutualism is highly amenable for study, because all partners are 
microbial, advantages are clear, and the relationship is not obligate, at 
least at the species level. This discovery adds between-species coopera-
tion to the things that can be studied about D. discoideum.

CONCLUSION

The ultimate advantage to an ideal model organism is what you 
can learn from it. In D. discoideum, we have shown that conflict exists in 
the form of shorter stalk lengths, reduced migration distances, and cheat-
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ing to avoid the sterile caste. We have delineated cheating into fixed, 
facultative, and social parasite forms. We have shown that cheating can 
be controlled by high relatedness, kin discrimination, pleiotropy, or lot-
teries. We have shown that conflict can be controlled by conventions and 
power. The first cells to starve become spore, as do stronger cells. A small, 
toxic molecule called DIF-1 mediates social interactions. We and others 
have backed up much of this work with specific genes and knockouts. 
Further whole-genome outcomes are on the horizon, as is a much more 
detailed understanding of kin discrimination. Frontiers include the 
farming symbiosis and exploration of the sexual cycle. Clearly, this is a 
system that has yielded many important secrets about the cooperative 
side of major transitions.

ACKNOWLEDGMENTS

We thank John Avise and Francisco Ayala for inviting us to help 
organize the Arthur M. Sackler Colloquium on Cooperation. We thank 
many colleagues for helpful discussions of these points, especially Sandie 
Baldauf, Koos Boomsma, Kevin Foster, Richard Gomer, Ashleigh Griffin, 
Rob Kay, Richard Kessin, Adam Kuspa, Gene Robinson, Gadi Shaulsky, 
Chris Thompson, Greg Velicer, and Stuart West as well as our own 
laboratory group. Our research is supported by the U.S. National Science 
Foundation under Grants DEB 0816690 and DEB 0918931.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


213

Genomes are vulnerable to selfish genetic elements (SGEs), which enhance 
their own transmission relative to the rest of an individual’s genome 
but are neutral or harmful to the individual as a whole. As a result, genetic 
conflict occurs between SGEs and other genetic elements in the genome. There 
is growing evidence that SGEs, and the resulting genetic conflict, are an 
important motor for evolutionary change and innovation. In this review, 
the kinds of SGEs and their evolutionary consequences are described, includ-
ing how these elements shape basic biological features, such as genome struc-
ture and gene regulation, evolution of new genes, origin of new species, and 
mechanisms of sex determination and development. The dynamics of SGEs are 
also considered, including possible “evolutionary functions” of SGEs.

The idea that some components of the genome can be “selfish” or 
“parasitic” has a long and controversial history. The first recogni-
tion that a gene could increase in frequency by imparting a drive 

relative to its homolog came with the description of X-chromosome 
meiotic drive dynamics in Drosophila obscura by Gershenson (1928). Later, 
Östergren (1945) investigated accumulation of supernumerary (extra 
nonvital) “B” chromosomes in plants and made the first explicit argu-
ment that some genetic material in an organism can be “parasitic.” 
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These observations and their evolutionary implications were not widely 
known among biologists, however, in part because meiotic drive and 
supernumerary chromosomes were perceived as genetic peculiarities 
rather than important general phenomena. Three parallel threads then 
set the stage for more serious considerations of selfish genetic elements 
(SGEs) and genetic conflict ideas. First, empirical and conceptual devel-
opments in genetics and evolutionary biology led to wider acceptance 
of a gene-centric view of evolution (Dawkins, 1976c; Williams, 1996). 
Noteworthy in this regard was Dawkin’s (1976) influential book entitled 
The Selfish Gene, which described genes as “selfish replicators” encoding 
phenotypes that increase their transmission to future generations and 
organisms fundamentally as “vehicles” for the transmission of genes. 
Second, rapid advances in molecular biology began to reveal that many 
eukaryotic genomes contain large amounts of repetitive DNA without 
any clear function, although their potential role within the genome was 
the subject of much speculation (Britten and Davidson, 1971). Seminal 
papers by Doolittle and Sapienza (1980) and Orgel and Crick (1980) 
first proposed that repetitive DNA could be considered parasitic or 
selfish replicators. Cosmides and Tooby (1981) explicitly introduced 
the concept of genetic conflict between nuclear and cytoplasmic (e.g., 
mitochondrial) elements over sex determination. The idea of SGEs 
and genetic conflict remained highly controversial, however, and a 
counterview was that such elements exist because they play important 
regulatory roles in cells and in evolution. Third, an increasing number 
of genetic studies began to uncover non-Mendelian and other elements 
within diverse organisms that appeared to have “self-promoting” 
features that cannot simply be explained as adaptations for the organ-
ism. These included discoveries of meiotic drive in diverse organisms; 
heritable elements, such as killer plasmids; and a genome-eliminating 
supernumerary chromosome that was an unequivocal example of a 
nonadaptive self-promoting replicator (Nur et al., 1988).

Werren et al. (1988) published the first general review of selfish or 
parasitic genes and defined an SGE as an element that has characteristics 
enhancing its own transmission relative to the rest of an individual’s 
genome but neutral or detrimental to the organism as a whole. Examples 
include transposable elements (TEs), meiotic drivers, supernumerary 
B chromosomes, postsegregation killers, and heritable microbes and 
organelles that distort sex determination. In 1988, the idea that ele-
ments in the genome could be parasitic was still contrary to prevailing 
opinions of many molecular biologists, who viewed the cell and organism 
as a highly integrated machine, and therefore considered the idea that 
components of the cell could be maintained because of their selfish 
replication as a bizarre and foreign concept. In contrast, the SGE model 
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is a more “ecological” view that considers the genome as a set of genetic 
elements with potentially different kinds of interactions, ranging from 
cooperative (mutualistic), to neutral (commensal), to selfish (parasitic) 
(Avise, 2001). According to this paradigm, genetic conflict can arise 
among components of the genome that have different transmission pat-
terns (e.g., transposons, nuclear genes, cytoplasmic genes), and therefore 
conflicting genetic interests. The basic idea is as follows: When compo-
nents of the genome have different transmission patterns, selection can 
act on an element to increase its transmission even if that is detrimen-
tal to the organism and/or other heritable components of the genome. 
Genetic conflict within the genome will then result, because enhanced 
transmission of an SGE decreases transmission of other genetic elements. 
An evolutionary “arms race” can then occur among different components 
of the genome over basic biological processes.

Werren et al. (1988) raised three basic questions about SGEs that 
are still the subject of study today: (i) What are their origins, (ii) how are 
SGEs maintained, and (iii) are SGEs important in evolution? Regard-
ing this last question, they concluded that “selfish elements, and the 
‘intragenomic conflict’ they create, may be an important force pro-
moting evolutionary change. However, this possibility has not been 
demonstrated conclusively in any system” (Werren et al., 1988). They 
further observed that the pace of understanding of SGEs “is expected 
to accelerate with the application of molecular cloning techniques” 
(Werren et al., 1988). Subsequent advances have eclipsed this expec-
tation. What has occurred in the intervening years is the genomics 
revolution, a veritable explosion of information and techniques that 
have begun to open the “black box” of genome structure, function, 
and evolution. Today, there are over 1,000 bacterial genomes and over 
100 eukaryote genomes sequenced, with the numbers growing almost 
daily (http://www.ebi.ac.uk/genomes/). These data and advances in 
genetic techniques have helped reveal how genomes evolve and func-
tion. The story that is emerging increasingly supports a central role 
of SGEs in shaping structure and function of genomes and in playing 
an important role in such fundamental biological processes as gene 
regulation, development, evolution of genetic novelty, and evolution 
of new species.

Here, I describe the conceptual framework for SGEs and genetic 
conflict as well as their types, and I then discuss developments that 
reveal the role of SGEs in important biological processes. There are 
several common themes to the topic that are briefly listed here and 
elaborated on below:
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(i) Antagonistic selection occurs between SGEs and other genome 
components, and this can lead to evolutionary change and novelty.

(ii) Sexual recombination and lateral movement between lineages 
is important to SGE maintenance and evolution.

(iii) Many genetic elements have mixed phenotypes with a combina-
tion of parasitic and beneficial features.

(iv) SGEs can also lead to an “evolved dependency” by the host, 
which has the appearance of mutualism but is not.

(v) SGEs can occupy “safe havens” within the genome, where their 
negative effects are mitigated or they are less likely to be excised or 
repressed.

(vi) SGEs can be “domesticated” or “co-opted” by genomes, result-
ing in the evolution of novel genes and functions.

I will end the paper with a discussion of “why” SGEs persist in 
nature and contrast the evidence and predictions for the view that 
SGEs persist because of their ability to replicate within genomes (the 
parasitic hypothesis) vs. the view that they persist because they pro-
mote the ability of populations to adapt and evolve (the “evolvability” 
hypothesis).

TYPES OF GENETIC CONFLICT

Genetic conflict occurs when different genetic elements (either 
within an individual or between individuals) have influence over the 
same phenotype, and an increase in transmission of one element by its 
phenotypic effects causes a decrease in transmission of the other. Not 
included in this definition are population changes in allele frequency 
at a locus, unless they result from antagonistic selection acting on the 
alternative alleles for the shared phenotype (Rice and Holland, 1997; 
Frank and Crespi, 2011). An example will illustrate the point. A meiotic 
drive allele reduces the nondriving allele among the gametes of hetero-
zygous individuals; therefore, these alternative alleles (and tightly linked 
loci) experience antagonistic selective pressures over the phenotype (one 
is selected to drive and the other to suppress the drive).

Genetic conflicts historically have been divided into “intragenomic” 
conflict, which occurs within the genome of an individual, and “interge-
nomic” conflict, which occurs between individuals (e.g., male-female or 
sexual conflict, parent-offspring, social conflict) (Cosmides and Tooby, 
1981; Werren et al., 1988; Hurst et al., 1992; Rice and Holland, 1997; 
Hurst and Werren, 2001; Burt and Trivers, 2006) (Fig. 10.1). Because the 
term “genome” is often used to include the sum of DNA across individuals 
within a species, however, less confusing terms to distinguish these levels 
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may be “intraindividual” conflict and “interindividual” conflict, because 
these terms distinguish genetic conflicts within individual organisms (e.g., 
for transmission through gametes) as opposed to between individuals 
(e.g., male-female or parent-offspring conflict over reproductive effort). 
Fig. 10.1 shows several kinds of conflict that can occur within and between 
individuals. At one end of the spectrum are genetic conflicts between 
mobile elements (e.g., transposons), which are generally selected to trans-
pose within a genome, and Mendelian components of the nuclear genome, 
which are selected to suppress transposition because of fitness costs to the 
individual. Evidence of this conflict includes diverse mechanisms that 
have evolved to restrain transposition (Johnson, 2007). Similarly, cyto-
plasmically inherited and nuclear inherited elements experience genetic 
conflict, primarily over sex determination, because of their differences in 
transmission through male sperm and female eggs (Cosmides and Tooby, 
1981; Werren and Beukeboom, 1998). As indicated in Fig. 10.1, intercel-
lular conflict can occur when heritable differences arise within the cell 
lineages of an organism by de novo mutation or unequal transmission of 

FIGURE 10.1 Types of genetic conflicts. Genetic conflicts can be categorized as 
intraindividual (or intragenomic) and interindividual (or intergenomic). Intra-
individual conflicts occur among genetic elements with different inheritance 
patterns (e.g., cytoplasmic genes; nuclear genes; X, Y, and autosomally located 
genes; mobile elements). Intraindividual conflict also arises among cells within 
an organism that are genetically different because of de novo mutations or 
transpositions (*) or heteroplasmy attributable to unequal segregation. Genetic 
conflicts also occur between individuals, including parent-offspring, sexual, or 
social conflict. Paternal-maternal genome interactions within offspring have 
features of both intraindividual and interindividual conflict.
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heritable organelles or microbes into daughter cells. It has been argued 
that development has been molded to minimize such conflicts by unipa-
rental inheritance of organelles, metazoan development from single cells, 
and germline sequestering (Cosmides and Tooby, 1981; Maynard Smith 
and Szathmáry, 1995, p 360). At the other end of the spectrum are conflicts 
between individuals, such as parents, offspring, mates, or members of 
social groups, over phenotypes they jointly influence, such as resource 
use. Nature is not always as clean as our paradigms, and there is at least 
one category of genetic conflict that has features of both intraindividual 
and interindividual conflict, that is, paternal-maternal genome conflicts 
over resource allocation. This form of conflict is manifested as genomic 
imprinting of alleles during male and female gametogenesis, which dif-
ferentially affects their expression in offspring (Haig, 2000b).

TYPES OF SGES AND THEIR CONSEQUENCES

Here, we have a rogue’s gallery of the genome. SGEs can be placed 
into the following broad categories (Werren et al., 1988; Hurst and 
Werren, 2001; Burt and Trivers, 2006): TEs, biased gene converters, meiotic 
drivers, postsegregation drivers, and cytoplasmic drivers. These elements 
act to increase their own transmission to the detriment of other compo-
nents of an individual’s genome. This does not mean that such elements 
cannot have positive long-term evolutionary consequences, and some of 
the elements in this list can have both selfish and beneficial components.

Transposons and Other Mobile Elements

Mobile elements include plasmids, endogenous viruses, and TEs. TEs 
have the ability to copy and move to new locations within the genome; as 
a consequence, they can accumulate. Doolittle and Sapienza (1980) and 
Orgel and Crick (1980) first proposed that they can be considered SGEs, 
and this view is now widely accepted (although see below). TEs fall into 
two main categories: DNA transposons move via DNA copies, and ret-
rotransposons use an RNA intermediate (Kidwell and Lisch, 2001). TEs 
can also be autonomous (encoding proteins that promote their transposi-
tion) or nonautonomous (not encoding proteins needed for transposition 
but using the cellular machinery or proteins provided by other TEs). An 
interesting category of mobile elements is group I and II self-splicing 
introns (Lambowitz and Zimmerly, 2004), which can be tolerated in the 
typically streamlined genomes of prokaryotes and organelles because 
self-splicing restores functional open reading frames in genes with the 
inserts, thus reducing negative fitness costs. Although group II introns 
are not found in eukaryotes, shared features with the spliceosome of 
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eukaryotes have led to the proposal that the spliceosome machinery 
and eukaryotic introns evolved from group II introns (Lambowitz and 
Zimmerly, 2004). If correct, this hypothesis implies that acquisition of 
the spliceosome machinery to remove mobile group II introns set the 
stage for evolutionary expansion of introns in the genomes of higher 
eukaryotes.

In bacteria, the amount of mobile DNA ranges from 0% to 21% 
and varies with bacterial ecology rather than phylogeny (Newton and 
Bordenstein, 2011)—bacteria with greater exposure to other bacterial 
lineages show higher levels of mobile DNA. This suggests that oppor-
tunities for lateral acquisition, rather than benefits to the host, explain 
relative abundances of these elements. It is also clear, however, that 
mobile elements in bacteria (e.g., plasmids) can encode proteins that 
increase survival of their bacterial hosts, such as antibiotic resistance 
(Smillie et al., 2010). Evidence suggests that mobile elements in bacteria 
can be maintained by a combination of selfish features that promote 
their acquisition and retention in bacterial genomes and (in some cases) 
beneficial effects on their bacterial hosts. Very large plasmids tend to 
become immobile and carry important bacterial functions, indicating 
their evolution to mutualism (Smillie et al., 2010).

In eukaryote genomes, the abundance of TEs can vary widely (Biémont 
and Vieira, 2006). For example, ~40% of the human genome is composed 
of TEs, whereas only 3% of the pufferfish genome is (Blumenstiel, 2011). 
Plants vary similarly. As a result, TEs and other repetitive DNA can be 
major determinants of genome size within taxa (Bennetzen, 2005). TEs also 
vary considerably in the taxonomic breadth of their distribution (Feschotte 
and Pritham, 2007; Schaack et al., 2010a). Around 10 different DNA TE 
superfamilies are currently recognized (Feschotte and Pritham, 2007), and 
many show a broad host taxonomic distribution and signature of lateral 
transfer between taxa. There is evidence that poxviruses have vectored 
retroposons between reptiles and mammals, and members of four DNA 
TE families are found in both vertebrates and blood-sucking triatomid 
bugs, suggesting possible mechanisms for intertaxon transfers. A study 
in Drosophila genomes finds that approximately one-third of TE families 
originated from recent interspecies lateral transfers, with an estimated 
transfer rate of 0.04 events per family per million years (Bartolomé et 
al., 2009). In fact, lateral movement across host taxa is believed to be 
an important mechanism for long-term maintenance of TE families. The 
rationale is that evolutionary suppression of TEs by the host will lead to 
their eventual mutational degradation and loss, except for TEs that move 
laterally to “infect” and invade new hosts.

Although many active TEs have relatively short evolutionary asso-
ciations with particular hosts, some can be maintained for long evolu-
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tionary time frames in a lineage because they occupy (or target) a safe 
haven within the genome. Safe havens are genome locations with either 
reduced fitness costs to the host or where hosts cannot readily remove 
the insert or evolve countermeasures. R1 and R2 retroelements appear 
to use a safe haven. They insert into highly conserved segments of the 
ribosomal RNA genes subject to strong selective constraint (Eickbush 
and Eickbush, 2007). Ribosomal RNA genes typically occur in large 
tandem arrays in eukaryotes; therefore, an insertion into any single copy 
has relative low fitness costs and new uninserted ribosomal RNA copies 
are continually produced by unequal chromatid exchange. These features 
probably explain why R1 and R2 elements have been maintained within 
lineages over long evolutionary timescales despite little evidence of fit-
ness benefits or lateral element transfer (Eickbush and Eickbush, 2007).

TEs are known to induce harmful effects through various mech-
anisms, including insertions that disrupt coding sequences or cis-
regulation regions, ectopic recombination between TE copies resulting in 
deletions and rearrangements, and the costs of transcription and trans-
lation of large numbers of TEs (Charlesworth et al., 1994; Kidwell and 
Lisch, 2001; O’Donnell and Burns, 2010). As a result, there has been strong 
selection on plant and animal genomes to evolve machinery to suppress 
TE activity, including DNA methylation suppression, repeat-induced 
point mutation in fungi, RNAi, and small RNA suppression pathways 
(Johnson, 2007; Blumenstiel, 2011). These mechanisms could have origi-
nally evolved for suppression of TEs and other exogenous DNA, and 
have subsequently acquired gene regulatory functions. In Drosophila 
melanogaster, the flamenco locus is a large genomic region containing TE 
insertions that is used by the piwi-interacting RNA (piRNA) pathway 
to suppress active TEs dispersed elsewhere in the genome. In plants, 
suppression of TEs can involve small noncoding RNAs that assist in 
transcriptional and posttranscriptional silencing and guide target-
ing of TEs for DNA methylation inactivation (Cantu et al., 2010). By 
increasing rates of CG-to-TA mutation, DNA methylation of TEs also 
accelerates their mutational degradation. Neurospora shows targeted 
repeat TE degradation by this mechanism. One side effect of their very 
efficient repeat elimination is that the maintenance of gene duplica-
tions is difficult in Neurospora, thus affecting its evolutionary trajectory 
(Johnson, 2007). DNA methylation suppression of TEs occurs in both 
animals and plants and has been invoked as a likely preadaptation 
for evolution of the placenta and genomic imprinting in mammals 
(Suzuki et al., 2007; Sekita et al., 2008).

Given the ubiquity and abundance of TEs, it is inevitable that some 
will be recruited by genomes for new cellular functions [reviewed in 
Feschotte and Pritham (2007), Feschotte (2008), and Sinzelle et al. (2009)]. 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Selfish Genetic Elements, Genetic Conflict, and Evolutionary Innovation / 221

This is variously referred to as “domestication,” “co-option,” or “exapta-
tion.” Classic examples include the utilization of TART and HetA TEs 
for telomeres in drosophilid flies and the likely origin of V[D]J recombi-
nation (used in vertebrates to generate immunoglobin diversity) from 
mariner-TC1 family TEs. New and exciting discoveries further indicate 
that domestication of TEs is important in the evolution of genomes, 
such as the evolution of new protein-coding genes (including regulatory 
DNA binding factors), cis-regulatory sequences, and regulatory small 
RNAs from TEs (Feschotte and Pritham, 2007; Feschotte, 2008; Sinzelle 
et al., 2009). Both the DNA binding and catalytic domains from the 
transposase genes of DNA TEs have been involved in domestication 
events in animals, plants, and fungi. The SETMAR gene in primates is 
a chimera derived from fusion of a mariner-like element with the SET 
domain from a histone methyltransferase gene 40–58 million years ago 
(Feschotte, 2008; Sinzelle et al., 2009). Its function is unknown but possi-
bly involved in DNA repair. Widely distributed TEs have been involved in 
independent domestication events in diverse taxa, such as Pogo elements 
in both mammals and fission yeast (Sinzelle et al., 2009). Intriguingly, 
a number of regulatory DNA binding proteins appear to have evolved 
from the DNA binding domains of TEs, such as PAX6 (sensory develop-
ment in metazoans), CENP-B (centromere function in vertebrates), and 
Bric-a-Brac (tissue development in insects). Feschotte (2008) reports that 
at least seven key DNA binding proteins probably evolved from TEs 
in taxa ranging from plants and fungi to metazoans. Retrogenes occur 
when host mRNA is reverse-transcribed and inserted into the genome. 
The process is dependent on RT proteins from retroelements. Retrogenes 
have been stripped of introns and usually degenerate as pseudogenes. 
They have also evolved into new functional genes (e.g., ~109 examples 
in the genome of Populus), however, and have acquired introns in some 
cases (Fablet et al., 2009; Zhu et al., 2009).

Although the vast majority of TEs that insert near or in protein-coding 
regions are deleterious, mounting evidence indicates that fragments of 
inserted TE DNA have also evolved cis-regulatory or posttranscriptional 
regulatory functions (Feschotte, 2008). Evidence for this includes con-
servation of TE-derived fragments in ~25% of human promoters and 
deeply conserved fragments in cis-regulatory modules of mammals, 
as well as evidence of a regulatory role in some cases. These regulatory 
elements have evolved from ancient insertions of TEs that are no longer 
active in the mammalian lineage. A basic interpretation is that TE inser-
tions provide abundant sequence variation in regulatory regions on which 
selection can act.

In Leishmania, 3′ UTRs are important in posttranscriptional gene regu-
lation. Bringaud et al. (2007) found evidence of accumulation of fragments 
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from a now inactive family of retrotransposons in the UTRs of some 
predicted mRNAs, and further found that these genes showed lower-
than-average mRNA levels. The pattern is suggestive of a possible evo-
lution of a regulatory function. Caution is recommended in interpreting 
apparent overrepresentation of TEs near coding genes as an indicator of 
function, however. Elements inserted near protein-coding genes are less 
likely to be deleted because their removal increases the chance of harmful 
consequences to the adjacent gene. Therefore, inserts in these safe havens 
will persist longer, even if they are mildly deleterious. Studies that look 
for possible functional TE insertions based on distributions require null 
hypotheses that consider the mutational spectra (e.g., deletions) tolerated 
in regions of different distance from functional genes. Safe havens adja-
cent to genes also mean that such inserts have more time before deletion 
to evolve into functional cis-regulators, through mutational amelioration 
of their deleterious side effects and refinement of cis-regulatory effects.

Do TEs increase the rate of speciation in their hosts? Nonhomologous 
recombination among TEs can lead to chromosomal rearrangements 
that contribute to chromosomal-based speciation (Kidwell and Lisch, 
2001). TE differences between related species may also contribute to 
reproductive isolation, however; arguing against this scenario is the 
rapidity by which TEs can jump species boundaries, as observed by 
P-elements in Drosophila (Kidwell and Lisch, 2001). Regarding extinc-
tion rates, a comparative study suggests that high TE loads increase the 
probability of extinction in plants, birds, and reptiles but not mammals 
(Vinogradov, 2004). Theoretical treatments indicate that TE activity 
can play a significant role in the extinction of parthenogenetic species 
through mutational load accumulation, particularly in small populations 
(Nuzhdin and Petrov, 2003; Dolgin and Charlesworth, 2006). In larger 
populations, clonal selection will lead to loss of active TEs, assuming 
their effects are mostly deleterious (Dolgin and Charlesworth, 2006). 
Zeh et al. (2009) propose an “epi-transposon” hypothesis that chang-
ing environments can lead to stress-induced breakdown of epigenetic 
suppression of TEs (e.g., methylation, piRNAs), with resulting extensive 
transposition providing new material for rapid adaptive shifts. They 
also note that such transposon release could lead to increased extinc-
tion rates. Alternatively, a changing environment could simply provide 
transient advantages for elevated mutation rates, which TEs can readily 
provide. Although intriguing, there is currently little direct support 
for these ideas.
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Biased Gene Converters

Gene converters are a special class of SGEs that preferentially insert 
themselves into homologous uninserted sites in the genome. The most 
famous of these are the homing endonucleases (HEs) found in bacteria 
and eukaryotes (Stoddard, 2011). HEs are self-splicing group I introns cod-
ing for highly specific endonucleases that cut rare specific sites within 
the genome, typically the uninserted homologous sequence (hence the 
name “homing”). Cellular mechanisms use the inserted sequence and 
homologous flanking DNA as templates for repair, resulting in insertion 
of the HE into the previously unoccupied site. Other HEs actually splice 
out of proteins following translation (“inteins”). HEs are known to spread 
laterally between distant bacterial lineages and appear to maintain strong 
site fidelity. Their self-splicing ability ensures that the protein function 
is not disrupted. Using functionally important regions as insertion sites 
reduces the ability of hosts to evolve resistance to HEs, thus providing 
a “safe harbor.”

Other forms of biased gene conversion have been found in recombi-
nation hotspots in humans through detailed analysis of the products 
of recombination (Jeffreys and Neumann, 2002). The extent to which such 
biased gene conversion can be considered selfish depends on whether 
conversion bias is dependent on the sequence of the putative SGE. There 
is growing evidence in eukaryotes of a general GC gene conversion 
bias in DNA repair of double-strand breaks, resulting in AT/GC hetero-
zygotes producing more GC than AT gametes (Duret and Galtier, 2009). 
Can we therefore consider G and C to be our smallest selfish elements? 
Probably not, because conversion is likely attributable to a general bias 
in using G and C during double-stranded break repair rather than to a 
biased conversion attributable to a specific sequence motif. In any case, 
GC-biased conversion clearly has major consequences for genome 
composition and evolution (Duret and Galtier, 2009).

Meiotic Drivers

Meiosis results in a reduction of the diploid germ cells to haploid gam-
etes. In general, meiosis is “fair,” meaning that the two homologous chro-
mosomes have an equal probability of ending up in functional gametes 
(sperm or eggs). Meiosis creates opportunities for SGEs that can increase 
their transmission relative to a nondriving homolog, however. Meiotic 
drivers are widespread in nature and include such examples as segrega-
tion distorter (SD) in D. melanogaster, X-chromosome drive in many ani-
mals, X and Y drive in plants, knob-containing chromosomes in maize, the 
t-locus in mice, supernumerary or B chromosomes in animals and plants, 
and centromere drive in different organisms (Lyttle, 1991; Camacho et 
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al., 2000; Jaenike, 2001; Malik and Henikoff, 2009; Presgraves, 2009). 
Meiotic drive can take three basic forms. “True” meiotic drive (e.g., 
many B chromosomes, centromere drive) is accomplished by preferential 
segregation to the functional (egg or ovule) pole during gametogenesis. 
Germline overreplication occurs in some B chromosomes and results in 
their increased transmission to gametes. “Gamete killer” drive acts by 
selective elimination or functional disruption of gametes that do not carry 
the meiotic driving element. This latter form is typically found in males 
because they produce an excess of gametes that effectively compete for 
fertilization of eggs. Gamete killing results in increased fertilization of 
eggs by sperm with the driving chromosome from heterozygous males. 
SD illustrates the basic mechanism (Presgraves, 2009). SD is composed 
of two tightly linked loci near the centromere of chromosome 2 of D. 
melanogaster. The distorter locus Sd encodes a partial duplication of the 
gene RanGAP, and the Rsp responder locus contains variable numbers 
of a tandem repeat. WT chromosomes contain a normal copy of Ran-
GAP and higher copy numbers of Rsp. In heterozygotes, WT sperm fail 
to develop properly because of interactions between the variant RanGAP 
(which mislocalizes to the nucleus) and Rsp repeats. A third linked 
locus enhances drive and a number of unlinked loci reduce drive, as 
predicted by conflict theory.

Centromere drive has been proposed as a mechanism for evolution 
of centromeric DNA (Malik and Henikoff, 2009). The basic idea is that 
competition for spindle binding favors expansion of centromere binding 
sequences to promote segregation to the function (egg) pole in meiosis. 
This process could have played an important role in the evolution of chro-
mosome structure and will result in meiotic drive. B chromosomes are 
“extra” chromosomes that are not essential for viability. They are wide-
spread in animals and plants, and many have mechanisms for increasing 
their transmission during gametogenesis, including overreplication in 
germ cells and/or preferential segregation to the egg nucleus rather 
than the polar body (Camacho et al., 2000). Most B chromosomes appear 
to be mildly parasitic, and their maintenance can be readily explained by 
drive mechanisms. Recent studies reveal that B chromosomes in some 
organisms can code for beneficial effects as well, however (Camacho et 
al., 2000). At the other end of the spectrum, the most extreme examples 
of SGEs are the B chromosomes found in haplodiploid insects that persist 
by destroying other chromosomes after fertilization of the egg (Werren 
and Stouthamer, 2003).

Sex chromosome drive is widespread (Jaenike, 2001). As a result 
of evolution of drive repression, however, X drive is often cryptic and 
only revealed in crosses between populations or species. For example, 
there are at least three cryptic X-drive systems in Drosophila simulans 
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alone (Jaenike, 2001). Drive can also be difficult to detect if there is not 
an associated phenotype or linked genetic marker to detect deviation 
from Mendelian ratios. Genomic techniques are now opening new ave-
nues for detecting drive. For example, a recent study in chickens using 
genomewide approaches revealed previously undetected drive around 
the centromere and telomeres of chromosome 1 (Axelsson et al., 2010), 
as predicted by the centric drive model. Such genomewide approaches are 
likely to uncover many more examples of drive in the near future.

The possible role of meiotic drive in speciation has a controversial and 
interesting history. Frank (1991) and Hurst and Pomiankowski (1991) 
first proposed that divergence in X and Y meiotic drive and suppression 
of drive could lead to abnormal gametogenesis and sterility in hybrids. 
They were, in part, attempting to explain Haldane’s rule: the observation 
that when hybrid incompatibilities are asymmetrical, it is usually the het-
erogametic sex (XY males or ZW females) that show hybrid sterility. The 
drive model was vigorously dismissed by leading speciation researchers 
at the time (Coyne, 1992; Coyne and Orr, 1993) for two primary reasons: 
Meiotic drive was considered to be uncommon, and there was lack of 
direct empirical evidence for an association of drive and hybrid steril-
ity. Today, there is mounting evidence in support of a significant role of 
meiotic drive in speciation (N. A. Johnson, 2010; McDermott and Noor, 
2010; Presgraves, 2010). The change in landscape is attributable to the 
discovery that meiotic drive is often cryptic and much more common 
than previously thought and to detailed molecular and genetic studies 
of hybrid incompatibility genes that have revealed or implicated meiotic 
drive. Presgraves (2010) concludes that some form of genetic conflict is 
implicated in ~6 of the 14 hybrid incompatibility genes that have been 
relatively well characterized.

Postsegregation Distorters (PSDs)

A diverse array of PSDs exist, which, when present in an organism, act 
after progeny are produced to reduce the survival/fitness of progeny that 
have lost the driver. Although PSDs have arisen independently in many 
different organisms, a key feature of all PSDs is the involvement of a 
modification-rescue system, also called a toxin-antidote. I use the more 
general modification-rescue terminology because it does not assume 
a particular biochemical mechanism (cell toxicity) as the mode of action. 
A modification occurs in the “parent,” and this modification must be 
rescued in the offspring. If the PSD element is not transmitted to the 
offspring, rescue cannot occur and “harm” will come to the progeny 
(often death).
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Dramatic examples of PSDs are the killer plasmids of bacteria and 
yeast (Frank and Wolfe, 2009). In killer plasmids, the longer persistence 
of the encoded toxin relative to the antidote protein ensures that daughter 
cells die if the plasmid is lost. This acts to prevent both segregation loss 
of the plasmid and its displacement by a competitor plasmid. Restriction-
modification (R-M) systems also have PSD properties (Kobayashi, 2001). 
They are widespread in bacteria and typically involve an enzyme that 
modifies DNA (e.g., by methylation) and a restriction enzyme that will cut 
DNA of a specific sequence that lacks the modification. These were origi-
nally believed to have evolved to provide protection to the cell against 
foreign DNA (e.g., bacteriophages). Kobayashi (2001) has convincingly 
shown that R-M systems also behave as postsegregation killers. R-M sys-
tems located on plasmids are like other PSDs in having a modification 
and rescue. The restriction enzyme protein persists longer in progeny cells 
than does the modification enzyme; therefore, if the plasmid is lost in a 
bacterial daughter cell, the result will be restriction of its DNA and death. 
It has been shown that R-M systems do indeed kill cells that lose them, 
either through segregation or displacement by a different plasmid, thus 
maintaining the selfish R-M system.

The dynamics of PSDs, such as killer and R-M system plasmids, can 
be complex and dependent on population structure (Kobayashi, 2001). 
In general, daughter cell killing only imparts an indirect and weak 
advantage to the progenitor cell lineage unless daughter cells compete 
with each other for resources, in which case the benefits are more direct. 
Therefore, the advantages occur most strongly in structured populations 
where related microbes co-occur. A second advantage of PSDs is preven-
tion of displacement by competing plasmids. Some R-M systems are 
integrated into bacterial chromosomes, and this would seem to limit 
their advantage as postsegregation killers. Recent work shows that 
some integrated R-M systems are associated with TE-like structures that 
could facilitate their lateral movement between bacterial clones, how-
ever (Furuta et al., 2010). PSDs may have been co-opted by bacterial and 
yeast genomes for defense against competitors, viral protection, or other 
phenotypes. For example, killer plasmids share some features with bac-
teriocins in bacteria and diffusible killer toxins in yeast, which can act to 
kill competitor cells lacking the linked modification-rescue mechanism 
(Frank and Wolfe, 2009). Bacteriocins typically produce diffusible toxins, 
however, and therefore target different cell lineages. Nevertheless, some 
bacteriocin systems may have PSD features and may have originated 
from PSD plasmids in some cases. Frank and Wolfe (2009) have found 
the evolutionary addition of killer plasmid and killer virus DNA into 
yeast chromosomes, contributing to “killer chromosome” genotypes that 
produce diffusible substances targeting competitor cell lineages.
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PSDs are also found in complex multicellular eukaryotes. A most 
intriguing example is the maternal effect dominant embryonic arrest 
(Medea) system in Tribolium beetles (Lorenzen et al., 2008), which is 
chromosomally integrated and was discovered in crosses between popu-
lations with and without the driver. When females carry the Medea ele-
ment, their zygotes must also receive the element (either maternally or 
paternally) or the offspring perish. The maternal modification factor and 
zygotic responder are tightly linked. Recent work suggests that Medea 
may be caused by a TE insertion just upstream of a gene with maternal 
and zygotic function. It is a quandary why Medea-like elements have not 
been found more widely in eukaryotes, but one explanation could be 
that they can quickly go to fixation in populations and become hidden. 
Medea elements have the potential to drive desirable traits into host 
populations (e.g., vector resistance to pathogens). To explore this idea, an 
artificial Medea element was successfully constructed in D. melanogaster by 
coupling a gene for micro-RNA silencing of a maternally expressed gene 
required for embryogenesis with a zygotically expressing rescue (C. H. 
Chen et al., 2007).

An usual example of B chromosome-induced PSD occurs in Nasonia 
and Trichogramma wasps, which have haplodiploid sex determination; 
haploid males develop from unfertilized eggs and females from fertil-
ized eggs (Werren and Stouthamer, 2003). The paternal sex ratio (psr) 
chromosome occurs in some males of these species. These males produce 
functional sperm, but psr induces improper condensation of the paternal 
chromosomes (except itself) in the fertilized egg, resulting in total loss of 
the normal paternal set. This converts the embryo into a haploid male 
that carries the supernumerary psr chromosome. That male’s genome 
will be destroyed in the next generation, and psr will associate itself 
with yet another set of chromosomes destined for destruction. Because 
psr totally destroys the genome with which it becomes associated in 
each generation, it represents the most extreme example of an SGE in 
any organism. Haplodiploid sex determination promotes these extreme 
SGEs under certain population structures, and they have evolved 
independently in different wasp species.

Heritable Organelles and Microbes

It may seem odd to include vital organelles, such as mitochondria and 
chloroplasts, in a treatise on SGEs. These organelles can have genetic inter-
ests that diverge from that of the nuclear genome, however, resulting 
in genetic conflict (Fig. 10.1). Mitochondria and chloroplasts evolved 
from ancient bacterial symbionts, and each retains its own DNA despite 
extensive transfer of genetic material to the nucleus. Such symbioses 
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are not simply events of the ancient past, because heritable microorgan-
isms (those that are inherited during the reproduction of their hosts, 
often through the egg cytoplasm) are widespread in plants and animals 
and involve a diverse array of microbial taxa. Once it was assumed that 
these microbes must always be beneficial to their hosts because they are 
dependent on host reproduction for their transmission. Although many 
heritable microbes are mutualistic, others manipulate host reproduc-
tion in ways that enhance the microbes’ transmission, and hence can be 
considered “reproductive parasites” (Werren et al., 2008).

The difference in inheritance patterns between heritable cyto-
plasmic elements and nuclear genes causes genetic conflict (Eberhard, 
1980; Cosmides and Tooby, 1981; Werren and Beukeboom, 1998). With 
a few exceptions, inherited cytoplasmic elements are passed through 
the cytoplasm of the egg but not through sperm (in part, because of 
little cytoplasm in sperm). As a consequence, females transmit these ele-
ments, whereas males do not. In contrast, (autosomal) nuclear genes are 
typically inherited through both sexes. The result is cytonuclear conflict 
over sex determination and sex ratios, which, along with other forms of 
sex determination conflict, has likely played a role in sex determination 
evolution (Werren and Beukeboom, 1998). For example, mitochondrial 
variants induce pollen sterility in many plants, resulting in evolution of 
nuclear suppressor genotypes. Some of these systems are cryptic, as a 
result of evolutionary suppression, but are revealed in crosses between 
populations or related species.

Many different inherited microbes have evolved mechanisms to 
manipulate host reproduction because of their preferential transmis-
sion through females (Hurst et al., 1992; Werren and Beukeboom, 1998; 
Werren et al., 2008). Among the kinds of manipulations are conversion 
of males to functional females, induction of parthenogenetic reproduc-
tion in females, male-killing, and a form of sperm-egg incompatibility 
termed “cytoplasmic incompatibility” (CI). Noteworthy by its abundance 
in invertebrates and ability to perform all these manipulations is the 
α-proteobacterium Wolbachia (Werren et al., 2008). This bacterium is trans-
mitted through eggs but also moves laterally between taxa. As a result, it is 
found in ~70% of terrestrial arthropods (Hilgenboecker et al., 2008). Many 
strains of Wolbachia induce a form of CI. These Wolbachia strains modify the 
sperm (by unknown biochemical mechanisms), such that the same strain 
of Wolbachia must be present in the egg to rescue the modification. If not, 
the sperm chromatin condenses improperly in the embryo, usually killing 
the offspring. By reducing the fitness of uninfected females, the infection 
can spread very rapidly in populations. Different strains of Wolbachia can 
be reciprocally incompatible because of differences in their modification-
rescue system or host genetic interactions. An interesting possible case 
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of evolved dependency occurs in the wasp Asobara tabida (Kremer et 
al., 2009). Removal of Wolbachia results in sterility as a result of elevated 
apoptosis in the developing female reproductive tract. Because closely 
related species do not require Wolbachia for ovarian development, this is 
likely either a case of PSD (killing of stem cells that have lost the bacteria) 
or an evolved host dependency on the presence of the parasite in repro-
ductive tissues, which results in abnormal apoptosis in their absence. Such 
evolved dependencies to SGEs are likely to be common and are distinct 
from mutualisms, even though both will result in reduced fitness when 
the element is removed or inhibited.

Do inherited symbionts promote speciation in their hosts? Because 
CI can induce partial or complete reproductive incompatibility between 
diverging populations with different infections, it may promote repro-
ductive isolation and speciation [reviewed in Werren (1998) and 
Bordenstein (2003)]. For example, in the Nasonia species complex, recip-
rocal CI between the species is a major contributor to hybrid reproduc-
tive incompatibilities and evolved early in the speciation process. A 
general role for Wolbachia in speciation has been criticized for several 
reasons, however, including the beliefs that (i) Wolbachia differences 
will not be stable between populations, (ii) CI is insufficient to maintain 
genetic divergence between populations, and (iii) Wolbachia infections 
are not common enough to be a major player. Nevertheless, supporting 
data continue to grow, including theoretical studies indicating that CI 
differences can be stable, maintain divergence, and select for premating 
isolation; empirical studies showing CI as contributing to reproductive 
isolation and reinforcement of mate discrimination between species 
(Jaenike et al., 2006); and the finding that Wolbachia infections are much 
more common than previously recognized (in ~70% of species rather 
than original estimates of 20%). Parthenogenetic species have also arisen 
courtesy of Wolbachia (Stouthamer et al., 2010). In haplodiploids, Wol-
bachia causes parthenogenesis by inducing diploidization of unfertilized 
haploid eggs, which leads to female development. Parthenogenesis 
causing Wolbachia often occurs as a polymorphism in sexual species, 
but host genetic changes favoring females that do not mate can lead to 
fully parthenogenetic species (Stouthamer et al., 2010). Subsequent loss 
of genes needed for sexual reproduction makes the process irreversible. 
Over 20 examples of Wolbachia-induced parthenogenetic species have 
been described in haplodiploids.

Wolbachia occurs within the germline in intimate proximity to the 
nucleus. An exciting recent discovery is that lateral gene transfers from 
Wolbachia to animals are common (Dunning Hotopp et al., 2007). Approxi-
mately one-third of invertebrate genomes show such transfers, sometimes 
involving large amounts of DNA (e.g., nearly the entire 1.2-MB genome 
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of Wolbachia in Drosophila anannassae). Such transfers can either degrade 
over evolutionary time as a result of mutation accumulation or evolve 
novel functional genes, and there is evidence of the latter in some species 
(Dunning Hotopp et al., 2007; Werren et al., 2010).

Other Evolutionary Consequences of SGEs

SGEs have been invoked to play a role in many important biological 
phenomena, with variable levels of empirical and theoretical support. 
Examples include the evolution of sex, recombination, anisogamy, germ-
line sequestration and uniparental inheritance of plastids, and alteration 
of mating systems (Hurst et al., 1992; Hurst and Werren, 2001; Burt and 
Trivers, 2006). Here, I will mention a few recent studies of interest. The 
scarcity of males caused by meiotic drivers and cytoplasmic sex ratio 
distorters has selected for changes in mating systems (Price et al., 2008). 
The germ granule, a key constituent in germ cell determination, con-
tains proteins important in TE suppression (Lim and Kai, 2007), and 
SGEs may have promoted the evolution of a sequestered germline 
(Johnson, 2008). Suzuki et al. (2007) propose that DNA methylation sup-
pression of TEs was a precursor for the evolution of genomic imprinting 
and the placenta in mammals. Such studies suggest that SGEs have an 
enormous potential range of evolutionary consequences.

Evolutionary Dynamics, Evolvability, and “Function” of SGEs

A longstanding debate concerns the evolutionary function of TEs, 
and this debate has been reinvigorated with recent discoveries of 
their evolutionary domestication into functional genes. Are TEs main-
tained over long evolutionary timescales because they induce beneficial 
mutations and innovations, thus allowing species to adapt (the evolv-
ability hypothesis) or because they are self-replicating elements that are 
maintained by replicating at faster rates than they are lost (the parasite 
hypothesis)? Note that the parasite hypothesis does not preclude TE 
insertions evolving beneficial functions in the host (i.e., domestication) 
but argues that this is a consequence of TEs rather than the “reason” 
for the existence of TEs. There has been a recent resurgence of articles 
either implicitly or explicitly stating that an important evolutionary “func-
tion” of TEs is to promote genetic innovation and evolvability (Oliver 
and Greene, 2009; Aziz et al., 2010; Biémont, 2010; Britten, 2010). For 
example, Aziz et al. (2010) argue that the ubiquity of TEs is proof that 
they must exist to provide benefits in evolution. They state that “ubiq-
uity is one of the indicators of essentiality” and further claim that these 
elements are “indispensible in every genome (elements of core genome) 
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or every ecosystem (eco-essential genes)” (Aziz et al., 2010). The 
near-ubiquity of TEs can be readily explained by their ability to repli-
cate within genomes and to move laterally between species, however. 
There is ample evidence that TEs can accumulate in genomes as 
a result of transposition and induce harmful mutations, that organisms 
have evolved many mechanisms to suppress TEs, that genomes are 
littered with fossil suppressed and degraded elements, and that TEs 
move laterally between species, often across large evolutionary distances. 
These observations are consistent with the parasitic hypothesis, and no 
additional conditions are needed to explain the persistence of TEs over 
evolutionary time or their widespread occurrence. In contrast, there is 
much less direct evidence supporting the argument that TEs persist in 
evolution because they enhance the evolvability of organisms or play 
some vital role in ecosystems (Aziz et al., 2010; Biémont, 2010).

To evaluate the concept of evolvability as it applies to SGEs, the 
questions need to be framed clearly. The evolvability concept can be 
applied to short-term adaptive evolution or long-term adaptation and 
innovation. Implicit to the short-term concept is that active TEs are 
maintained because of the beneficial mutations they induce (i.e., those 
insertions contribute substantially to the pool of active elements). If 
this is correct, there should be evidence of recent active TE insertions 
associated with adaptive evolutionary changes within species. TEs can 
be a significant source of standing genetic variation (O’Donnell and 
Burns, 2010), but the question remains of how often they induce ben-
eficial as opposed to deleterious mutations. There is ample evidence 
of mutational costs of TE insertion events (Charlesworth et al., 1994; 
Kidwell and Lisch, 2001; O’Donnell and Burns, 2010). There has been 
relatively little evidence that young insertions lead to adaptive muta-
tions, although some possible cases have emerged recently (González 
and Petrov, 2009). Examples include inserts associated with pesticide 
resistance in D. melanogaster and D. simulans as well as a genomewide 
study implicating TE insertions with temperature adaptation in two 
separate latitudinal clines in D. melanogaster.

González and Petrov (2009) also note that if adaptive TE inser-
tions are frequent, we should observe fixation of TE insertions in species 
more often in high-recombination regions than are observed. They 
offer one possible explanation that beneficial insertions quickly evolve 
through mutation, and therefore are not readily recognizable as TEs. If 
true, this would suggest that they then contribute little to the generation of 
new active TEs. It is also possible that they are maintained as ancient 
polymorphisms in related species; however, again, we would expect them 
to degrade as active TEs. A third possible explanation is that TE inser-
tions provide short-term adaptive mutations (e.g., attributable to habi-
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tat differences) but that they are eventually replaced by point mutations 
with fewer negative pleiotropic consequences. Although the data for 
frequent adaptive insertions are tantalizing, they are still largely indi-
rect. Nevertheless, the findings suggest that a more nuanced evaluation 
of the mechanisms that maintain active TEs is needed, which includes 
models that incorporate deleterious, neutral, and beneficial insertions 
as well as mutational changes in insertions (Le Rouzic et al., 2007). The 
key empirical and theoretical question becomes “What portion of TE 
transposition comes from elements associated with beneficial vs. neutral 
or deleterious effects?” This is crucial for determining what maintains 
active TEs in a species.

A key observation argues against beneficial insertions being impor-
tant in the maintenance of active TEs. If TEs are beneficial, we would 
expect to see specific TE types being maintained within lineages over 
evolutionary time (i.e., the phylogenies of TE elements should parallel 
that of the organisms in which they occur). With a few exceptions, this 
is not the case. Instead, the patterns of TE variation in most species 
indicate that they tend to invade a species, rapidly proliferate, and then 
are suppressed (Feschotte and Pritham, 2007; Feschotte, 2008).

The long-term evolvability argument is that TEs exist because of their 
long-term contributions to adaptation and innovation (e.g., new genes 
and gene regulation networks). In its naive form, the long-term evolv-
ability argument is teleological and confuses cause and consequence. 
Simply, evolution is not anticipatory, and the observation that TE 
inserts can evolve into functional genes is not proof that they are main-
tained because they provide genetic material for long-term evolutionary 
innovation. The idea also suffers from the irreversibility problem. Once 
a TE insertion has evolved into a function gene or regulatory element, 
it is unlikely to evolve back into a TE, and thus does not contribute to 
the pool of active TEs supposedly being maintained for their long-term 
benefits. In other words, there is no evolutionary feedback to maintain 
active TEs for long-term benefits.

A more reasonable hypothesis for maintenance of TEs attributable 
to long-term benefits is based on clade selection (i.e., competition among 
lineages of species) (Oliver and Greene, 2009; Biémont, 2010). The clade 
selection hypothesis is that those clades (e.g., species, genera) with 
active TE elements are more likely to persist and radiate because of their 
ability to evolve to changing environments or to evolve innovations. This 
hypothesis is difficult to test because of the near-ubiquity of TEs. The 
parasitic vs. evolvability hypotheses do make clear contrasting predic-
tions about what should happen in asexual vs. sexual species, however. 
The parasitic hypothesis predicts that active TEs will decline in asexual 
species because of the deleterious effects of transposition, whereas 
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the evolvability hypothesis predicts that they will be maintained (or 
increase) because of their beneficial effects. Indeed, the benefits of TEs 
might be expected to be even greater in asexual species as a source of 
beneficial mutations to resist mutational decline and for adaptation to 
new environments. What few data currently exist support the parasitic 
hypothesis. Asexual Bdelloid rotifers have significantly reduced TE 
numbers compared with sexual relatives, including loss of retroele-
ments (Arkhipova and Meselson, 2000), and asexual Daphnia species 
show reduced numbers of active TEs compared with sexual Daphnia 
species (Schaack et al., 2010b). More comparisons are needed between 
related asexual and sexual species to test the predictions of these alterna-
tive hypotheses.

A theme in some recent papers is that although TEs were “dismissed” 
over the past several decades as mere selfish DNA, new evidence now 
shows that they have evolved functions within the genome (Aziz et al., 
2010; Biémont, 2010). Although perhaps a useful literary foil, these 
statements are not very accurate. Even the original paper by Doolittle 
and Sapienza (1980), which asserted that repetitive elements can be 
maintained because of their self-replicating properties, goes on to 
state that “we do not deny that [such elements] may have roles of 
immediate phenotypic benefit to the organism. Nor do we deny roles for 
these elements in the evolutionary process.” This same theme has been 
maintained by advocates of the parasitic hypothesis for the past two 
decades (Werren et al., 1988; Hurst et al., 1992; Hurst and Werren, 2001; 
Burt and Trivers, 2006). Discoveries that TE insertions can evolve into 
function sequences and induce favorable mutations are not contrary 
to the SGE hypothesis for TE maintenance. What has been criticized by 
Doolittle and Sapienza (1980) onward are uncritical evolvability claims 
that TEs exist because they provide evolutionary benefits to organisms. 
As outlined above, evolvability arguments need to be precisely framed 
(and in nonteleological terms) to provide testable predictions, such as 
that beneficial mutations are required for maintenance of active TEs 
or that clade selection favors lineages with active TEs. This can then lead 
to more rigorous tests of the evolvability idea. To date, the data continue 
to support the view that TEs have important evolutionary consequences 
but are maintained because of their selfish replicative features.

CONCLUSIONS

Rapidly growing evidence emerging from genomics and advances 
in genetics indicate that SGEs are important motors for evolutionary 
change and innovation. Several general principles have reoccurred in 
the discussion above, and I will briefly revisit these themes here. The first 
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is that SGEs lead to antagonistic co-evolution with other components 
of the genome. Important features of eukaryotic genomes (e.g., DNA 
methylation, RNAi, small RNA regulatory pathways, R-M systems) have 
evolved, at least in part, as defense mechanisms against SGEs. Many 
genetic elements have mixed phenotypes, with both selfish (parasitic) 
and “beneficial” (“mutualistic”) features. The classic example is the 
mitochondrion, which is clearly beneficial but also shows selfish fea-
tures (e.g., cytoplasmic male sterility) that reduce nuclear gene fitness, 
thus leading to genetic conflict. Evolutionary dependency can also 
evolve in hosts with ubiquitous SGEs, which can lead to irreversible 
dependence. Growing evidence supports a significant role of SGEs in 
eukaryotic development and speciation, and possibly also in extinc-
tion of species. Genome domestication of SGEs leads to evolutionary 
innovations, including acquisition of new genes and gene regulation 
from TEs, heritable microbes (e.g., Wolbachia), and selfish plasmids. Safe 
havens can promote longer associations of SGEs with host lineages and 
also may facilitate their domestication. Finally, distinctions are made 
between the evolutionary consequences of SGEs and the factors that 
maintain them over evolutionary time. Clear formulations of the idea of 
evolvability as a means for evolutionary maintenance of SGEs will facili-
tate rigorous testing of this idea. Nevertheless, current evidence strongly 
supports the view that SGEs are maintained by their transmission-
enhancing phenotypes and that evolutionary innovations emerging 
from them are a consequence of their existence rather than the cause.
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Most biologists probably work in biomedical fields. If nothing in 
biology makes sense except in the light of evolution, then medi-
cine should have much to learn from evolutionary reasoning. 

The rapidly growing field of Darwinian medicine (Williams and Neese, 
1991) is based on this premise and seeks to provide insight on topics such 
as the evolution of virulence and diseases of altered evolutionary envi-
ronments. A subfield recently called Hamiltonian medicine (Foster, 2005) 
investigates the impact of social evolution, cooperation, and conflict on 
disease. 

In Chapter 11, Andrew Read and colleagues treat the vital problem of 
how to minimize the evolution of pathogen resistance and thereby extend 
the useful lives of our arsenal of antibiotic drugs. This involves a complex 
set of interacting causes, some of which have a social element and others 
do not. The authors challenge the dogma that we minimize the evolution 
of resistance by “radical pathogen cure”: using enough of a drug to try to 
eliminate the pathogen from the patient’s body. The reasonable rationale 
behind this practice is to lower the pathogen population size and minimize 
the occurrence of novel resistance mutations. But the authors argue that 
this ignores the selective phase, which may be more important in deter-
mining the time to drug impotence, particularly when resistance muta-
tions arise with relative ease. In this selective phase, the radical pathogen 
cure provides the strongest possible selection for resistance. According 
to Read and colleagues, the social structure of the pathogen can power-
fully augment this selection. When a host is infected by multiple strains 
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of the pathogen (as is often true of malaria) and the total density of the 
pathogen is regulated, then wiping out susceptible strains with antibiotics 
can greatly increase the frequency of formerly rare resistant strains. This 
raises the possibility that the medical community is ignoring an important 
human social dilemma: that the best treatment for a patient may not be 
the best outcome for society as a whole.

Some human disorders can spring not from a failure of adaptation per 
se, but from disagreement and conflict over what is the correct adaptation. 
This is particularly so in the realm of human interpersonal relations, start-
ing with fundamental conflicts between parent and offspring. Haig (1993) 
has argued that such conflicts can lead to pathologies in pregnancy when 
there is an upset in the precarious resolution of embryo-maternal conflict. 
Taking a radical step further, he has pointed out that the optimal strategy 
of an embryo’s gene differs according to whether it came from the dam 
or the sire, with maternal loci being less selected to take resources from 
the mother. Remarkably, imprinted genes appear to behave in accord with 
this theory. In Chapter 12, David Haig extends this thinking in several 
directions. He notes that most of our kin belong to categories that have 
asymmetrical relatedness to our maternal and paternal genes, so that 
most of our psychological adaptations for dealing with kin, and perhaps 
pathologies, may reflect these kinds of conflicts. In particular, he shows 
how this perspective may illuminate unsolved problems surrounding the 
evolution of adolescence and the timing of sexual maturation in humans. 

In Chapter 13, Steven Frank and Bernard Crespi extend and general-
ize the same theme: that conflict can lead to pathologies when oppos-
ing interests that are precariously balanced become unbalanced. These 
authors suggest that the conflict between maternal and paternal genes in 
offspring, through its demonstrated effects on the regulation and patholo-
gies of growth, may be responsible for some cancers. They then discuss 
the exciting idea that this same balance is partly responsible for a wide 
spectrum of psychiatric disorders, such as autism that may result from 
an overexpression of paternal interests in offspring selfishness. Similarly, 
other disorders such as schizophrenia might result from an overexpression 
of genes underlying the maternal goal of greater social integration. Finally, 
the authors present a novel theory of conflict between autosomal and X 
chromosomes. The latter spend two-thirds of their time in females and 
therefore should be selected to give greater weight to female than to male 
adaptation. Autosomes should give equal weight. It will be fascinating to 
see if empirical tests support the authors’ prediction that such conflict will 
underlie pathologies of expression along the male-female axis.
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The evolution of drug-resistant pathogens is a major challenge for 21st century 
medicine. Drug use practices vigorously advocated as resistance management 
tools by professional bodies, public health agencies, and medical schools rep-
resent some of humankind’s largest attempts to manage evolution. It is our 
contention that these practices have poor theoretical and empirical justi-
fication for a broad spectrum of diseases. For instance, rapid elimination of 
pathogens can reduce the probability that de novo resistance mutations occur. 
This idea often motivates the medical orthodoxy that patients should com-
plete drug courses even when they no longer feel sick. Yet “radical pathogen 
cure” maximizes the evolutionary advantage of any resistant pathogens that 
are present. It could promote the very evolution it is intended to retard. The 
guiding principle should be to impose no more selection than is absolutely 
necessary. We illustrate these arguments in the context of malaria; they 
likely apply to a wide range of infections as well as cancer and public health 
insecticides. Intuition is unreliable even in simple evolutionary contexts; in 
a social milieu where in-host competition can radically alter the fitness costs 
and benefits of resistance, expert opinion will be insufficient. An evidence-
based approach to resistance management is required.

11
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The evolution of drug-resistant pathogens significantly affects 
human well-being and health budgets. Consequently, existing 
and new antimicrobials should be viewed as precious resources 

in need of careful stewardship (Owens, 2008; Spellberg et al., 2008). An 
important aspiration is to maximize the therapeutically useful life span 
of a compound, the time a given antimicrobial yields clinical benefits 
before drug efficacy is undermined by resistance evolution. Attempting 
to do so is essentially an exercise in evolutionary management.

Various practices are widely thought to be effective resistance man-
agement strategies (American Academy of Microbiology, 2009; World 
Health Organization, 2010a; zur Wiesch et al., 2011). For instance, there 
is near-universal agreement that combination drug therapy, the coad-
ministration of drugs with unrelated modes of action, prolongs the use-
ful life of the component compounds for diseases as diverse as leprosy, 
HIV, malaria, and tuberculosis (TB). Another practice is the restriction 
of treatment to those patients who need it on clinical grounds, so as to 
reduce unnecessary selection for resistance. This philosophy underpins 
restrictions on the use of antibiotics in hospitals and in the community 
at large, and it has led to calls for reductions in drug use in animal feed.

A third practice thought to be an effective resistance management 
strategy is the use of drugs to clear all target pathogens from a patient as 
fast as possible. We hereafter refer to this practice as “radical pathogen 
cure.” For a wide variety of infectious diseases, recommended drug 
doses, interdose intervals, and treatment durations (which together 
constitute “patient treatment regimens”) are designed to achieve com-
plete pathogen elimination as fast as possible. This is often the basis 
for physicians exhorting their patients to finish a drug course long after 
they feel better (long-course chemotherapy). Our claim is that aggres-
sive chemotherapy cannot be assumed to be an effective resistance 
management strategy a priori. This is because radical pathogen cure nec-
essarily confers the strongest possible evolutionary advantage on the 
very pathogens that cause drugs to fail.

At one level, our argument is simple. Elementary population genet-
ics shows that, all else being equal, the stronger the strength of selection, 
the more rapid is the spread of a favored allele (Maynard Smith, 1989a). 
For drug use, the strength of selection is determined by how many 
people are being treated and, among the treated people, the treatment 
regimen. The more aggressive the regimen, the greater is the selection 
pressure in favor of resistance. Because overwhelming chemical force 
necessarily confers the strongest possible selective advantage on any 
pathogen capable of resisting it, radical pathogen cure can very effectively 
drive resistant pathogens through a population. As we will argue, this 
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problem is especially important when there is genetic diversity among 
pathogens within an infected individual.

AIMS OF PATIENT TREATMENT

Ignoring economic considerations, patient treatment should seek to 
achieve the following:

(i) Make the patient healthy.
(ii) Prevent the patient from infecting others.
(iii) Prevent the spread of resistant pathogens to others.

The first aim concerns the health of the patient being treated. The 
second and third aims concern the effects of patient treatment on the 
health of others.

A single strategy cannot simultaneously best achieve all three aims. 
In the limit, zero treatment will usually be the best resistance management 
strategy. It is important to identify and justify compromises because this 
makes explicit problems in need of solution and is a prerequisite for 
evidence-based resistance management. There may come a time when 
resistance management strategies are required that put overall public 
health ahead of patient health (Foster and Grundmann, 2006). We do 
not think the problems of resistant pathogens are yet so dire as to require 
this. In our view, the current scientific challenge is to identify, among 
patient treatment regimens that are similarly effective at restoring health 
and preventing transmission, those regimens that best effect resistance 
management.

The aim of resistance management is to prevent clinical failures 
caused by high-level resistance. Resistance is often a continuous trait, 
and there can be varying degrees of intermediate resistance. Sometimes 
referred to as “tolerance,” intermediate resistance confers the ability 
to survive concentrations of drug below those considered therapeutic 
(Fig. 11.1). We define high-level resistance as that which undermines 
patient health by causing therapeutic failure. It is the rate of spread of 
high-level resistance that needs to be managed because this determines 
the therapeutically useful life span of a drug.

The useful life span of a drug is determined by two processes. The first 
is the rate at which genetic events conferring high-level resistance on an 
individual pathogen actually occur. For simplicity, we refer to these events 
as de novo mutations, but we use this to include any heritable change 
that confers de novo high-level resistance on a pathogen individual. For 
example, in bacteria, this event can be the acquisition by lateral transfer 
of genetic material from another species. The second process affecting the 
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FIGURE 11.1 Hypothetical path to drug resistance. Solid curves show drug 
concentration in a treated patient for two drugs with very different half-lives; 
concentrations wane when treatment ceases. In this schematic, wild-type parasites 
can survive very low concentrations, with mutations A, B, and C conferring the 
ability to survive (“tolerate”) successively higher drug concentrations. High-level 
resistance (full clinical resistance) is where treatment has a negligible direct impact 
on pathogens with all three mutations. The windows of selection for mutation 
A are shown. In those windows, parasites with mutation A have a selective ad-
vantage over wild-type parasites. Note that the duration of the window depends 
critically on the drug half-life, which for antimalarial drugs can vary from hours 
(e.g., artemisinin), to weeks (e.g., SP), to months (e.g., mefloquine).

rate of evolution is the strength of selection acting on this genetic change. 
Because both mutational and selection processes together determine 
the useful life span of a drug, resistance evolution can be retarded 
by managing mutations, selection, or, ideally, both. Our view is that 
conventional wisdom focuses too much on managing mutational events 
(genetic origins), often with the consequence that the selection pres-
sures are ignored.

A REAL-WORLD CONTEXT

Our logic likely applies to a very wide range of pathogens, but, as 
we discuss further below, there will not be simple generalities. To make 
things more concrete, we base our discussion on malaria, a disease 
that typifies the clinical and financial problems posed by drug resistance.

Resistance has evolved to all classes of frontline antimalarial drugs 
(Hyde, 2005), and several have had to be withdrawn from use in many 
countries. The eventual failure of drugs in the face of parasite evolution is 
now accepted as inevitable by the World Health Organization (WHO) (Roll 
Back Malaria, 2008) and others (American Academy of Microbiology, 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


The Evolution of Drug Resistance / 241

2009). A key component of the Global Malaria Action Plan is an explicit 
plan for a discovery pipeline to deliver replacement drugs continuously 
(Roll Back Malaria, 2008). This pipeline will cost more than U.S. $2.5 bil-
lion in research and development for the coming decade and, once the 
currently inadequate drug arsenal is rebuilt, U.S. $1.5 billion thereafter for 
every decade until malaria is eradicated (Roll Back Malaria, 2008). Even if 
we assume that an unlimited supply of drug classes can be discovered, 
more than money is at stake. Drugs can fail more rapidly than the time it 
takes to get them through modern regulatory processes, and the cost 
in terms of human suffering is high. National authorities switch their 
choice of first-line drug only when forced to by declining patient cure 
rates; thus, disease burdens are considerable. WHO currently recom-
mends that a drug be withdrawn once treatment failure rates attribut-
able to resistance reach 10% (World Health Organization, 2010a, p. 8). 
In practice, governments of poor countries do not have this luxury and 
often wait longer before drug withdrawal is implemented (World Health 
Organization, 2006, p. 15).

Severe (life-threatening) malaria involves the dysfunction of vital 
organs; for patients in this state, the sole aim of treatment is to prevent 
death. Uncomplicated malaria constitutes the bulk of treated cases and 
those that can drive transmission chains, and hence resistance evolution. 
The WHO Guidelines for the Treatment of Malaria (World Health Organiza-
tion, 2010a, p. 6) state: “The objective of treating uncomplicated malaria 
is to cure the infection as rapidly as possible,” with cure being defined 
as “the elimination from the body of the parasites that caused the illness.” 
Patient treatment regimens recommended in the WHO guidelines are 
those designed to achieve rapid and full elimination.

It is clear that radical pathogen cure can, in the absence of resistance, 
achieve the first two aims of patient treatment (restore health and pre-
vent disease transmission). The consensus view is that it can also achieve 
the third aim: “Resistance can be prevented, or its onset slowed consid-
erably” by “ensuring very high cure rates through full adherence to 
correct dosing regimens” (World Health Organization, 2010a, p. 6). This 
is the orthodoxy that concerns us.

The strength of selection on resistance is primarily determined by the 
fate of resistant parasites in treated and untreated hosts. Resistant strains 
gain an advantage in treated hosts but often pay a cost in untreated 
hosts. In both types of host, the social milieu of strains within individual 
infections plays a very important role in mediating these costs and ben-
efits. To explain why, we need to summarize some within-host ecology.
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Genetic Diversity of Infections

Human malaria infections normally consist of more than one asexually 
proliferating parasite lineage (“clone”). Thus, the majority of Plasmodium 
falciparum clones in the world share their human hosts with at least 
one other lineage (Read and Taylor, 2001). Mixed infections arise from 
inoculations of genetically diverse parasites by a single mosquito or 
contemporaneous bites by multiple mosquitoes infected with different 
parasites. Consequently, the coexistence of drug-sensitive and drug-
resistant parasites is common, and indeed may even be the rule (Day et 
al., 1992; Arnot, 1998; Babiker et al., 1999; Smith et al., 1999; Bruce et al., 
2000; Jafari et al., 2004; Juliano et al., 2007, 2010; McCollum et al., 2008; 
Zhong et al., 2008; Owusu-Agyei et al., 2009).

A substantial body of epidemiological evidence is consistent with 
crowding effects within infections, whereby the population densities of 
individual genotypes are suppressed when other genotypes are present 
(Daubersies et al., 1996; Mercereau-Puijalon, 1996; Smith et al., 1999; 
Bruce et al., 2000; Hastings, 2003; Talisuna et al., 2003, 2006; Färnert, 
2008; Harrington et al., 2009; Orjuela-Sánchez et al., 2009; Baliraine et 
al., 2010). For example, parasite densities are unrelated to the number of 
clones per host, and high turnover rates are observed in mixed-genotype 
infections.

Direct experimental evidence of crowding cannot be ethically obtained 
from human infections because formally demonstrating competition 
requires deliberate infection and/or the withholding of treatment (Read 
and Taylor, 2001). However, in a rodent malaria model, P. chabaudi in 
laboratory mice, we and others have experimentally demonstrated that 
densities of individual clones within an infection are severely suppressed 
when coinfecting clones are present (Jarra and Brown, 1985; Taylor et al., 
1997a,b; Taylor and Read, 1998; de Roode et al., 2003, 2004a,b, 2005a,b; 
Raberg et al., 2006; Wargo et al., 2007; Huijben et al., 2010; Pollitt et al., 
2011). This competitive suppression substantially reduces the density 
of transmission stages (Wargo et al., 2007; Huijben et al., 2010), and 
hence transmission of individual clones to mosquitoes (Taylor et al., 
1997a; Taylor and Read, 1998; de Roode et al., 2004a). To date, there is 
no evidence of direct interference competition analogous to bacteriocin-
mediated competition in bacteria (Riley and Gordon, 1999). Instead, the 
competition between coinfecting malaria parasites probably arises from 
competition for resources. Most likely, this competition is for access to 
red blood cells (Hellriegel, 1992; Yap and Stevenson, 1994; Hetzel and 
Anderson, 1996; Haydon et al., 2003; Antia et al., 2008; Mideo et al., 
2008; Kochin et al., 2010; Miller et al., 2010; Pollitt et al., 2011), although 
other resources, such as glucose, may also be involved (de Roode et 
al., 2003). Immune-mediated apparent competition, wherein the immune 
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response provoked by one strain suppresses the population densities of 
a coinfecting strain (Read and Taylor, 2001), likely also plays a major role 
(Mota et al., 2001; Raberg et al., 2006).

This in-host competition has profound effects on the evolution of 
drug resistance because it affects the fitness costs and benefits of resis-
tance. We take these in turn.

Costs of Resistance

It is generally assumed that resistant pathogens are less fit than their 
wild-type ancestors in the absence of drug treatment and that this is 
the main force slowing the evolution of resistance. In malaria, there is 
good evidence of this (Hastings and Donnelly, 2005; Walliker et al., 2005; 
Babiker et al., 2009; World Health Organization, 2010a). One consequence 
of the social ecology within a host is that it acts as a serious multiplier of 
these costs of resistance. Costs of resistance arise from metabolic inef-
ficiencies associated with efflux or detoxification mechanisms, which 
can include negative pleiotropic effects on other cellular and biochemi-
cal processes or reduced biochemical efficiencies associated with target 
site mutations (Hastings and Donnelly, 2005). These reductions in per-
formance can be quite small (e.g., a few percent), but small differences 
can be greatly magnified by competition between clones. For example, 
in mice, the social context of the infection can translate modest differ-
ences in performance into differences well in excess of 90% (Fig. 11.2). 
The social context within which resistant strains are circulating is thus a 
potent determinant of the fitness costs of resistance, the main brake on 
the spread of drug resistance.

Benefits of Resistance

The flip side of this ecology is that the fitness advantages resistant 
parasites experience in treated hosts are greatly magnified in mixed-clone 
infections. Consider the consequences of radical pathogen cure where 
competition is occurring. Aggressive chemotherapy will kill all sensitive 
or tolerant parasites. This will result in competitive release and enhanced 
transmission of any highly resistant strains that are present. In rodent 
models, this is precisely what happens (de Roode et al., 2004a; Wargo 
et al., 2007; Huijben et al., 2010) (Fig. 11.3). Thus, radical parasitological 
cure enhances the transmission of the resistant strains. The impact of this 
competitive release on the rate of spread of resistance can be very sub-
stantial, as was first recognized by Hastings and colleagues (Hastings, 
1997; Mackinnon and Hastings, 1998; Hastings and D’Alessandro, 
2000). Where multiclone infections dominate, this within-host ecology 
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FIGURE 11.2 Costs of resistance are greatly affected by competition. Transmis-
sion stage densities of the resistant P. chabaudi clone in laboratory mice in the 
absence of drug treatment are shown. Infections were initiated with 106 (Left) or 
101 (Right) resistant parasites and either no sensitive parasites (no competition, 
solid lines) or 106 sensitive parasites (competition, dashed lines). Performance 
of the resistant clone alone includes any physiological costs to resistance. When 
the resistant clone shares a host with a sensitive clone, performance is greatly 
reduced, and is effectively zero when rare in the inoculum (Right). Thus, the 
costs of resistance depend critically on whether competitors are present and 
the frequency of resistant parasites in an infection. PI, post-infection. Plotted 
points are the mean (±SEM) densities in peripheral blood from 5 to 10 mice 
per group, estimated by quantitative PCR using protocols described elsewhere 
(Huijben et al., 2010).

can be the primary determinant of the speed at which resistance spreads, 
and a far more important selective force than the simple survival advan-
tage conferred by resistance (Hastings, 1997, 2003, 2006; Mackinnon and 
Hastings, 1998; Hastings and D’Alessandro, 2000; Mackinnon, 2005; 
Talisuna et al., 2006).

For instance, in an infection composed of two equally represented 
clones, aggressive treatment can effectively double the absolute fitness 
of the resistant strain if that strain can fully exploit the “infection-space” 
created by the removal of its competitor. If the resistant clone was rare 
before treatment, the effect can be substantially greater (Fig. 11.3). In 
nature, there is wide variation in the number of clones per person. Next-
generation sequencing techniques are already discovering patients 
with more than 15 P. falciparum clones (Juliano et al., 2010), some of which 
are represented at frequencies significantly less than 1%. Were those rare 
clones drug-resistant, aggressive chemotherapy could increase transmis-
sion success of resistant parasites >100-fold.
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FIGURE 11.3 Competitive release of drug resistance. Infections of P. chabaudi 
were initiated in laboratory mice with 106 sensitive parasites (dark lines) and 
either 106 (A and C) or 101 (B and D) resistant parasites (gray lines). Panels A and 
B, densities of asexual parasites (within-host replicative stages). Panels C and 
D, densities of gametocytes (transmission stages). Gray bars indicate period of 
drug treatment (four daily doses of 8 mg/kg of pyrimethamine). R, resistant; 
S, sensitive; PI, post-infection. Drug treatment rapidly suppresses sensitive 
parasites, allowing resistant parasites to dominate post-treatment populations; 
the expansion following competitive release is especially marked when the re-
sistant clone is rare. In untreated mice, resistant parasite densities are markedly 
lower than sensitive parasite densities throughout the infections, particularly 
when they were rare initially (compare with Fig. 11.2, which details the trans-
mission stage densities of resistant parasites in the untreated mice in the same 
experiment). Plotted points are the mean (±SEM) densities in peripheral blood 
from 5 to 10 mice per group, estimated by quantitative PCR using protocols 
described elsewhere (Huijben et al., 2010).

Putting this slightly more formally, highly resistant parasites have 
a relative fitness advantage in treated hosts simply because drug treat-
ment reduces the fitness of susceptible parasites. This advantage plays 
out even if all infections in a population consist of just a single clone. 
When hosts are infected with multiple lineages, however, the removal 
of competitors by drug treatment also leads to absolute fitness gains if 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


246 / Andrew F. Read et al.

resistant clones are able to capitalize on the newly emptied niche space 
in the host. These absolute fitness gains can be very, very large when 
resistant parasites are otherwise kept at very low numbers by competi-
tive suppression.

Whence Conventional Wisdom?

Thus, radical parasite cure, by rapidly eliminating sensitive competitor 
strains, confers very strong selection in favor of resistance. Despite this, 
radical parasite cure is frequently advocated as a resistance management 
strategy. This conventional wisdom is based on two arguments. Both 
have to do with managing the initial mutational inputs into the system, 
essentially trying to prolong the time until high-level resistance appears 
in the first place. The first argument is that aggressive chemotherapy 
maximally reduces parasite numbers, and thus the probability that resis-
tance mutations will occur in a treated patient [e.g., White (2004) and 
World Health Organization (2010a, p. 129)]. This clearly has to be true.

The second argument is essentially a subtle variation of the first. The 
idea is that when multiple independent mutations are required to confer 
high-level resistance, it is essential to try to minimize positive selection 
in favor of any partially resistant mutant because these partially resis-
tant mutants can be important mutational stepping stones toward full 
(high-level) resistance (Hastings and Watkins, 2006). Partially resistant 
parasites only have an evolutionary advantage at lower drug concen-
trations; thus, from a resistance management perspective, it is important 
to minimize the probability that such parasites encounter those lower 
concentrations. Low drug concentrations in a patient can arise in several 
ways, not least after a course of chemotherapy has finished and the drug 
is being metabolized or excreted from the body (Fig. 11.1). During some 
of that time, there is a period [the “selection window” (Stepniewska and 
White, 2008)] when parasites that are able to survive low drug doses 
have a selective advantage. The aim of aggressive chemotherapy is to 
ensure that no parasites from the treated infection remain alive during 
the selection window, thus reducing the number of parasites in the overall 
population experiencing that source of selection for low-level resistance.

DOUBLE-EDGED SWORD

Thus, aggressive chemotherapy is a double-edged sword for resis-
tance management. It can reduce the chances of high-level resistance aris-
ing de novo in an infection. But when an infection does contain resistant 
parasites, either from de novo mutation or acquired by transmission from 
other hosts, it gives those parasites the greatest possible evolution-
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ary advantage both within individual hosts and in the population as a 
whole. How do the opposing evolutionary pressures generated by radical 
cure combine in different circumstances to determine the useful life 
span of a drug? There will be circumstances when overwhelming chemi-
cal force retards evolution and other times when it drives things very 
rapidly. We contend that for no infectious disease do we have sufficient 
theory and empiricism to determine which outcome is more important. It 
seems unlikely that any general rule will apply even for a single disease, 
let alone across disease systems.

Consider again the case of malaria. There will be many cases where 
the resistance management gains of radical pathogen cure (reduced muta-
tional inputs) will not outweigh its costs (maximal selection for high-
level resistance). For instance, where high-level resistance is conferred by 
a single point mutation [e.g., atovaquone (White, 2004)], the mutational 
stepping stone argument is clearly irrelevant. Moreover, there are about 
1012 parasites in an infection at the time radical cure commences (White, 
2004), so that every point mutation in the genome can potentially occur 
in a single infection. There are at least one-quarter of a billion symp-
tomatic cases of malaria each year (World Health Organization, 2010b), 
so that at least 1020 parasites could see a new drug each year. Among 
these 1020 parasites, it is quite plausible that there already exists at least 
a single parasite completely resistant to most yet-to-be invented drugs. 
Aggressive chemotherapy can reduce the chances of de novo resistance 
mutations occurring in treated patients, but it can make no impact on 
the probability that such mutations occurred before treatment. Aggres-
sive use of a new drug will very effectively find these resistant “needles 
in the haystack.”

Even when we can be confident that mutational inputs in patients 
receiving treatment do limit the rate of evolutionary change (something 
that is extremely hard to know, especially for new drugs), there is an 
important quantitative argument to be had about the advantage of man-
aging mutational inputs by aggressive chemotherapy. This is because 
aggressive treatment regimens increase the probability that any high-level 
resistance that has arisen de novo will avoid stochastic loss and reach 
transmissible frequencies. It is extremely challenging for a very rare 
resistant mutant to replicate to transmissible densities in a host [e.g., 
Mackinnon (2005), Pongtavornpinyo et al. (2009), and Hastings (2011a)], 
not least because it will likely compete with the ancestral strain from 
which it arose. The performance of the mutant can be especially poor if 
de novo resistance is associated with large fitness costs. Large costs can 
erode as compensatory mutations accumulate (Levin et al., 2000; zur 
Wiesch et al., 2011), but this requires persistence and large population 
sizes, both of which are countered by competition. Thus, even when 
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aggressive chemotherapy reduces the probability that de novo mutations 
occur, it can, by eliminating competitors, increase the population-wide 
probability that de novo mutations survive to transmit from hosts, and 
hence escape stochastic loss.

Moreover, there are ways to manage mutational inputs that do not 
have the unfortunate consequence of simultaneously maximizing selec-
tion for the very mutations they are trying to prevent. Combination ther-
apy is an example. As WHO puts it (World Health Organization, 2010a), if 
resistance to one drug has a per parasite probability of 10−12 of spontane-
ously arising, the probability of resistance to two drugs with independent 
modes of action arising spontaneously in the same parasite is 10−24, a van-
ishingly small probability. The duration of the selection window (Fig. 11.1) 
depends critically on the half-life of the particular drug. The window can 
be weeks long in some cases [sulfadoxine-pyrimethamine (SP)] or just a 
few hours in others (artemisinin and its derivatives). Judicious choice 
of a drug or drug combination can thus affect the likelihood of stepping 
stones to high-level resistance.

EVIDENCE-BASED RESISTANCE MANAGEMENT

The foregoing suggests to us that radical parasite cure is not a 
priori the best way to manage resistance and that it could even promote 
the very evolution it is intended to retard. The scientific challenge is to 
determine how the contrasting evolutionary consequences of aggressive 
chemotherapy determine the rate of resistance evolution and whether, 
among the vast array of possible regimens, there are other ways of treat-
ing patients that would better delay resistance.

It might be, of course, that the other aims of patient treatment 
(restore health and prevent infectiousness) can be achieved only by radical 
parasite cure (Hastings, 2011b). If radical parasite cure is indeed critical 
for clinical management, an empirical question, we might be stuck with 
evolutionary mismanagement as an unavoidable side effect. If so, it is 
important to recognize this. Claims that resistance evolution is retarded 
by aggressive treatment regimens might be obscuring a serious evolu-
tionary problem in need of solution.

Rational development of treatment regimens that deliver effective 
resistance management requires a sound knowledge base (Read and 
Huijben, 2009; Goncalves and Paul, 2011; zur Wiesch et al., 2011), and 
there is considerable scope for investigating the evolutionary conse-
quences of different treatment regimens for a wide range of diseases. 
Ideally, these would involve quantitative comparisons of how contrasting 
regimens affect each of the aims of patient treatment: health, infectious-
ness, and resistance management. In principle, such studies can be done 
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on animal models [e.g., de Roode et al. (2004a), Wargo et al. (2007), 
and Huijben et al. (2010)] and, in a more limited way, on humans [e.g., 
Harrington et al. (2009)]. It is possible to measure the evolutionary con-
sequences of competing resistance management strategies in hospitals 
(Brown and Nathwani, 2005; Martínez et al., 2006; R. L. Smith et al., 
2008), and it might even be possible in human communities. Penilla et al. 
(2007) randomly allocated 24 villages in Mexico to one of four different 
methods of applying public health insecticides and compared the rate 
of rise of resistant mosquitoes over several years. None of the putative 
resistance management strategies slowed the spread of phenotypic 
resistance. Empirical assessments of evolutionary outcomes are problem-
atic for a drug against which resistance has yet to arise, but once high-level 
resistance has arisen, there is an ethical imperative to do such studies.

Mathematical models have much to offer, but the challenges are 
formidable even in silico. Consider malaria. As we argued above, the 
strength and direction of selection are critically affected by the interactions 
between competing pathogen lineages within a patient and how drug 
treatment affects this ecology. Treatment determines what is transmit-
ted, and changes in the force of infection will, in turn, affect the genetic 
diversity within an infection, and hence the ecology. Such feedbacks defy 
standard population genetics approaches, which track gene frequencies 
without explicit population dynamics (Mackinnon, 2005). Evolutionary-
epidemiological models [e.g., Gandon and Day (2009)] are computation-
ally intensive, and we are unaware of any real-world context in which 
resistance evolution is adequately modeled. Unfortunately, the complex-
ity of the situation does not make it go away. Quantitative predictions 
of the impact of different treatment regimens on the useful life of a drug 
have to involve this social ecology. Such modeling efforts would also 
evaluate the resistance management consequences of reductions in dis-
ease transmission by other measures, such as mass drug administration 
or transmission-blocking interventions [e.g., World Health Organization 
(2011)]. These too will reduce force of infection, and hence alter the in-
host ecology. Reductions in force of infection might reduce the benefits of 
resistance by reducing the multiplicity of infection, and hence the levels 
of competitive release; however, as argued above, the costs of resistance 
will also be lower if there is less competition.

The difficulty of adequately capturing the relevant features in a 
mathematical model points to an important bottom line: Intuition 
(expert opinion), a very poor guide to evolutionary trajectories at the 
best of times, is really going to struggle in this context.
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HOW TO TREAT PATIENTS?

A corollary of our observation that radical pathogen cure can very 
seriously promote the evolution of resistance is that less aggressive drug 
treatment could prolong the useful life span of a drug. Because even small 
changes in relative fitness can alter the useful therapeutical life span of 
a drug by decades (Hastings and Donnelly, 2005), there is a strong case 
for investigating the clinical consequences of lighter touch chemotherapy.

Drug treatment is often continued after patient health is restored; 
this is a major reason why patients fail to complete prescribed drug 
courses. Could there be room to harness the in-host ecology to reduce the 
fitness advantages of resistance, in effect retaining some drug-sensitive 
pathogens to suppress resistance (Wargo et al., 2007; Read and Huijben, 
2009; Huijben et al., 2010)? Critically, patient health does not necessarily 
require immediate parasite elimination by drugs. To affect clinical recov-
ery, the immune system often just needs to battle fewer parasites or have 
a longer time period over which to ramp up. It may be, for instance, that 
only minimal intervention with drugs is required before immunity con-
trols and clears disease-causing pathogens. This could involve a very short 
course of treatment with a rapidly clearing drug (or drug combination), 
perhaps repeated at well-spaced intervals. Given a bit of help, immunity 
can deal very effectively with resistant parasites without imposing any 
selection for resistance (Cravo et al., 2001; Rice, 2008a,b; Taubes, 2008). 
Some currently heretical rules, such as “stop taking drugs when you feel 
better, and take them again if you get sick,” bear examination in such 
contexts. Critical questions are how best to combine dose and duration, 
how much it is necessary to have an impact on pathogen densities at 
first treatment, and how far apart pulses of treatment should be.

A general principle that should guide the rational development of 
patient treatment guidelines is to impose no more selection for resistance 
than is absolutely necessary. There might be cases where rules like “hit 
hard and hit early” (Ehrlich, 1913) or “ensure very high cure rates” (World 
Health Organization, 2010a) are consistent with this, but we doubt that 
they apply across a wide swath of diseases. For instance, de novo resis-
tance mutants are a major threat to the health of patients infected with 
highly mutable pathogens like HIV. In such a case, it probably is wise to 
use aggressive chemotherapy to reduce pathogen biomass, and hence the 
probability of de novo mutations. For many diseases, however, patients 
are at far higher risk of acquiring resistance from other patients. In TB, 
for example, up to 99% of cases of drug-resistant infections are acquired 
from the community (Luciani et al., 2009). In these circumstances, the 
merits of managing de novo mutations with aggressive chemotherapy 
are less clear. Chloroquine became ineffective against malaria because 
the highly resistant progeny of a single parasite in Asia spread across 
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the entire African continent (Wootton et al., 2002; Talisuna et al., 2004). 
SP, another inexpensive and initially highly effective antimalarial, was 
similarly undermined by vast epidemics derived from very few genetic 
events (Roper et al., 2004). Those resistant parasites enjoyed maximum 
evolutionary advantage in patients who adhered to regimens effecting 
radical cure of susceptible parasites.

More broadly, resistance management strategies will probably have to 
be tailored to particular drug-bug combinations and epidemiological cir-
cumstances. For instance, where single-clone infections dominate (acute 
childhood diseases or malaria where force of infection is low), the relative 
fitness of resistant and sensitive strains will be quite different from situ-
ations where most infections have a high multiplicity of infection. Where 
there is lateral transfer of resistance genes from the environment 
(many bacteria), persistent subpopulations [e.g., Escherichia coli (Levin 
and Rozen, 2006)], or infection sites that are difficult to treat [e.g., TB (Dye, 
2009)], or where treated stages are diploid [e.g., helminths (Prichard and 
Tait, 2001)], things could again be different. Where the social interactions 
between coinfecting strains differ from those we have described for 
malaria [e.g., West et al. (2006)], things could be different again.

It might also be that patient treatment regimens need to be modi-
fied as resistance evolution proceeds. Perhaps, for instance, aggressive 
chemotherapy can reduce the probability that mutations to high-level 
resistance will occur. If so, it could be worth moving to less aggressive 
regimens as soon as high-level resistance is detected in a region. Regimens 
involving lower doses or shorter treatments will impose weaker selec-
tion on that new resistance. Such a switch may be difficult in practice. 
Health messaging may require constancy, or it may be that by the time 
unambiguous evidence of high-level resistance has been obtained and 
policy changed, it is already too late.

CODA

Arguments somewhat analogous to ours have also been made for 
bacterial diseases (Lipsitch and Samore, 2002; Rice, 2008a,b). Aggressive 
chemotherapy could be particularly problematic in the case of many bacte-
rial infections, where exhortations for patients to adhere to long-course 
regimens probably generate sustained selection on gut commensals to har-
bor resistance genes. These can be readily passed to any disease-causing 
bacteria that subsequently invade. Our discussion also has strong par-
allels with the management of Clostridium difficile in hospitals, where 
aggressive use of broad-spectrum antibiotics is responsible for the com-
petitive release of the more virulent C. difficile (Vonberg et al., 2008).
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An analogous situation also occurs in cancer therapy, where cell 
lineages within a tumor compete for access to space and nutrients. There, 
the argument has recently been made that less aggressive chemotherapy 
might sustain life better than overwhelming drug treatment, which sim-
ply removes the competitively more able susceptible cell lineages, allow-
ing drug-resistant lineages to kill the host (Gatenby, 2009; Gatenby et 
al., 2009). Mouse experiments support this: Conventionally treated mice 
died of drug-resistant tumors, but less aggressively treated mice survived 
(Gatenby et al., 2009). Elsewhere, we and others have also argued that 
by concentrating on malaria control rather than vector control, selection 
for insecticide-resistant mosquitoes can be managed and even eliminated, 
obviating the need for an insecticide discovery pipeline (Koella et al., 
2009; Read et al., 2009; Gourley et al., 2011). In all this, the key issue is to 
impose only the selection needed to achieve health gains and no more.

There is widespread agreement that stewardship of antimicrobials 
means restricting their use to only those patients who need them. We sug-
gest that a similar default philosophy of sparing use should apply at the 
within-host level to patient treatment regimens. Overwhelming chemical 
force may at times be required, but we need to be very clear about when 
and why that is. Aggressive chemotherapy will, under a wide range of 
circumstances, spread resistance.

ACKNOWLEDGMENTS

Our arguments benefited from discussion with V. Barclay, C. 
Bergstrom, S. Bonhoeffer, N. Colegrave, M. Ferdig, A. Griffin, J. Hansen, J. 
Juliano, M. Laufer, B. Levin, J. Lloyd Smith, M. Mackinnon, S. Meshnick, 
N. Mideo, S. Nee, R. Paul, J. de Roode, P. Schneider, F. Taddei, and A. Wargo, 
not all of whom agree with our conclusions. We thank J. Antonovics, A. 
Bell, K. Foster, M. Greischar, S. Reece, and an anonymous referee for 
comments on the manuscript and members of the Research and Policy 
in Infectious Disease Dynamics Program of the Science and Technology 
Directorate, Department of Homeland Security, and the Fogarty Inter-
national Center, National Institutes of Health, for stimulating discussion. 
Award R01GM089932 from the National Institute of General Medical Sci-
ences supported the empirical work reported here; work under Awards 
R01AI089819 and U19AI089676 from the National Institute of Allergy and 
Infectious Diseases contributed to conceptual development. This work 
greatly benefited from a Fellowship to A.F.R. at the Wissenschaftskolleg 
zu Berlin.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


253

Genomic imprinting is predicted to influence behaviors that affect individuals 
to whom an actor has different degrees of matrilineal and patrilineal kinship 
(asymmetric kin). Effects of imprinted genes are not predicted in interactions 
with nonrelatives or with individuals who are equally related to the actor’s 
maternally and paternally derived genes (unless a gene also has pleiotropic 
effects on fitness of asymmetric kin). Long-term mating bonds are common 
in most human populations, but dissolution of marriage has always affected 
a significant proportion of mated pairs. Children born in a new union are 
asymmetric kin of children born in a previous union. Therefore, the innate 
dispositions of children toward parents and sibs are expected to be sensitive 
to cues of marital stability, and these dispositions may be subject to effects 
of imprinted genes.

“The burden of making and the duty of exacting compensation ran on 
the mother’s side as well as the father’s. A father and son, or two half-
brothers, would for the purposes of the blood-feud have some of their 
kindred in common, but by no means all.”

Pollock and Maitland (1895)
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The opening quotation comes from a discussion of Anglo-Saxon 
law. An individual could be liable to pay wergeld for the slay-
ing of his mother’s kinsman by his father’s kinsman and be 

entitled to receive wergeld for the same slaying, because each individual 
combined two lines of descent. The individual is divisible. Just as his 
loyalties can be divided by obligations to the two sides of his family, so 
too can his genome be divided between genes he shares with his mother 
and genes he shares with his father. Blood is thicker than water, and 
blood does not mix (in the sense that genes do not blend).

Genetically determined behaviors that benefit the father’s side of 
the family may be favored by natural selection when a gene has been 
transmitted by a sperm but not when the same gene has been transmit-
ted by an egg. Conversely, a behavior that benefits the mother’s side of 
the family may be favored when a gene has been transmitted by an egg 
but not when the same gene has been transmitted by a sperm. In such cir-
cumstances, imprinted alleles, genes that are differently expressed when 
inherited via eggs and via sperm, can supplant unimprinted alleles 
that are expressed independent of parental origin (Haig, 1997, 2000b).

Imprinted genes have been considered prime candidates for 
involvement in disorders of human social interaction, such as autism 
and schizophrenia, because of their predicted role in interactions among 
kin (Badcock and Crespi, 2006; Isles et al., 2006; Crespi, 2008; Goos and 
Ragsdale, 2008; Úbeda and Gardner, 2010, 2011). Not all social interac-
tions promote imprinted gene expression, however. The principal pur-
pose of this paper is to clarify the rather specific conditions that favor 
stable maintenance of imprinted gene expression, but this task requires 
a broader understanding of how humans innately categorize kin. These 
questions will be addressed with a particular focus on effects of partner 
change and on internal genetic conflicts during sexual maturation and 
adolescence.

ASYMMETRIES OF RELATEDNESS

Consider an imprinted locus at which the established allele is 
silent when paternally derived but expressed at level x > 0 when mater-
nally derived. This pattern of expression is an evolutionarily stable 
strategy (ESS) when two conditions are met:
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where dwi/dx is the effect of a change in x on the fitness of individual i, 
and pi and mi are coefficients of patrilineal and matrilineal relatedness of 
the category to which individual i belongs. Inequality (1A) specifies that 
extra x reduces patrilineal inclusive fitness. This condition maintains 
silence of paternally derived alleles. Eq. (1B) specifies that x is a local 
maximum of matrilineal inclusive fitness (Haig, 1997). These conditions 
are equivalent to

  (2A)

  (2B)

where s indexes symmetric kin (individuals for whom ms = ps) and a 
indexes asymmetric kin (individuals for whom ma ≠ pa). An individual’s 
symmetric kin include herself, her offspring, and her grandoffspring, 
but most other categories of kin are asymmetric, including “fullsibs,” 
because of uncertainty of paternity. Thus, the right-hand sides of 1A 
and Eq. (1B) can be considered to represent the marginal effect of x on 
the individual’s own survival and reproduction (individual fitness).

Eq. (2B) describes a tradeoff in the maximization of matrilineal 
inclusive fitness. At the ESS, the marginal effect of x on individual fit-
ness is balanced by a marginal effect of opposite sign on indirect fitness 
obtained via asymmetric kin. If the value of Eq. (2B) is negative, then 
extra x increases individual fitness at a cost to matrilineal asymmetric 
kin. If the value of Eq. (2B) is zero, then x simultaneously maximizes 
both components of inclusive fitness (most plausible if x has no effects 
on matrilineal asymmetric kin). If the value of Eq. (2B) is positive, then 
extra x increases the fitness of matrilineal asymmetric kin at a cost to 
individual fitness.

Substitution of the right-hand side of Eq. (2B) for the left-hand side 
of 2A yields

  (3A)

 which can be rearranged to give

  (3B)
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patrikin (individuals for whom mk < pk). This partition allows kin to be 
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matrikin (mi > pi), and patrikin (mi < pi). Inequality (3B) states that 
inactivation of the silent paternal allele is maintained when the summed 
effects of extra x on fitness are worse for patrikin than for matrikin, 
where fitness effects are weighted by the asymmetries of relatedness 
(terms in parentheses).

The ESS for a locus at which the established allele is silent when 
maternally derived but expressed at level z > 0 when paternally derived 
is obtained by substitution of z for x and reciprocal substitution of m 
for p throughout the above analysis.

If maternal-specific expression of x has effects on two individuals 
only, (1A) and Eq. (1B) become

  (4A)

  (4B)

These conditions describe a tradeoff in which the two individuals’ 
fitnesses are differently weighted for genes of maternal and paternal 
origin. Condition (4A) can be expressed in a convenient form using a 
substitution from Eq. (4B):

  (4C)

Condition (4C) shows that the maintenance of paternal silence depends 
on a difference in the ratios of matrilineal and patrilineal relatedness 
for the two individuals affected.

If one of these individuals is the actor within whom x is 
expressed (p1 = m1 = 1), then (4C) and Eq. (4B) become

  (5A)

  (5B)

Maternal-specific expression of x either benefits self at a cost to an 
individual who is patrikin (dw1/dx > 0, dw2/dx < 0, p2 > m2) or benefits 
an individual who is matrikin at a cost to self (dw1/dx < 0, dw2/dx > 0, 
p2 < m2). The ESS at a maternally silent locus, with paternal expression 
level z, is obtained by swapping m2 for p2 and z for x:
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  (6A)

  (6B)

Paternal-specific expression of z either benefits self at a cost to an 
individual who is matrikin (dw1/dx > 0, dw2/dx < 0, p2 < m2) or benefits an 
individual who is patrikin at a cost to self (dw1/dx < 0, dw2/dx > 0, p2 > m2).

KINSHIP CATEGORIES

Other individuals evoke different innate dispositions in ego: some 
are sexual rivals, and others are potential mates; some are parents, 
and others are offspring; some are friends, and others are strangers. 
These dispositions constitute an implicit categorization of others that 
represents the way natural selection has parsed social interactions in a 
particular evolutionary lineage. The dispositions define the categories: 
all individuals who evoke a disposition belong to a category defined by 
the disposition. If the members of a category are, on average, related 
to ego, then the disposition will evolve, in part, shaped by its effects 
on the fitness of kin. An individual who evokes the disposition can be 
considered to be treated as a kinsman and the disposition can be con-
sidered a kin-directed behavior.

An actor can treat another individual as belonging to an innate 
category without recognizing that a category exists or recognizing par-
ticular individuals as members of the category. As a simple example, 
hormones secreted into the maternal circulation by a fetus affect 
another individual who necessarily carries copies of the maternally 
derived alleles of the fetus (Haig, 1996). However, if a behavior is to 
be preferentially directed toward a particular category of kin within a 
larger group of similar individuals, then the actor must discriminate 
among individuals and the individuals that belong to a category must 
be learned by social context. As a classic example, goslings have an innate 
disposition to follow “mother,” but the individual that is recognized as 
“mother” by a particular gosling is learnt through a process of imprint-
ing (in an earlier sense of the word). Similarly, human children may 
possess innate dispositions in their interactions with “mother,” “father,” 
“brother,” or “sister,” but the particular individuals who evoke these 
dispositions must be learnt from social context.

We probably possess more-or-less discrete instinctive categories for 
primary kin, such as “self,” “mother,” “sister,” and “daughter,” and 
perhaps for some secondary kin, such as “sister’s daughter” or “daugh-
ter’s daughter.” However, for more distant kin, I suspect we possess a 
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vague sense of some individuals as closer kin than others, with behav-
ioral dispositions that vary with degree of perceived kinship. Where we 
place a particular individual on this continuum will be determined by 
things we have been told, and how often, and in what contexts we have 
interacted with them, particularly during childhood.

A disposition evolves according to the average relatedness of the 
individuals who evoke the disposition, not according to the relatedness 
of any particular genealogical category. Thus, instinctive categories 
should be distinguished from the categories that would be determined 
by an omniscient geneticist. Suppose, for example, that a disposition 
is evoked by females, born within a few years of the actor, who live 
in close association with the actor’s “mother” during the actor’s own 
childhood. Such a disposition will often have been evoked by genealogi-
cal sisters, and the innate category can be labeled, for convenience, as 
“sister,” even though it may sometimes have been evoked by individu-
als who were not offspring of the actors’ mothers.

Hamilton’s second principle of the genetical evolution of social 
behavior was that “The situations in which a species discriminates in 
its social behaviour tend to evolve and multiply in such a way that 
the coefficients of relationship involved in each situation become more 
nearly determinate” (Hamilton, 1964b). In other words, natural selec-
tion will tend to favor actors who are able to subdivide beneficiaries 
into categories with a lower variance of genealogical relatedness. By 
this process, innate categories would more nearly come to approximate 
genealogical categories. However, this conclusion should be qualified 
by the observation that an individual may benefit from being classi-
fied by an altruistic actor as a member of a category with a coefficient 
of relatedness greater than the individual’s “true” relatedness. Thus, 
natural selection on actors to make ever finer discriminations of kin-
ship may be opposed by natural selection on a subset of beneficiaries 
to confound such discrimination (Haig, 2000a).

Instinctive categories should also be distinguished from the cultural 
classification of kin (Feinberg and Ottenheimer, 2001). Cultural evolu-
tion exploits our innate dispositions for various cultural and rational 
ends. For example, by defining another individual as a brother, a cul-
tural tradition or a political innovator attempts to evoke dispositions 
appropriate to innate brotherhood in interactions with that individual 
(Johnson, 1987; Salmon, 1998). To the extent that this evocation is suc-
cessful, culture thereby changes the coefficients of relatedness associated 
with an innate category in ongoing natural selection. By this means, 
culture can shape the innate taxonomy of kin.
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Symmetric Kin

“Self” and “offspring” are symmetric kin. These innate categories are 
evolutionarily ancient and undoubtedly have accrued a rich set of innate 
dispositions. “Grandoffspring” are also symmetric kin. Genes of mater-
nal and paternal origin favor the same outcomes when fitness tradeoffs 
affect symmetric kin alone. Therefore, significant effects of imprinted 
genes on symmetric kin are predicted only if a gene’s expression also 
affects asymmetric kin. For example, gene expression might mediate a 
direct tradeoff between the fitness of symmetric kin (e.g., “self”) and 
asymmetric kin (e.g., “mother”).

Perfect symmetry of matrilineal and patrilineal relatedness is 
an ideal that is probably rarely realized, although selection favoring 
imprinted expression will be weak when asymmetries of relatedness 
are small. For example, fullsibs, considered as a genealogical category, 
are symmetrically related to ego. However, “fullsibs,” considered as 
an innate category, are ego’s matrikin because of the possibility of 
undetected cuckoldry. The asymmetry of relatedness associated with 
“fullsibs” will be small, however, whenever the probability of shared 
paternity is high. As another example, ego’s offspring will be asym-
metrically related to ego when ego’s spouse is asymmetrically related to 
ego, as occurs under some forms of inbreeding (Haig, 1999; Wilkins and 
Haig, 2003a), but the asymmetries of relatedness will be small, except 
under close inbreeding.

Mother

“Mother” is the most important category of matrikin. Strong effects 
of imprinted genes are expected in an offspring’s relations with its 
mother, both prenatally and postnatally, because mothers have large 
effects on the fitness of offspring and are associated with an extreme 
asymmetry of relatedness from an outbred offspring’s genetic perspec-
tive (m − p = 1). Paternally expressed genes are predicted to increase the 
demands offspring impose on mothers, whereas maternally expressed 
genes are predicted to reduce these demands (Wilkins and Haig, 2003b; 
Haig, 2004). The strength of these effects will be attenuated when moth-
ers establish stable breeding bonds with a particular male because pater-
nally derived genes of an offspring then have an interest in a mother’s 
continued reproduction. Her future offspring are potentially also 
the offspring’s father ’s future offspring. However, when a mother 
changes partner, her continued reproduction expends limited maternal 
investment on maternal halfsibs, who are unrelated rivals from the 
perspective of paternally derived genes of existing offspring.
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Effects of imprinted genes during fetal development are broadly 
consistent with theoretical predictions that paternally expressed genes 
should enhance growth and maternally expressed genes should restrain 
overgrowth (Eggermann et al., 2008; Haig, 2010). Evolutionary specula-
tion about postnatal effects of imprinted genes on a child’s relations 
with his or her mother has focused on the phenotypes of Prader-Willi 
syndrome (PWS) and Angelman syndrome (AS), with the former caused 
by loss of paternally expressed genes at 15q11–13 and the latter by loss 
of maternally expressed genes from the same region (Buiting, 2010). 
Therefore, PWS is predicted to exhibit absence, or weak development, 
of behaviors that elicit resources from mothers, whereas AS is predicted 
to exhibit an overdevelopment of such behaviors (Haig and Wharton, 
2003; Úbeda, 2008).

Infants with PWS exhibit poor suck, weak cry, and excessive sleepi-
ness, suggesting paternally expressed genes from 15q11–13 promote 
suckling, strength of cry, and wakefulness (all phenotypes that are 
expected to enhance maternal costs). From about the age of natural 
weaning, children with PWS develop an insatiable appetite associated 
with “foraging” behaviors. These phenotypes have been interpreted as 
a pathological expression of “weaning conflicts” that occurred when 
our ancestors were transitioning from predominant reliance on the 
breast to reliance on supplemental foods (Haig and Wharton, 2003; 
Úbeda, 2008).

The happy affect and smiling demeanor of children with AS con-
trast with the less effusive personality of children with PWS. Children 
with AS are proposed to express strongly behaviors that normally func-
tion to elicit maternal care, attention, and attachment (Isles et al., 2006; 
Brown and Consedine, 2004). However, the overtly social personality of 
children with AS is combined with a profound deficit in communication 
(Haig, 2008). Speech and gesture are largely absent. Therefore, maternally 
expressed genes at 15q11–13 appear necessary for the normal develop-
ment of language. Badcock and Crespi (2006) have suggested that genes 
of maternal origin have been selected to act in the language centers 
of the child’s brain to promote attentiveness to maternal instruction 
and maternal example, coordinating maternal and child needs for the 
benefit of the matriline.

Father

Fathers are patrikin of their offspring. Therefore, maternally 
expressed genes in offspring are predicted to favor increased demands 
on fathers relative to the effects of paternally expressed genes. By 
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contrast, paternally expressed genes are predicted to show greater 
solicitude to the needs of fathers.

Most mammals probably lack an innate category of “father.” The 
evolution of more-or-less stable mating bonds between men and women 
has allowed fathers to recognize their offspring and offspring to rec-
ognize their fathers (often with a fair degree of confidence). Human 
fathers recognize offspring as babies born to women with whom they 
are involved in a more-or-less exclusive sexual relationship. Human 
offspring recognize fathers as adult males closely associated with their 
mother during infancy and early childhood (Chapais, 2008).

Recognition of fathers means fathers can be avoided as mates. 
From the genetic perspective of a daughter, mating with her father is 
associated with a direct cost of producing inbred, rather than outbred, 
offspring but an indirect benefit of an extra, albeit inbred, paternal half-
sib (with the daughter herself as the mother). The direct cost is experi-
enced equally by the daughter’s maternal and paternal alleles, but the 
indirect benefit is experienced solely by the daughter’s paternal alleles. 
Therefore, maternally expressed genes are predicted to promote strong 
aversions to sexual relations with fathers (Haig, 1999).

Sibs

Uterine sibs sometimes have different fathers and are thereby 
matrikin. Paternal-specific expression of imprinted genes is expected 
to benefit self at the expense of uterine sibs, whereas maternal-specific 
expression is expected to benefit uterine sibs at a cost to self. Two factors 
in human evolution have probably had opposing effects on the intensity 
of conflict between genes of maternal and paternal origin over relations 
with uterine sibs. On the one hand, the evolution of persistent pair-
bonds increased the proportion of uterine sibs that were fullsibs, thus 
reducing asymmetries of relatedness and mitigating potential conflicts. 
On the other hand, the evolution of shorter interbirth intervals and 
prolonged childhoods increased opportunities for competition among 
sibs (Kennedy, 2005; Sellen, 2007; Humphrey, 2010).

Sibs are both sharers of common genes and competitors for com-
mon resources; hence, the characteristic admixture of affection and 
aggression in many sibling relations. Innate dispositions toward sibs 
are expected to be sensitive to relative age, with rivalry more intense 
among sibs who are closer in age. An older sib usually has greater power 
to help or harm a younger sib than the younger has to help or harm 
the older (although younger sibs will often attempt to recruit the even 
greater power of a parent on their behalf). The age-related asymmetry 
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in power between a pair of sibs is expected to lessen as they grow older 
because they become closer together in relative age.

“Younger uterine sib” is likely to have been an evolutionarily salient 
category of matrikin because the arrival of a new baby will often have 
been accompanied by a reapportionment of maternal care away from 
older sibs. Consider two scenarios. In the first, a child grows up with 
his or her mother and a “father” who disappears and is replaced by 
an unfamiliar adult male, after which the mother has a new baby. From 
the perspective of the older child, the new baby is associated with a 
large asymmetry of relatedness (m − p = 0.5). In the second scenario, 
the “father” and mother remain together for the birth of a new baby. 
In this scenario, the new baby is associated with a much smaller asym-
metry of relatedness because he or she is likely (although not certain) 
to be a fullsib of the older child.

New babies evoke a single instinctive category if the innate disposi-
tions of older sibs are the same in the two scenarios. In this case, gene 
expression will have evolved according to a gene’s average relatedness 
to babies in the different scenarios, weighted by the long-term average 
frequencies of each scenario. If the two scenarios evoke different innate 
dispositions, then the babies belong to different instinctive categories 
and gene expression will have evolved according to scenario-specific 
coefficients of relatedness.

Innate dispositions of younger children toward “older uterine sibs” 
are probably less responsive to a mother’s change of partner than dis-
positions of older children to “younger uterine sibs” because a newborn 
child has not herself or himself experienced the change of partner and 
has few direct cues about the paternity of older sibs. The latter are 
more powerful and better informed than younger sibs, and thus may 
often set the tone of sibling relations. Infants and toddlers may, at first, 
express behaviors designed to ingratiate themselves to older sibs in 
an attempt to elicit help and avoid harm, with the overt expression of 
rivalry intensifying as disparities of power lessen with age.

Paternal halfsibs are patrikin, but it is unclear whether we have 
evolved innate dispositions that are specific for this category of kin. 
Relations with paternal halfsibs are usually less intimate than relations 
with maternal halfsibs because a father’s contact with his offspring 
becomes attenuated once his sexual relations with their mother ends, 
especially if he has offspring with another woman. Interactions with 
paternal halfsibs are more intense in polygynous households in which the 
offspring of two or more women compete for family resources (Jankowiak 
and Diderich, 2000), but this situation has probably been less frequent 
than living with maternal halfsibs.
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Extended Kinship

Asymmetries of matrilineal and patrilineal relatedness are created 
whenever individuals of one sex disperse to reproduce, whereas indi-
viduals of the other sex remain in their natal group. If the variance of 
reproductive success is similar in the two sexes, then random pairs of 
individuals are more likely to share genes of maternal origin than genes 
of paternal origin in matrilocal groups with male-biased dispersal, but 
the reverse is true in patrilocal groups with female-biased dispersal 
(Haig, 2000a, 2010; Brandvain, 2010; Úbeda and Gardner, 2010, 2011; Van 
Cleve et al., 2010). Thus, differential dispersal of the sexes can result in 
genes having effects that discriminate between matrikin and patrikin 
without other individuals being explicitly recognized as belonging to 
the mother’s family or father’s family.

Whether human reproductive dispersal has been female-biased or 
male-biased, on average, is controversial (Ember, 1978; Alvarez, 2004). 
What is not controversial is that human groups exhibit a flexibility of 
social organization such that ties of matrilineal and patrilineal kinship 
predominate in different populations, with strong ties to both sides of 
the family maintained in many groups (Rodseth et al., 1991; Marlowe, 
2004; Chapais, 2008). Most, if not all, cultures distinguish between matri-
lineal and patrilineal kin. A key unanswered question is whether this 
cultural distinction is reinforced by innate dispositions that distinguish 
“mother’s kin” from “father’s kin,” or whether the two kinds of kin 
are lumped together in a single instinctive category with asymmetries 
of relatedness determined by social context.

The recognition of particular individuals as belonging to particu-
lar categories of kin enables discrimination among members of social 
groups on the basis of degree of relatedness (nepotism). The evolution-
arily oldest and strongest ties are between mothers and their offspring, 
and among uterine sibs. If adults maintain associations with their moth-
ers and uterine sibs, then second-order ties are facilitated between 
children and their mother ’s mother and mother’s sibs (Chapais, 2008). 
Strong ties of patrilineal kinship are more tenuous because recognition 
of fathers is less certain and (evolutionarily) more recent. Perhaps for 
these reasons, ties of patrilineal kinship are often reinforced by strong 
patriarchal ideologies.

KITH AND KIN

Queller (2011) distinguishes social effects mediated via kin from 
those mediated via kith or kind. Kin selection involves fitness effects 
on individuals who share genes via genealogical descent. Kind selection 
involves fitness effects mediated by identity by state rather than by 
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descent. Kith selection involves an actor’s effects on other individuals 
that feed back to the actor’s own individual or inclusive fitness. I will not 
discuss kind selection except to draw attention to Queller’s perceptive 
discussion of the relation between “phenotype matching” and green-
beard effects (Queller, Chaper 1, this volume).

Each individual has two parents who may be genetically unrelated 
but have a common interest in the survival and reproduction of their 
mutual offspring. The parents are each other’s kith, and their relation 
engenders a complex intertwining of kith and kin effects because the 
affines of the father and mother are, respectively, matrikin and patrikin 
of the offspring. Put another way, an individual’s matrikin are kith from 
the perspective of paternally derived genes, whereas an individual’s 
patrikin are kith from the perspective of maternally derived genes. 
Further entanglement of kith and kin occurs when parents are them-
selves kin because of consanguineous matings.

A husband may benefit from investment in the health and well-
being of his wife because this feeds back to increased fitness of his 
children. By extension, a husband is kith of his wife’s family, who 
are matrikin of his offspring. His investment in relations with his 
wife’s parents, and their investment in their son-in-law, may feed back 
to increased fitness of his children and their grandchildren. By further 
extension, a mother is kith of the paternally derived genes of her own 
offspring. These genes have an interest in her well-being to the extent 
that the offspring’s individual fitness depends on continued investment 
by a healthy mother. Moreover, the offspring’s patrilineal inclusive 
fitness may benefit from maternal investment in fullsibs.

Kith relations are contingent in ways that kin relations are not. The 
love of a child is more robust to bad behavior by the child than is love 
of a spouse to bad behavior by the spouse. The sharing of genes by descent 
is a brute fact that is unchanged by changes in the personal relations of 
kin, but spousal fitnesses are decoupled when either partner pursues 
other reproductive opportunities.

PARTNER CHANGE

In preindustrial societies, it was a lucky child who reached maturity 
living in a household with both biological parents because of high rates 
of parental death and divorce (Hewlett, 1991; Marlowe, 2005). Some 
of our ancestors undoubtedly grew up in families with both parents 
present, but others grew up in families in which one or both parents 
were absent. Behaviors that best promoted inclusive fitness are likely 
to have differed between intact and disrupted families because parents 
differed in their ability (or willingness) to invest in offspring and divorce 
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was associated with predictable changes in relatedness for the children 
of former marriages.

As long as a couple remains together, their mutual offspring are 
fullsibs and symmetric kin of existing offspring (ignoring, for the 
moment, children conceived by extrapair copulations). However, once 
parents change partners, subsequent offspring of the mother and 
father are, respectively, maternal halfsibs (matrikin) and paternal half-
sibs (patrikin) of the parents’ mutual offspring. Therefore, a child’s 
innate dispositions toward parents and younger sibs should be sensitive 
to whether or not his or her parents remain together, and these dispo-
sitions may be particularly sensitive to influences of imprinted genes 
after divorce or parental death.

Conflict in a child’s relations with his or her parents is expected 
to intensify after parental separation, especially after parents acquire 
new partners (Emlen, 1995, 1997b), because genes of maternal origin in 
the child have no direct interest in the father’s continued reproduc-
tion, whereas genes of paternal origin have no direct interest in the 
mother’s continued reproduction. Therefore, genes of paternal ori-
gin are expected to promote reduced cooperation with mothers after 
divorce, either expressed as increased demands for maternal resources, 
increased competition with maternal halfsibs, or reduced expression 
of helpful behaviors. Genes of maternal origin are expected to have 
opposing effects. As a result, conflicts within the child’s genome are 
predicted to intensify after divorce.

When marriages dissolve, children usually remain with their moth-
ers and contact with their fathers declines; social interactions with mater-
nal halfsibs tend to be stronger than with paternal halfsibs; and ties to 
the mother’s extended family strengthen, whereas ties to the father’s 
family weaken (Furstenberg and Cherlin, 1991). If similar biases were 
present in our evolutionary past, then the dissolution of pairbonds would 
have been associated with a statistical shift toward greater interaction 
with matrikin and a concomitant shift in the selective forces acting on 
imprinted genes in children. Paternally derived genes of children would 
therefore favor a greater emphasis on self-beneficial behaviors and a 
reduced emphasis on kin-beneficial behaviors after parental divorce.

SEXUAL MATURATION

Age at sexual maturity is a pivotal life-history variable (Stearns, 
1992). In standard life-history theory, risk of death is the primary factor 
favoring earlier reproduction because individuals who delay matura-
tion may not survive to reproduce or may not remain alive long enough 
to raise their offspring. Other things being equal, higher mortality of 
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young adults favors earlier reproduction. Thus, high risks of subadult 
mortality have been proposed to explain early reproduction at small 
size in human pygmies (Walker et al., 2006; Migliano et al., 2007). Early 
maturation, in this case, is assumed to reflect a genetic change in the 
pygmy gene pool. Facultative responses are also possible. Thus, early 
reproduction by poor African-American women has been interpreted 
as a rational response to low life expectancy (Geronimus, 1997).

Theoretical discussions have focused on effects of pubertal timing 
on individual fitness with indirect effects on the fitness of relatives, for 
the most part, neglected. In this section, I will focus on indirect effects. 
My motivation is that a number of imprinted regions of the human 
genome influence pubertal progression and timing. This suggests that 
variation in age at maturity has affected the fitness of asymmetric kin, 
as well as individual fitness (Haig, 2010). I do not address the relative 
importance of direct and indirect effects. The selective forces acting on 
pubertal timing are undoubtedly complex, and a comprehensive review 
is beyond the scope of this paper.

The timing of ego’s transition to adulthood would have had var-
ied consequences for the fitness of ego’s kin depending on ecological 
conditions: whether ego remained in his or her natal group or moved 
to another group, how much ego contributed to communal goods, and 
the extent to which ego’s offspring competed for limited resources 
with other group members (Haig, 2010). Rather than attempt a global 
analysis that sums fitness effects across all categories of kin, I will 
consider a simple model in which the level of x (expressed from one 
locus) accelerates ego’s pubertal development, whereas the level of z 
(expressed from another locus) decelerates pubertal development, and 
consider two ways in which ego’s age at maturity could affect the fitness 
of a younger uterine sib.

In the first scenario (another-mouth-to-feed), ego (m1 = p1 = 1) and 
a younger sib (m2 = 0.5 > p2) compete for limited maternal investment 
until ego leaves the parental home. Earlier puberty reduces ego’s fit-
ness (∂w1/∂x < 0, ∂w1/∂z > 0) at a benefit to the younger sib (∂w2/∂x > 0, 
∂w2/∂z < 0), who acquires more resources because of reduced competi-
tion with ego. Ego’s genes of paternal origin have less of an interest in 
the younger sib’s welfare than ego’s genes of maternal origin. There-
fore, this scenario predicts maternal-specific expression of accelerators 
of puberty and paternal-specific expression of decelerators of puberty. 
From Eq. (5B) and Eq. (6B), the joint ESS is characterized by
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Ego is predicted to undergo puberty at a younger age than is optimal 
for his or her individual fitness. Production of x is “altruistic” because 
it benefits the younger sib at a cost to self, whereas production of z 
is “selfish” because it benefits self at a cost to the younger sib.

In the second scenario (helper-at-the-nest), ego helps raise the 
younger sib by providing child care and contributing food to the 
household pot or otherwise reducing maternal workload (Turke, 1988; 
Bereczkei and Dunbar, 2002; Kramer, 2002; Hrdy, 2009), but this help is 
withdrawn when ego begins to reproduce on his or her own. Earlier 
puberty enhances ego’s individual fitness (∂w1/∂x > 0, ∂w1/∂z < 0) at a 
cost to the fitness of the younger sib (∂w2/∂x < 0, ∂w2/∂z > 0). Ego’s genes 
of paternal origin have less interest in the fitness of the younger sib 
than ego’s genes of maternal origin. Therefore, this scenario predicts 
maternal-specific expression of decelerators of puberty and paternal-
specific expression of accelerators of puberty. The joint ESS is character-
ized by

  (8)

Ego is predicted to undergo puberty at an older age than is optimal 
for his or her individual fitness. Production of x is “selfish” because it 
benefits self at a cost to the younger sib, whereas production of z is 
“altruistic” because it benefits the younger sib at a cost to self.

Human sexual maturation is delayed relative to the other great 
apes. The two scenarios make different predictions about the reason 
for delayed maturation in the human lineage. In the another-mouth-to-
feed scenario, delayed maturation is favored because it allows ego to 
accumulate more embodied capital and become a better parent (Gurven 
et al., 2006). In the helper-at-the-nest scenario, delayed maturation is 
favored because ego obtains greater returns from indirect investment 
in a younger sib than from direct investment in his or her own offspring 
(Reiches et al., 2009; Kramer and Ellison, 2010). The two scenarios are, of 
course, not mutually exclusive: A child can both compete with his or her 
sibs for limited resources and provide help to his or her parents. More-
over, experience gained in care of younger sibs is a form of embodied 
capital when a child has offspring of his or her own.

What would one expect if age at maturity were contingent on 
whether ego’s mother and father stayed together for the birth of the 
younger sib? Partner change causes a decrease in p2, thus discounting 
the cost of competition with the younger sib, or discounting the ben-
efit of helping raise the younger sib, for genes of paternal origin. In the 
another-mouth-to-feed scenario, reduced relatedness to younger sibs 
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is predicted to favor increased production of z from alleles of paternal 
origin to slow the onset of puberty. Partner change, by itself, does not 
promote a change in x because m2 is unchanged. However, the accel-
eration of puberty due to increased z may favor enhanced production 
of x from alleles of maternal origin as a countermeasure. By contrast, 
in the helper-at-the-nest scenario, reduced relatedness to younger sibs 
directly favors increased production of x from alleles of paternal origin 
to hasten the onset of puberty.

Blended vs. Unblended Relatedness

What coefficient (or coefficients) of relatedness should be associ-
ated with an innate kinship category in models of inclusive fitness? 
Inclusive-fitness theory usually employs a coefficient that averages 
relatedness for alleles of maternal and paternal origin, as if maternal 
and paternal alleles were blended together in offspring rather than 
retaining their separate identities. By contrast, the present paper uses 
parent-specific coefficients. There has been surprisingly little discussion 
of if, and when, blending is appropriate given that the two approaches 
make different kinds of predictions about what should be observed in 
nature. I will use the helper-at-the-nest scenario to illustrate the differ-
ence of approach and predictions.

A “conventional” model of pubertal timing would use age at puberty, y, 
as the variable for direct optimization. Larger values of y would be associated 
with a benefit to the younger sib (dw2/dy) at a cost to self (−dw1/dy). At the 
optimal age of puberty,

  (9)

where r2 = (m2 + p2)/2 is a coefficient that blends matrilineal and patrilineal 
relatedness. By contrast, an “imprinting” model would treat y as a function 
of the level of expression of one or more genes [e.g., y = f(x, z), where x is a 
pubertal accelerator and z is a pubertal decelerator] [Eq. (8)]. The model then 
makes statements about levels of gene expression at evolutionary equilibrium.

This comparison immediately identifies the attraction of the conventional 
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how the dispute will be resolved at the level of outward phenotype. The dif-
ferences should not be overstated. When considering the effects of husband 
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in phenotype will be similar for the two kinds of model, absent the possibility 
that genes of paternal origin have no influence. Nevertheless, I would argue 
that parent-specific coefficients are more appropriate than blended coefficients 
except in the special case where effects of imprinted alleles can be excluded. 
Even in the latter case, my preference is to use parent-specific coefficients and 
let the “blending” of relatedness emerge from the mathematics of the model.

Effects of Father Absence

Girls are reported to enter puberty and begin reproduction at younger 
ages when raised in households in which biological fathers are absent (Surbey, 
1990; Maestripieri et al., 2004). Previous attempts to explain this association 
have focused on the role of father absence as a predictor of the daughter’s 
expected fitness when “choosing” among alternative reproductive strategies. 
Thus, absence of her father during a girl’s early childhood has been proposed 
to predict lower paternal investment by the potential fathers of her own off-
spring. Her poor prospects of finding a reliable spouse have been conjectured 
to favor an earlier onset of reproduction (Belsky et al., 1991). A somewhat 
simpler hypothesis is that daughters themselves expect less parental investment 
from delaying maturation in a family with a single parent than in a family in 
which both biological parents are present (Ellis, 2004). These hypotheses 
interpret the association between father absence and early maturity as the 
outcome of a conditional strategy of a common genotype. An alternative 
interpretation is that early maturation of daughters and absence of fathers 
are genetically correlated (Mendle et al., 2006, 2009).

The helper-at-the-nest scenario predicts earlier menarche in disrupted 
families, whereas the another-mouth-to-feed scenario predicts a delay in men-
arche. Therefore, the association of early menarche with father absence is 
consistent with older daughters having been selected to delay reproduction 
to help mothers raise younger sibs when these are likely to be fullsibs but 
not when these are likely to be halfsibs. The assumptions of the model are 
simplistic, however. In particular, partner change is assumed to change patri-
lineal relatedness to the younger sib but not to affect the form of the fitness 
functions. Thus, the model does not consider direct effects of father absence 
on the daughter’s expected fitness or the purported value of father absence 
as a cue to the quality of the mating market.

The helper-at-the-nest hypothesis is compatible with the effect of father 
absence being either the expression of a conditional strategy or the result of a 
genetic correlation. In the first instance, the presence of a girl’s father would 
be used as a cue to delay maturation. In the second instance, genes that pre-
dispose men to short-term relationships would become statistically associ-
ated with genes of paternal origin that predispose daughters to mature early, 
and thus avoid sacrificing personal reproduction for the benefit of maternal 
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halfsibs. Conversely, genes that predispose men to long-term relationships 
would become associated with genes that predispose daughters to help 
parents raise fullsibs.

Early reproduction by elder daughters maximizes the potential for repro-
ductive overlap between mothers and daughters. Either could help the other 
raise offspring at the expense of personal reproduction. What determines 
who becomes the helper at whose nest? Cant and Johnstone (2008) have 
argued that when a young woman moves into the extended family of her hus-
band, her mother-in-law is predisposed to become the helper at the younger 
woman’s nest because the older women is related to the younger’s offspring 
(and therefore has a genetic incentive to help), whereas the younger woman 
is unrelated to the older’s offspring (and therefore has no genetic incentive to 
help). Perhaps a similar dynamic can play out after divorce between a 
younger woman and her own mother. In this case, the older woman is sym-
metrically related to the younger woman’s offspring (she is their maternal 
grandmother), but genes of paternal origin in the younger woman are unre-
lated to potential offspring of the older woman. This would create a bias in 
favor of the older woman helping the younger.

Effects of Birth Order

Elder daughters probably provide most effective help for sibs several 
years younger than themselves. Therefore, the helper-at-the-nest hypothesis 
predicts earlier menarche for daughters with fewer younger sibs and later 
menarche for elder daughters in larger families. A British study found cor-
relations broadly consistent with these predictions: Menarche was delayed in 
girls from larger families, but girls born later in a family of a given size had 
earlier menarche (Dann and Roberts, 1993). However, in a Spanish study, 
first-born daughters had earlier menarche than second-born and third-born 
daughters but later menarche than fourth-born or higher-born daughters 
(Apraiz, 1999). Effects of birth order on age at menarche may be complex 
and highly contingent. The greater competence of elder daughters to provide 
help is accompanied by a greater ability to compete for limited resources. Elder 
daughters have also spent early childhood in a smaller family than the family 
experienced by their younger sibs at the same age.

Expectations about the effects of family size are complicated because 
larger families contain more competitors for limited resources but also more 
opportunities for help. Analyses that consider effects of birth order commonly 
assign lowest birth order to oldest offspring, regardless of family size, and 
assign higher birth orders to younger sibs. In this formulation, birth order 
is linearly related to ego’s number of older sibs but provides no information 
about number of younger sibs (potential beneficiaries of help). From an evo-
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lutionary perspective, it might be more informative to perform these analyses 
with numbers of older and younger sibs as independent predictors.

Effects of Imprinted Genes

Previous sections have explored the hypothesis that mothers (and mater-
nally derived genes of daughters) benefit from delayed maturation because 
of help provided to mothers by older daughters. The effects of father absence 
on timing of menarche were construed as supportive of this hypothesis. How-
ever, evidence from the effects of imprinted genes on pubertal progression is 
not readily compatible with the helper-at-the-nest hypothesis.

PWS and Silver-Russell syndrome are caused by the absence of paternally 
expressed genes or increased dosage of maternally expressed genes. Both 
syndromes are associated with reduced linear growth in childhood and a 
weak (or absent) pubertal growth spurt (Davies et al., 1988; Wollmann et 
al., 1995; Hauffa et al., 2000). These phenotypes suggest matrikin benefited 
from slower childhood growth. Moreover, individuals who receive both copies 
of chromosome 14 from their mother experience precocious puberty (Kotzot, 
2004). This phenotype suggests that earlier puberty benefited matrikin, per-
haps via reduced competition for resources among uterine sibs. Thus, the 
effects of imprinted genes are more easily reconciled with the another-
mouth-to-feed scenario than with the helper-at-the nest scenario. 

Given the centrality of age of first reproduction to life-history the-
ory, it is perhaps surprising how little we understand about the fitness 
tradeoffs that influence variation within and among human popula-
tions in age at puberty in either sex. A detailed study of the effects 
of imprinted genes on pubertal timing and progression promises to 
provide important clues about the evolution of the distinctive human 
life history.

Adolescence

Adolescence has been defined as the period from onset of puberty 
to independence from parents (Casey et al., 2010). The duration of 
adolescence, by this definition, is highly variable within and among 
human populations. Popular opinion views adolescence as a time of 
heightened conflict between parents and offspring and of internal 
turmoil within the adolescent psyche. Adolescence is both a period of 
reorganization of neural circuits within the brain (Casey et al., 2010) and 
a period in which decisions are made about where to live and whom 
to marry that may have divergent effects on matrilineal and patrilineal 
inclusive fitness of the child and of his or her parents.
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Humans exhibit variation, even within sibships, in the degree to 
which adults maintain close ties with parents, siblings, and more dis-
tant kin. Relations with parents during adolescence are often perceived 
by young persons as a conflict between their desire for autonomy and 
parental attempts to control their choices (Surbey, 1998). Parents often 
perceive the adolescent as self-absorbed and as neglecting responsi-
bilities to family. Adolescence is a life-history transition in which the 
expression of imprinted genes may have significant effects within the 
brain. The maternal and paternal genomes of the adolescent agree about 
individual fitness but may disagree over how much individual fitness 
should be killed for investment in indirect fitness via kin.

A long tradition in anthropology has emphasized the role of mar-
riage as a form of exchange between patriarchal groups with young 
women as the commodity of exchange (Tylor, 1889; Durkheim, 1963; 
Lévi-Strauss, 1980). This was sometimes a direct exchange of daughters 
between groups, and it sometimes involved a transfer of family wealth, 
either a payment for a bride or a payment to place a daughter in a 
favorable situation. The freedom of young people to choose their own 
partners was curtailed. Conflicts between parents and offspring over 
the choice of marriage partners are the stuff of legend and literature. 
Parents usually believe they are acting in their child’s best interests 
(they believe they have more experience than their child in identifying 
a suitable spouse), but evolutionary theory recognizes that the genetic 
interests of parent and offspring may diverge.

Material benefits that a spouse brings to a marriage can be trans-
mitted to affinal kin of the spouse, but genetic benefits are transmitted 
only to offspring of the marriage. Offspring are therefore expected to 
place a greater emphasis than parents on the genetic qualities, rather 
than material resources, provided by mates (Trivers, 1974; Apostolou, 
2007a,b; Buunk et al., 2008). Mother and father may disagree over the 
relative value of material and genetic benefits provided by potential 
spouses of their child if material benefits flow unequally to matrikin and 
patrikin. For the same reason, maternal and paternal genomes of the 
child may disagree about the optimal attributes of a spouse.

The choice of where and with whom to reside may also have impor-
tant fitness consequences for a young couple. Families can both provide 
support for personal reproduction and demand support for kin. The 
expression of imprinted genes within the brain raises the possibility 
that some of these conflicts, over where to live and who to marry, may 
be internalized within the adolescent psyche.
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DISCUSSION

Life-history theory is concerned with tradeoffs in fitness: between 
the benefits of muscle and fat, between immune function and reproduc-
tive effort, between quantity and quality of offspring, and between 
reproduction now and reproduction later. Inclusive-fitness tradeoffs 
may involve the personal fitness of different individuals. Social tradeoffs 
exist between eating food now or bringing it back to the camp to be 
shared, between being a dad or a cad, between sponging on mother’s 
kin or father’s kin, and between helping one’s mother raise sibs or 
having a child of one’s own. Psychology is concerned with tradeoffs in 
mental function: between immediate and delayed gratification, between 
empathizing and systemizing, between focused and diffuse attention, 
and between impulsiveness and executive control. A key challenge for a 
synthesis of these fields will be to understand how psychological trade-
offs mediate life-history tradeoffs.

Our species’ innate taxonomy of kin is defined by evolved disposi-
tions that are directed toward some individuals but not others based 
on environmental cues that are correlated with degree of related-
ness. An innate disposition defines the membership of a category, and 
the membership defines the coefficient of relatedness associated with 
the category. All individuals who evoke a disposition belong to the 
category, and all members of the category determine the relatedness 
associated with fitness consequences of the disposition. Thus, innate 
kin categories need not correspond exactly to genealogical categories, 
and, given enough time and genetic variation, the cultural categoriza-
tion of kin can shape our innate dispositions.

An unresolved issue is the richness of our innate categorization of 
kin both in terms of the number of different kinds of kin for whom we 
have distinct dispositions and in terms of the complexity of disposi-
tions toward each particular category. No one would seriously argue 
that innate structure is absent in our interactions with mothers, but 
there is no similar consensus over whether we innately distinguish 
fullsibs from halfsibs, let alone mother’s brother’s daughters from 
father’s sister ’s daughters.

When tradeoffs exist between the individual fitnesses of relatives, 
inclusive fitness assigns relative values to effects on different categories 
of kin based on each category’s degree of relatedness to an actor. For 
most categories of kin, relatedness differs for genes of maternal and 
paternal origin. The inclusive fitness of maternal and paternal alleles 
will be maximized by different allocations of fitness among kin, creating 
the potential for conflicting goals within individual organisms and a 
deep-seated biological ambivalence in relations among kin.
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Maternal and paternal genes have a common interest in the effec-
tive functioning of the individual actor, but phenotypes that are deter-
mined by agents with different fitness functions are not expected to 
show the degree of integration and physiological efficiency one would 
expect of a phenotype determined by agents with identical interests. 
Perhaps such internal conflicts can partially account for inefficiencies 
of mental function and a high frequency of pathology in human social 
interactions.
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Evolutionary conflicts cause opponents to push increasingly hard and in 
opposite directions on the regulation of traits. One can see only the inter-
mediate outcome from the balance of the exaggerated and opposed forces. 
Intermediate expression hides the underlying conflict, potentially mislead-
ing one to conclude that trait regulation is designed to achieve efficient 
and robust expression, rather than arising by the precarious resolution of 
conflict. Perturbation often reveals the underlying nature of evolutionary 
conflict. Upon mutation or knockout of one side in the conflict, the other 
previously hidden and exaggerated push on the trait may cause extreme, 
pathological expression. In this regard, pathology reveals hidden evolution-
ary design. We first review several evolutionary conflicts between males and 
females, including conflicts over mating, fertilization, and the growth rate 
of offspring. Perturbations of these conflicts lead to infertility, misregulated 
growth, cancer, behavioral abnormalities, and psychiatric diseases. We then 
turn to antagonism between the sexes over traits present in both males and 
females. For many traits, the different sexes favor different phenotypic values, 
and constraints prevent completely distinct expression in the sexes. In this case 
of sexual antagonism, we present a theory of conflict between X-linked genes 
and autosomal genes. We suggest that dysregulation of the exaggerated con-
flicting forces between the X chromosome and the autosomes may be associated 
with various pathologies caused by extreme expression along the male–female 

13
Pathology from Evolutionary Conflict, 

with a Theory of X Chromosome 
Versus Autosome Conflict over 

Sexually Antagonistic Traits

STEVEN A. FRANK*‡ AND BERNARD J. CRESPI†

*Department of Ecology and Evolutionary Biology, University of California, Irvine, CA 
92697-2525; and †Department of Biosciences, Simon Fraser University, Burnaby, BC, Canada 
V5A 1S6. ‡To whom correspondence should be addressed. E-mail: safrank@uci.edu.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


276 / Steven A. Frank and Bernard J. Crespi

axis. Rapid evolution of conflicting X-linked and autosomal genes may cause 
divergence between populations and speciation.

Pathologies often arise from perturbations of evolutionary conflict. 
In conflict between different components of the genome, the oppos-
ing genes push in opposite directions on a particular trait, such as 

sex ratio or offspring growth rate (Burt and Trivers, 2006). The regula-
tion of such traits under conflict becomes dominated by a balance of 
opposing forces. This precarious regulatory balance contrasts with the 
typically supposed design of regulation to achieve efficient and robust 
expression (Foster, 2011; Werren, Chapter 10, this volume). Mutation or 
knockout of one side in the conflict leads to the other side dominating 
expression, often pushing the trait to an extreme in the absence of the 
opposing force. Extreme expression typically causes pathology.

In this chapter, we develop the idea of pathology arising from per-
turbations to evolutionary conflicts. We discuss several examples of evo-
lutionary conflicts, the ways in which conflict may lead to exaggerated 
opposition of forces on a trait, and the occasional breakdown in the nor-
mal balance of opposing forces that leads to pathology. We also present 
a theory of evolutionary conflict between X-linked and autosomal genes 
over traits that differ in their consequences for male and female fit-
ness. Perturbations to the X–autosome conflict may lead to pathologies of 
extreme expression along a male–female continuum in trait expression.

The first section develops the general concept of pathology aris-
ing from evolutionary conflict. Although the evolutionary dynamics and 
mechanistic constraints vary greatly between cases, pathology seems 
likely to increase with the difference between the optimal phenotypic 
values favored by the conflicting parties. The difference in conflict-
ing fitnesses sets the potential instability of regulatory control built 
from opposing forces. The degree of pathology in particular cases 
also increases with the rarity of pathological expression, because rar-
ity reduces the intensity of selection. Weaker selection allows greater 
exaggeration of opposing forces between conflicting parties, creating 
greater instability and pathology when the uneasy balance between 
strongly opposing forces does break down.

The second section analyzes the pathology of mammals derived from 
growth-related conflicts between paternal and maternal components of 
the genome (Haig, 2010). Several regulatory control networks of growth 
do appear to be a conflict between exaggerated paternal enhancers of 
growth and opposing maternal brakes on growth rate. We consider 
pathologies arising from imbalances between these strongly opposing 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Pathology from Evolutionary Conflict / 277

forces (Úbeda and Wilkins, 2008). Overly aggressive growth may lead 
to cancer.

The third section extends our discussion of growth-related patholo-
gies in mammals by considering morphological and behavioral patholo-
gies. Overexpression of normally paternally expressed factors in humans 
associates with characters such as a protruding tongue, a wide mouth, 
and excessive feeding solicitation behavior by offspring. By contrast, 
overexpression of normally maternally expressed factors associates with 
characters such as growth hormone deficiency, low birth weight, lack 
of appetite, and poor sucking ability (Eggermann et al., 2008). We also 
discuss psychiatric pathologies that associate the paternally expressed 
tendencies with autism and the maternally expressed tendencies with 
psychosis (Crespi and Badcock, 2008).

The fourth section reviews antagonism between the sexes (Rice and 
Holland, 1997). Distinct male and female characters interact in mat-
ing and fertilization. The sexes often conflict because, in a mating, 
males push to increase the chance of fertilization success, to increase 
current female investment in the male’s offspring, and to reduce future 
female mating. Females may push back by resisting male control over 
fertilization, future mating, and patterns of maternal resource invest-
ment in different offspring. Perturbations to these conflicts may lead 
to infertility.

A different sort of antagonism between the sexes occurs when the 
same trait is expressed in both males and females, such as aspects of 
metabolism, physiology, or structure (van Doorn, 2009). Often, males and 
females are favored to express this common trait in different ways. To the 
extent that the trait cannot be modulated completely to different expres-
sion in the two sexes, natural selection favors a balanced expression of 
the trait that averages the best trait value in each sex. In some cases, 
there is no conflict, but rather an intermediate outcome between the 
divergent characters favored in males and females.

The fifth section presents our theory of X versus autosome conflict. 
For a trait expressed in both sexes, the autosomes typically favor an 
intermediate expression that weights equally the best trait expression in 
males and females. By contrast, the X chromosome favors an intermediate 
value that weights the trait expression favored by females twice as much 
as the trait expression favored by males. This conflict between the X chro-
mosome and the autosomes can lead to exaggeration of the opposing 
forces and to pathology when perturbations disrupt the conflict.

We conclude by reiterating the importance of pathology in the 
study of conflict. Normally, one cannot see the strongly opposed forces 
in a conflict, because the observed trait typically reflects an intermediate 
balance that might be expected in the absence of conflict. Perturbation 
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of the conflict often leads to extreme expression and pathology (Burt 
and Trivers, 2006), revealing the hidden nature of evolutionary design.

MODEL OF OPPOSING FORCES

In this section, we summarize conclusions from a model of conflict. 
The model describes how a particular balance of opposing forces leads 
to a particular level of pathology when the balance is perturbed. We give 
the conclusions here and present the details of the model in Appendix A.

Fig. 13.1 shows the main concepts. Two parties, A and B, are in con-
flict, each with different optima for some character. The observed char-
acter value arises as an outcome of the opposing forces: B pushing for 
higher values, and A pushing for lower values. The opposing forces 
may become exaggerated as each side pushes harder against the other, 
with little net change in the outcome. As long as the opposing forces 
continue to balance, one often cannot see the underlying opposition 
that leads to a particular character value, such as a particular growth 
rate. However, when the force imposed by one party is knocked out, for 
example, by mutation, then the exaggerated force imposed by the other 
party may push the character value beyond its own optima. Such exag-
gerated expression, now revealed by the lack of opposition, may lead to 
a pathological character that is so extreme that it is disadvantageous to 
all parties.

The model in Appendix A develops these ideas of exaggeration and 
pathology in a simple way. The conclusions from the model are as follows: 
(i) Between conflicting parties, the greater the divergence of favored 
trait values is, the greater the tendency for a trait to be the outcome of 
a precarious balance between strongly opposed forces. (ii) The less fre-
quently perturbations occur, the weaker the penalty against the patholo-
gies that result from perturbation. A weaker penalty allows evolution of 
more extreme exaggeration for the conflicting forces and thus greater 
pathology when the balance is perturbed. (iii) The weaker the fitness 
consequence is for perturbation to a particular opposition of conflicting 
forces, the greater the opposition of forces becomes. The opposing forces 
diverge toward an ever more precarious balance until the consequences 
of pathology or other costs of exaggeration outweigh the tendency for 
opponents to push oppositely on the trait.

GROWTH PATHOLOGIES: CANCER

The paternally derived genes of a mammal may do better by enhanc-
ing early childhood growth at the expense of maternal survival. The 
paternal push for growth arises because the fathers of particular offspring 
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FIGURE 13.1 Pathology from evolutionary conflict. The conflict arises be-
tween two parties, A and B, which have distinct optima for some character. 
For example, A may be a mother and B a father, and the character value may be 
the growth rate of their child. In this case, the father favors a higher growth 
rate for the child than does the mother. (i) Party B pushes for higher character 
value, and party A opposes by pushing for lower character value. An observer 
often can see only the resolution measured as the character value that results 
from the hidden opposing forces. (ii) The resolution in i is not at either optimum, 
so B may push harder for an increase in character, which is then opposed by a 
stronger push by A in the other direction. This exaggeration of forces may be 
difficult to see, because the observed character value may be nearly unchanged 
under the stronger opposing forces that continue to balance at essentially the 
same level. (iii) The force imposed by A is knocked out. B’s force, now unop-
posed, may push the character value to a high level beyond B’s own optimum, 
causing a pathological outcome that is disadvantageous to all. (iv) A knockout 
of B, causing A’s unopposed force to push the character value too low, leading 
to pathology that is disadvantageous to both parties.
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are frequently unrelated to other offspring produced by the same mother. 
By contrast, maternally derived genes may do better by slowing child-
hood growth to balance current offspring success against future maternal 
reproduction (Haig, 2010).

The opposition of parental interests can influence the regulatory 
networks that control growth. Several paternally derived genes exagger-
ate childhood growth rate; several maternally derived genes compensate 
by slowing growth (Haig, 2010). The net growth rate depends in part on 
how the conflict is resolved.

Epigenetic imprints of several growth-regulating genes appear to 
mediate the parental conflict over offspring growth (Fowden et al., 2011). 
The paternally derived allele may carry an imprint that silences expres-
sion, causing only the maternal allele to be expressed. Or the maternal 
allele may be imprinted and silenced, so that only the paternal allele 
is expressed.

The insulin growth factor gene IGF2 is maternally imprinted and 
paternally expressed. In mice, this gene is perhaps the most important 
stimulator of fetal growth and determinant of offspring size. The pater-
nally imprinted and maternally expressed gene H19 produces a noncod-
ing RNA associated with reduced expression of IGF2 and a lower rate 
of growth (Gabory et al., 2009). There appears to be a broad network of 
imprinted genes influencing growth in mice, in which the maternally 
expressed H19 acts to repress many growth-promoting components of the 
imprinted network (Gabory et al., 2009; Fowden et al., 2011). Several other 
imprinted loci affect growth. There is a tendency for growth stimulation 
to be associated with paternally expressed loci and growth repression to 
be associated with maternally expressed loci (Fowden et al., 2011).

The opposition of parental forces can lead evolutionarily to repeated 
enhancement of paternal pushing toward faster growth and repeated 
counterresponses of maternal pushing toward slower growth (Haig, 2010; 
Wilkins, 2011). To the extent that such opposition escalates over evolution-
ary history, the growth regulatory network becomes a precarious balance 
between strongly opposing forces that may be easily perturbed (Fig. 13.1). 
Such perturbations may lead to pathology (Úbeda and Wilkins, 2008; 
Haig, 2010).

Cancer is excessive growth. Thus, cancer may be a common pathol-
ogy arising from perturbations to a precarious balance between strongly 
opposing growth promoters and growth repressors. Some evidence does 
connect perturbations of imprinted growth regulators to early stages of 
cancer progression (Lim and Maher, 2010; Monk, 2010).

Higher expression than normal of maternally silenced IGF2 or lower 
expression than normal of paternally silenced H19 or CDKN1C leads 
to a broad spectrum of overly rapid growth pathologies known as 
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Beckwith–Weidemann syndrome. The risk of certain childhood cancers, 
such as Wilms’ tumor and hepatoblastoma, is increased >100-fold in 
individuals with this rapid growth syndrome (DeBaun and Tucker, 1998). 
Other childhood cancers are also significantly increased in frequency 
(Rump et al., 2005), with a tissue distribution that closely matches that 
of typical sporadic childhood cancers. These excess, widely distributed 
cancers are consistent with the interpretation that an overly active IGF2 
pathway exerts its growth effects broadly by stimulating cell replication 
in many tissues.

An indirect link between imprinting and childhood cancer comes 
from the association between higher birth weight, accelerated fetal growth, 
and higher rates of most of the major childhood cancers (Troisi et al., 
2006; Milne et al., 2007; Laurvick et al., 2008; Callan and Milne, 2009; 
Samuelsen et al., 2009). To the extent that perturbations to imprinting 
can lead to misregulated growth, this association between growth and 
cancer may also link misregulated imprinting to cancer.

An inherited loss of the maternal IGF2 imprint causes a fivefold 
increase in human colorectal tumor risk (Cui et al., 2003). In a mouse 
study, knockout of the normal maternal IGF2 imprint led to expression 
of the maternal allele, increased IGF2 dosage, and higher sensitivity of 
the insulin growth factor signaling pathway (Kaneda et al., 2007). These 
growth-stimulatory changes in the IGF2 network may increase the 
number of intestinal progenitor cells at risk for progression or enhance 
the effects of other growth-promoting mutations (Kaneda and Feinberg, 
2005). Somatic loss of imprinting for growth-promoting genes such 
as IGF2 has been associated with early stages in cancer progression 
(Feinberg et al., 2006).

The key question remains: How much of cancer pathology arises from 
perturbations to maternally and paternally opposed growth regulation? 
At present, the strongest hints come from the IGF2 network and from the 
fact that some other key cancer-related loci, such as RB1 associated with 
retinoblastoma and WT1 associated with Wilms’ tumor, are imprinted 
and are involved in growth (Dallosso et al., 2004; Buiting et al., 2010). 
These hints suggest that some fraction of cancer pathology may indeed 
come from growth-related conflicts. However, on the basis of the current 
evidence, the total cancer risk from growth conflict remains unclear.

The open problem concerns how deeply growth conflict and imprint-
ing influence broad aspects of cellular proliferation. On the negative side, 
we have only a small number of known genes that fit. On the positive 
side, the number of genes that fit has increased steadily as data accumu-
late. It has been technically difficult to identify imprinted genes, leaving 
open the possibility that the known imprinted genes are just a small frac-
tion of the total amount of imprinting.
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With respect to the problem of identifying imprinted genes, Gregg 
et al.’s (2010) recent study is interesting. In their analysis of mouse brains, 
they estimated that >1,300 loci have the kind of parent-of-origin effects 
typical of imprinting. If widespread imprinting does in fact occur, then 
the conflicting interests of mothers and fathers over offspring growth may 
indeed lead to a growth regulation system precariously poised between 
strongly opposing forces. The pathologies from perturbations to a conflict-
influenced regulatory design might contribute significantly to cancer 
risk.

GROWTH PATHOLOGIES: MORPHOLOGY AND BEHAVIOR

The previous section discussed how the mother–father conflict over 
offspring growth rate may lead to tissue-level pathologies and cancer. In 
this section, we follow the same conflict in relation to two syndrome pairs. 
We begin with the syndromes’ morphological and feeding-related pathol-
ogies. We then turn to psychiatric pathologies, which are more complex.

Morphology and Feeding-Related Behavior

The Beckwith–Weidemann syndrome (BWS) often associates with over-
expression of the normally maternally silenced and paternally expressed 
IGF2 (Cohen, 2005). The opposing Silver–Russell syndrome (SRS) often 
arises by repression of IGF2 (Eggermann, 2010). Not all cases have a 
known direct association to IGF2. It is not clear whether those other 
cases derive primarily from different growth-related pathways or from 
unknown connections to regulation of IGF2 (Eggermann et al., 2008).

BWS individuals often have an enlarged tongue and high birth weight 
and height (Cohen, 2005). Other abnormalities, such as enlarged kidneys, 
may follow from a general tendency for rapid growth. Excess placental 
inclusions associated with rapid fetal growth occur. BWS individuals 
typically become adults of normal size and proportion, suggesting that 
the growth abnormalities are concentrated in the preweaning period asso-
ciated with the primary demands on maternal resources. SRS individu-
als are small at birth and remain small through development, have 
significantly reduced subcutaneous fat, and have poor muscle tone 
(Eggermann, 2010). SRS babies typically lack interest in feeding and may 
have difficulty taking more than a small amount of food (Blissett et al., 
2001). Growth hormone therapy is often an effective treatment.

The second pair of imprinted gene pathologies opposes Angelman 
syndrome (AS) and Prader–Willi syndrome (PWS). These syndromes asso-
ciate with imprinted loci on the long arm of chromosome 15, although 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Pathology from Evolutionary Conflict / 283

other causes may be involved. AS typically associates with loss of the 
normally maternally expressed gene UBE3A of the ubiquitin pathway 
(Johnstone et al., 2006), whereas PWS individuals usually lose function 
of normally paternally expressed factors in the same chromosomal region 
(Haig and Wharton, 2003).

AS individuals often have a protruding tongue, a wide mouth, and 
excessive mouthing behavior (Dan, 2009). PWS individuals tend to have 
growth hormone deficiency and low birth weight (Haig and Wharton, 
2003). Before the typical age of weaning at 2 or 3 years, they also lack 
appetite and have poor sucking ability, a weak cry, and a low activity level. 
After typical weaning age, they tend to overeat, perhaps associated with 
growth compensation derived from low size and weight at weaning age.

Overall, the two syndromes that are biased toward paternal expres-
sion, BWS and AS, have preweaning attributes associated with obtaining 
excess maternal resources. By contrast, the two syndromes that are biased 
toward maternal expression, SRS and PWS, have preweaning attributes 
associated with reduced acquisition of maternal resources.

The growth and feeding behavior of the two syndrome pairs fit well 
with the maternal–paternal conflict theory (Haig, 2010). By this theory, 
the design of regulatory control arises from opposition of forces rather 
than maximizing efficiency or enhancing robustness against perturba-
tions. These syndromes may be the extreme expressions among numer-
ous opposing forces in the regulation of preweaning growth and feeding 
behavior. If so, there may be a variety of potential perturbations leading 
to varying degrees of deviation from normal. Also, the breakdown of the 
normal paternal and maternal opposition of forces may lead to other 
pathologies besides mother–child resource transfer.

Psychiatric Pathologies

Crespi and Badcock (2008) suggested a continuum of psychiatric 
pathologies arising from the precarious balance between opposed mater-
nal and paternal interests over maternal investment in each offspring. 
This theory of psychiatric pathology is more speculative than the growth-
related pathologies, because complex mental aberrations are harder to 
quantify and are perhaps influenced by a broader spectrum of causes. In 
addition, severe pathologies can be difficult to relate to simple theories 
such as the interests of opposing parties in a conflict, because pathologies 
are by definition abnormal and maladaptive, favoring no clear interests 
with respect to design. Failure is always harder to parse than coherent 
design, because the logic that explains failure arises only from a full 
understanding of the forces that create normal design. In other words, 
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explaining the causes of pathology is hard. However, it is worth trying, 
because the causes of pathology lead back to the nature of design. And 
understanding cause is likely to be helpful in treatment.

To repeat: It is important to keep in mind that pathologies are abnor-
mal and maladaptive. To give a simple example on the basis of the 
concepts illustrated in Fig. 13.1, suppose mother favors a trait associ-
ated with the quantity 10, and father favors 20. The mother might push 
toward the low end with a contribution that, by itself, causes a value 
of −15, and the father may respond with a push that, by itself, causes 
a value of 30. The opposing forces combine additively to a precarious 
compromise of 15, between the two favored values. However, a loss of 
the push by either side leads to a pathologically extreme outcome that is 
maladaptive for both parties.

Clearly, psychiatric pathologies do not sit along a single line of num-
bers. However, it is worthwhile to ask how much of pathology can be 
arrayed along an axis between the opposing forces of behavioral regula-
tion favored by maternal and paternal interests.

The Crespi–Badcock (2008) theory defines a psychiatric pathology axis 
with autism at one end and psychotic disorders such as schizophrenia at 
the other end. By their theory, normal behavior arises from a balance 
between opposing forces. The balance arises mechanistically from the 
relative dominance between the “selfish” limbic and the “social” neo-
cortical brain systems.

Paternally expressed genes tend to push for greater growth and 
enhanced demand on maternal resources associated with enhancement 
of placentation, growth factors, suckling, tongue, orofacial muscles, and 
engagement with mother in infancy. The paternally expressed push for 
relatively greater development may lead to excess limbic control, which 
motivates behavior underlying solicitation for food in infancy and, more 
generally, behaviors that may be regarded as primarily selfish or self-
centered. Many paternally expressed genes influence the hypothalamus, 
a core component of the limbic system.

A paternal bias in imprinted gene expression most commonly arises 
from reduced expression of normally maternally expressed genes, as in 
AS (Dan, 2009). Paternal bias associates with relative dominance of limbic 
versus neocortical function, possibly causing overdevelopment of limbic 
self-centered behavior and underdevelopment of neocortical social aspects 
of behavior. Excess self-centered and reduced social behaviors associ-
ate with autistic spectrum pathologies. In addition, low IQ may arise 
because IQ develops in part from neocortical functions, which are rela-
tively reduced when a paternal bias enhances limbic relative to neocorti-
cal control. Both AS and BWS associate with excess relative expression of 
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certain paternally expressed genes and an increased risk of characteristics 
associated with autistic behavior (Bonati et al., 2007; Kent et al., 2008).

A bias toward maternally expressed genes, as in PWS, may associate 
with increased dominance of the neocortex, enhancing social aspects 
of behavior sometimes to the extremes of pathology (Badcock, 2010). 
The definitions and delineations of those behaviors that are social or 
pathological remain somewhat vague at present, leading to difficulties of 
interpretation and controversy. According to Crespi and Badcock (2008), 
social hyperexpression associates with hyperdevelopment of language 
leading to auditory hallucinations, hyperdevelopment of self in a social 
context leading to megalomania, hyperdeveloped theory of mind lead-
ing to paranoia, amplification of social emotions of elation or depression, 
and other behaviors sometimes associated with psychosis, schizophrenia, 
bipolar disorder, and depression.

The example of PWS illustrates the connections between growth, 
offspring demand on maternal resources, and the mechanistic bases of 
psychiatric pathologies. In PWS, there is a great reduction in numbers 
of oxytocin-secreting neurons in the hypothalamus (Swaab et al., 1995; 
Muscatelli et al., 2000), apparently associated with reduced relative effects 
on brain development from paternal gene expression and greater rela-
tive effects from maternal gene expression. In adults, oxytocin has been 
called a natural “antipsychotic” (Caldwell et al., 2009) because it appears 
to connect people socially (Rosenfeld et al., 2010). PWS children do not 
bond normally with their mothers, and they are complacent and unde-
manding (Crespi, 2011). Mechanistically, the hypothesis is that a relative 
bias toward maternal gene expression caused by reduced paternal gene 
expression associates with lower oxytocin, weak attachment, relatively 
reduced limbic compared with neocortical functions, and dysregula-
tion of social interactions and bonding. PWS associates with a greatly 
increased risk of psychosis, especially in cases caused by inheriting two 
copies of maternally derived chromosome 15 (Webb et al., 2008), presum-
ably creating a maternal expression bias.

CONFLICT BETWEEN THE SEXES

The previous sections discussed conflict over offspring growth rate. 
In that case, the conflict occurs between maternally and paternally 
derived genes over the expression of traits within the offspring. In this 
section, we introduce two other types of conflict between the sexes, each 
type with its own structure of competing interests and expression of traits. 
This introduction reviews prior work on sexual conflict.

In the following section, we extend prior work with our own theory 
of conflict between the sexes. Our theory develops a conflict in 
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which X-linked and autosomal genes are favored to push in opposite 
directions on traits with different effects on male and female fitness.

Sexual Conflict: Sex-Limited Traits

Many traits arise from male–female interaction. Examples include 
the timing and frequency of mating and the processes of fertiliza-
tion. These traits typically depend on the interaction between male 
and female characters, such as male courtship and female response 
to courtship. Each character involved in sexual interaction is often 
expressed only in one sex. Different male and female characters may be 
in conflict (Rice, 1984; Chapman, 2006).

For example, males express proteins in their seminal fluid that manip-
ulate their mates’ reproductive physiology. A male can gain by push-
ing his mate to invest more in immediate reproduction associated 
with fertilization by that male’s sperm or by pushing his mate to reduce 
copulation frequency in the future with other males. Females may, in turn, 
gain by pushing against these male manipulations. That type of sexual 
conflict matches the structure of Fig. 13.1. The opposing male and female 
pushes on traits influencing mating and reproduction may become 
exaggerated. Pathology may occur when a perturbation blocks or 
alters expression by one of the opposing parties.

Numerous male and female characters conflict over mating and 
fertilization (Eberhard, 1996; Rice and Holland, 1997; Holland and Rice, 
1998; Lew et al., 2006; Chapman, 2008). Infertility is perhaps the most likely 
type of pathology, arising from abnormalities in fertilization or mating 
(Lew et al., 2006). However, few studies have directly analyzed the role 
of conflicting, exaggerated sexual characters in pathology.

Sexual Antagonism: Traits Expressed in both Sexes

Many traits are expressed in both sexes, such as structural components 
and basic aspects of metabolism, physiology, and morphology. Although 
both sexes often express the same gene that influences a basic biochemical 
or structural function, the male and female optima for that trait will some-
times differ. Males may, for example, gain from diverting more resources 
to muscle growth; females may gain from diverting more resources to fat 
deposition.

Different male and female optima favor modulation of the trait 
separately in each sex, leading to sex-limited expression that moves the 
trait toward its distinct optimum in each sex (Lande, 1980; Rice, 1984). 
However, various constraints may prevent complete uncoupling of 
the trait expression between the sexes, or evolutionary dynamics may 
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take a long time to produce pure sex-limited expression. The degree of 
coupling, or correlation, between the sexes in the expression of the trait 
determines the degree of potential sexual antagonism (van Doorn, 2009; 
Rice and Chippindale, 2001).

In the case of a trait expressed in both sexes, current theory sug-
gests that no conflict of interest occurs. Instead, for each individual gene 
influencing the trait, natural selection favors an averaging of the separate 
optima in males and females. This averaging of distinct optima is often 
called intralocus antagonism, to emphasize that the divergent selective 
pressures of male and female optima act simultaneously on the same 
locus (Rice and Chippindate, 2001; van Doorn, 2009).

From the perspective of a single locus, this averaging of distinct 
optima is like a situation in which individuals express the same trait in 
two distinct habitats. The favored trait value is an average of the trait 
values favored in each habitat. In the case of sexual antagonism, the gene 
lives alternately in the two distinct habitats of male and female bodies.

SEXUAL ANTAGONISM: A THEORY OF X 
VERSUS AUTOSOME CONFLICT

The previous section reviewed the theory of sexual antagonism 
for a trait that is expressed in both sexes. In that case, each gene favors 
a trait that averages the distinct male and female optima. All genes on 
the autosomes favor an equal weighting of the male and female optima, 
because the reproductive value of those autosomal genes is the same in 
both sexes. By contrast, genes on the X chromosome favor weighting the 
female optimum twice as strongly as the male optimum, because X-linked 
genes in females have twice the reproductive value of X-linked genes 
in males.

The different weightings of male and female optima by autosomal 
and X-linked genes create a conflict of interest. Haig (2006a,b) briefly 
mentioned this conflict, but did not develop the consequences. To 
understand the consequences, consider that X-linked genes are selected 
to push more strongly toward the female optimum than are autosomal 
genes, and autosomal genes are selected to push more strongly toward 
the male optimum than are X-linked genes. With conflict, there is the 
potential for exaggeration, in which the conflicting parties push oppo-
sitely and increasingly hard on the trait. The resulting precarious balance 
may lead to pathology (Appendix B, notes on X inactivation and 
inbreeding).

More generally, conflicts driven by the different weightings of male 
and female fitness arise between various genomic subsets: Mitochon-
dria favor the female optimum, X chromosomes favor a weighting of 
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two-thirds of the female optimum and one-third of the male optimum, 
autosomes favor equal weighting of the optima, and Y chromosomes 
favor the male optimum. Here, we develop the X–autosome conflict, 
but note that other genomic conflicts of this sort may also be important. 
For example, mitochondria push metabolic traits toward the female 
optimum and may therefore be opposed by other genomic compo-
nents that push the regulation of metabolic traits toward the male 
optimum. Exaggeration and the potential for pathology may follow.

X versus autosome conflict has been discussed in a variety of situa-
tions, such as meiotic drive (Burt and Trivers, 2006). However, apart from 
Haig’s (2006a,b) brief comments, we could not find in the literature 
mention of the conflict between different genomic subsets, such as the X 
and the autosomes, over divergent male–female optima. Given the very 
simple logic of the conflict, it is not clear why the extensive discussions 
of sexual antagonism have not emphasized this particular aspect of X 
versus autosome conflict.

The evolutionary dynamics of sexual antagonism for a trait expressed 
in both sexes may explain the lack of discussion about X versus autosome 
conflict. The stable outcome, with the highest fitness, would be modula-
tion of the trait to express differently in the two sexes. With sex-limited 
expression, each sex if favored to match the trait to its own optimum, 
and the conflict disappears.

The literature discusses extensively the evolutionary path to pure 
sex-limited expression and complete sexual dimorphism (Lande, 1980; 
Rice, 1984; van Doorn, 2009; Connallon and Clark, 2010). However, the 
data suggest that a significant correlation between the sexes remains for 
traits with divergent optima between the sexes (Chenoweth et al., 2008; 
Bonduriansky and Chenoweth, 2009; Poissant and Coltman, 2009; van 
Doorn, 2009; Poissant et al., 2010; Stewart et al., 2010). Such correlation 
can arise because constraints of regulation and expression prevent tun-
ing of the traits separately in each sex. Alternatively, the constraints may 
slow the evolutionary path toward sex limitation sufficiently to maintain 
a balance between the rate at which sex-limited expression is enhanced 
and the rate at which new antagonisms arise. In any case, given the 
observed correlation between the sexes in traits for which sexual antago-
nism occurs, there is wide scope for X-linked versus autosomal conflict.

Any behavioral, metabolic, physiological, or structural trait with 
divergent male and female fitness will be subject to X–autosome conflict 
whenever traits are not completely tuned in each sex to achieve perfect 
sex-limited expression. To the extent that the conflict induces exaggerated 
and opposing forces by the X chromosome and autosomes, subsequent 
evolutionary change to enhance sex-limited expression may become 
more difficult to achieve. Thus, the conflict, once established, may 
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tend to be maintained because of the complexities in trait regulation 
induced by the conflict.

Observations have not previously been interpreted in light of this 
particular kind of X chromosome versus autosome conflict. The most obvi-
ous prediction is widespread interaction between X–linked and autosomal 
genes over sexually antagonistic traits, with the X–linked genes pushing 
toward the female optimum and the autosomal genes pushing toward 
the male optimum. However, it may be difficult to see those sorts 
of interactions in a particular population. If, for example, a particu-
lar pair of X-linked and autosomal genes interact as predicted, but lack 
polymorphism, their interaction would be hidden from observation.

Loss-of-function mutations or chromosomal duplications provide 
one type of perturbation that can lead to pathology and provide a window 
into the underlying genetic architecture of trait regulation. Our theory 
predicts a simple directionality along the male–female axis. X chromo-
somes push traits toward expression favored by females. Knockout of 
X-linked genes therefore tends to cause excess expression in the direc-
tion favored by males. Similarly, autosomes push traits toward expres-
sion favored by males. Knockout of autosomal genes therefore tends to 
cause excess expression in the direction favored by females.

The most interesting, and controversial, discussion of a male–female 
axis in the recent literature concerns differences in behavior. By that theory, 
extreme maleness associates with autistic characteristics (Baron-Cohen, 
2009) and extreme femaleness associates with psychotic characteristics 
(Crespi and Badcock, 2008; M. Brosnan et al., 2010). Our theory predicts 
that X knockouts associate with extreme maleness. Thus, by the theory 
of a male–female behavioral axis, one would expect X-linked knockouts to 
be associated with autistic characteristics. To evaluate this hypothesis 
fully, one would have to estimate the relative number of genes influenc-
ing autism on the X chromosome and the autosomes and then show 
that the X carries a disproportionate share. Not enough data exist 
at present. Some intriguing hints of X-linked effects associated with 
autistic tendencies have been reported (Marco and Skuse, 2006). Other 
extremes along a male–female axis may also be evaluated with regard to 
our predictions about the alternative directions of pathology associated 
with X-linked and autosomal genes.

Hybridization between populations or species provides another sort 
of perturbation that can reveal the underlying genetic architecture of traits. 
Genes in conflict may tend to diverge relatively rapidly between popula-
tions (Frank, 1991; Hurst and Pomiankowski, 1991; Werren, Chapter 10, 
this volume). Upon hybridization, mismatched X-linked and autosomal 
genes may cause pathological expression of traits. Such pathologies in 
crosses between populations are referred to as hybrid incompatibilities. 
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Our theory predicts hybrid incompatibilities between X-linked and auto-
somal loci. These X–autosome incompatibilities may be dispersed widely 
throughout the genome, because many traits may be subject to sexually 
antagonistic selection. Many observations suggest relatively rapid diver-
gence of X chromosomes or widespread X–autosome incompatibilities 
in hybrids (Coyne and Orr, 2004; Carneiro et al., 2010; Lu et al., 2010).

CONCLUSIONS

Some traits are regulated by the opposition of conflicting forces. For 
example, early offspring growth in mammals balances the powerful 
opposing pushes of paternal enhancement and maternal slowing. These 
opposing forces appear to have become exaggerated by the conflict. 
Nonetheless, the typical outcome remains intermediate and appar-
ently normal because the opposing forces come to a precarious bal-
ance. When a mutation or other block to one of the exaggerated forces 
occurs, the unopposed push in the opposite direction often causes a 
pathologically disrupted growth trajectory.

Increasing evidence supports this conflict interpretation for the regu-
lation of early offspring growth in mammals. The interesting question is: 
How often is the evolutionary design of regulatory control dominated by 
the precarious balance of conflicting and exaggerated forces rather than 
by the efficiency and robustness of control? We do not know the answer 
to that question. In this paper, we reviewed theory for sexual conflicts 
that suggests opposing forces may be important for many characters. We 
also gave some examples of particular traits that may be regulated by 
conflict. Although those examples are preliminary with regard to empiri-
cal support, they do show the wide range of organismal characters and 
associated pathologies that may ultimately have to be understood in the 
light of evolutionary conflict.

From previous studies, conflicts have been invoked to explain child-
hood growth, excessive male-like or female-like characteristics, infertility 
from exaggeration of mating or fertilization traits, and psychiatric disor-
ders of misregulated social behavior. Sexual differences are often the first 
kind of trait that can be studied with regard to strong contrasts, because 
male–female dimorphism can appear binary and relatively easy to iden-
tify. How many other traits follow the evolutionary path of exaggerated 
conflict and occasional pathology? Again, we do not know. However, it 
would certainly be worthwhile to consider the wide range of genomic 
conflicts and social conflicts that may be associated with pathologically 
disrupted genetic or social regulation. The normal and apparently coop-
erative working of genomes, insect societies, and other groups may be 
regulated in part by precariously balanced opposing forces.
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How does conflict influence the design of regulatory control? Scant 
research has focused on that interesting question (Foster, 2011). Specu-
lating briefly, genes that share common interests may be more coopera-
tive when opposed by a group of genes with conflicting interests. For 
example, the paternally imprinted and maternally expressed genes TP73, 
RB1, and CDKN1C are all in the same regulatory pathway influencing the 
cell cycle (Boominathan, 2007; Buiting et al., 2010). In general, do genes 
with common interests often segregate into common pathways? And do 
genes with opposing interests tend to segregate into different pathways 
with opposing effects? Or, as with IGF2 versus IGF2R (Haig and Graham, 
1991), do conflicting genes frequently interact directly within the same 
pathway, perhaps causing opposing tendencies in regulatory control?

In this paper, we also added to the theory of conflict. Previously, 
a variety of male–female conflicts were identified. For example, we 
reviewed the maternal–paternal conflict over offspring growth rate 
and the male–female conflicts over mating and fertilization. Our the-
ory focused on the conflict between X chromosomes and autosomes. 
When a trait has different consequences for males and females, natural 
selection favors the sexes to express the trait differently. However, many 
traits of metabolism, physiology, and structure arise from a common 
genetic basis in the two sexes. Those traits may be difficult to tune 
perfectly to different expression in the sexes.

To the extent that expression is constrained to be correlated between 
the sexes, genes tend to favor an averaging of the best trait values in 
males in females. Our theory of conflict arises because autosomal genes 
tend to weight the sexes equally, whereas X-linked genes tend to weight 
females about twice as much as males. Once this sort of conflict occurs, 
the autosomal and X-linked genes may push in opposite directions on 
the trait, with the opposing forces becoming exaggerated. Once exag-
gerated, all of the tendencies for pathology and consequences of regula-
tory control arise that we have emphasized throughout. The X versus 
autosome conflict may be particularly important, because it applies to 
any trait with different optima in males and females. By contrast, the 
other sexual conflicts that we reviewed are usually confined to a particu-
lar type of trait, such as growth or mating. Thus, the X versus autosome 
conflict may be particularly associated with widely dispersed genetic 
interactions throughout the genome, providing another hypothesis for 
rapid evolution and hybrid incompatibilities between species involving 
the X chromosome.

In all cases of disrupted conflict, the particular disease pathologies 
are interesting in themselves. The ordering of the different human child-
hood overgrowth and undergrowth pathologies is the most obvious 
example. More speculatively, the ordering of psychosocial pathologies 
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such as autism and various psychoses may turn out to be an interesting 
component of psychiatric disease.

Beyond the explanation of particular diseases, pathologies are inter-
esting because they reveal the underlying evolutionary design. In most 
individuals, the opposing forces precariously balance. One cannot see the 
underlying conflict. The conflict becomes apparent only upon perturba-
tion and the observation of pathology. Once one recognizes the axis 
of conflict, it may be possible to order apparently different pathologies 
along that axis. The extreme pathologies at the opposite ends of the axis 
of conflict reflect the exaggerated pushes in opposing directions. Once we 
recognize the paired extremes and the underlying structure of normal 
regulation, we may begin to understand many graduations in the traits 
along the conflict axis. Pathology reveals design.

APPENDIX A: CONFLICT BETWEEN TWO INDIVIDUALS OVER 
A TRAIT THAT INFLUENCES THE FITNESS OF BOTH PARTIES

We consider two parties in conflict over a trait (Fig. 13.1). To present 
the simplest case, suppose the final trait, x, is the sum of the contri-
butions from the two parties, x = xA + xB. The first party has optimal 
trait value, mA, and the second party has optimal trait value, mB. The 
expected fitness of each party is given by

 
w K a x x m pc x xi A B i B A= − + −( ) − −( )2 2

,

where i = A or B, allowing this single equation to describe the fitnesses of 
the two opposing parties.

The first two terms of the fitness equation describe a typical stabiliz-
ing selection function, in which the final trait x is favored to converge to 
the optimum mi, with fitness falling off quadratically from the optimum.

The last term of the fitness equation quantifies the penalty for 
opposition of forces acting on the trait. The penalty rises with the distance 
between the contributions of the two parties. That distance is weighted 
by a cost parameter, c, that scales the penalty for perturbation in relation 
to distance, and a probability parameter, p, that describes the probability 
that a perturbation occurs.

A perturbation may, for example, be the knockout of the contribution 
by one party, leaving the other party’s contribution as the sole determi-
nant of the trait. Such a knockout affects fitness by moving the trait in 
relation to the optimum, mi, and by invoking the penalty that depends 
on the distance between the parties and the scaling, c.

Assuming no constraints on the traits, the optimum is
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 x*
i = m/2 + b(mi – mj),

where m = (mA + mB)/2 is the midpoint between the opposing optima, j is 
the opposing party to i such that if i = A, then j = B, and vice versa, and 
b = a/4pc. The conclusions given in the main text follow.

APPENDIX B: CONFLICT BETWEEN X-LINKED AND 
AUTOSOMAL GENES OVER A TRAIT WITH DIFFERENT 

FITNESS CONSEQUENCES IN MALES AND FEMALES

Suppose, for a particular trait, that the fitness of a female is maximized 
at F*, and the fitness of a male is maximized at M*. Optimally, each sex 
would separately express its own maximal trait value in a sex-limited 
way. However, a certain fraction of trait expression may arise from genes 
that influence the trait in the same way in both sexes, creating a genetic 
correlation between trait values in males and females. If so, then divergent 
selection on these jointly expressed genes will pull in different directions 
in the two sexes. For the phenotypic contribution to trait expression shared 
by the two sexes and encoded by autosomal genes, natural selection typi-
cally favors the average of the optimal values in the two sexes. The simple 
averaging arises because the total reproductive value of autosomal genes 
is the same in the two sexes. In this case, there is no conflict of interest, 
because each autosomal gene weights the two sexes equally.

If both X-linked and autosomal genes influence the part of trait 
expression shared by the sexes, a conflict of interest occurs between 
the different components of the genome. The reproductive value of 
X-linked genes is twice as great in females as in males, compared with the 
equal reproductive value weighting of the two sexes by autosomal genes. 
Thus, X-linked genes pull toward the female optimum and, relative to 
the X, autosomal genes pull in the other direction toward the male 
optimum. Here, we present a simple model to illustrate this X versus 
autosome conflict. To keep things simple, we do not consider a full geneti-
cal model, but instead use a phenotypic model with reproductive value 
weightings. We also mention some interesting extensions with regard to 
X inactivation and inbreeding.

Let X and A be the contributions of X-linked and autosomal genes to 
the trait value. We assume that X makes the same contribution to 
male and female trait values independently of the fact that females have 
two X chromosomes and males have one. The ploidy normalization for 
the sexes may happen in various ways, and the particular mechanisms 
can have interesting consequences. Our initial description ignores those 
ploidy issues. Our discussion of X inactivation and inbreeding at the end 
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of this section hints at some important extensions to the theory that 
need to be studied further.

We start by writing the trait expressed in females as

 T F X Af = + −( ) +( )δ δ* ,1

where 1 - d is the fraction of the trait that is not sex limited in expression 
and is controlled by a combination of X-linked and autosomal genes. 
The fraction that is sex limited, d, is at the female optimum, F*. The 
distance between the actual trait expressed and the optimum is Tf – F*.

Quadratic Fitness

We write the fitness of a female as

 w T F b X A

a X A F b X A

F f

     

= − −( ) − −( )
= − + −( ) − −(

1

1

2 2

2

α *

* ))2 ,

where a = α(1 – d)2, with α as the weighting of the fitness penalty for dis-
tance from the optimum trait value. The last term is a penalty for 
divergent contributions of the X and autosomal genes, as in Appendix 
A. The expression for male fitness, wM, is the same, replacing the female 
optimum F* by the male optimum M*.

The fitness of an autosomal gene is the average of the fitnesses of the 
females and males, wa = (1/2)wF + (1/2)wM, whereas the fitness of an 
X-linked gene is weighted twice as strongly toward females as males, wX 
= (2/3)wF + (1/3)wM.

We assume that the contributions of X and A are normalized with 
respect to ploidy differences, as mentioned above. With that assumption, 
we can find the evolutionarily stable strategy (ESS) values, X* and A*, by 
jointly maximizing the X-linked and autosomal fitnesses and solving for 
the ESS values. Without loss of generality, we can set F* = 0 and define d = 
a/5b and M′ = (5/24)M*, allowing us to write the ESS values as

 

A M d

X M d

*

* .

= ′ +( )
= ′ −( )

1

1  

These solutions show that the X-linked genes push toward the female 
optimum at F* = 0 and the autosomal genes push toward the male opti-
mum at M*. As the relative cost of pushing on the trait, b, becomes small, 
d increases, causing exaggeration of the opposing forces.
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Consequences of X Inactivation

If there is X inactivation of one X allele in females, then the situation is 
more complex. About 15% of genes on the human X chromosome escape 
inactivation, and another 10% of X-linked loci are variably expressed on 
inactive X chromosomes (Carrel and Willard, 2005). Thus, a significant 
number of X-linked loci may be expressed from both copies and may 
conflict with autosomes. Occasional diploid expression on the X is suf-
ficient to create the conflict.

Among loci with complete X inactivation, different cells may inac-
tivate different copies of the X. Thus, each cell may express only one of 
the X copies, but each individual female may express both copies. The 
consequences of inactivation for a particular phenotype depend on the 
particular tissue that controls the phenotype and the relative fraction of 
each X chromosome inactivated in that tissue. If there is sufficient mixture 
of expression of the two copies in the focal tissue, then the phenotypic 
consequences may in some cases be equivalent to diploid expression.

In certain cases, most of the focal tissue may express only one par-
ticular copy, or the phenotype may be dominated by one particular X 
copy. If so, we would need to account for three types of fitness classes 
for an X-linked gene: the copy of the gene in males, the expressed copy 
of the gene in females, and the silent copy of the gene in females. We 
have not done the full analysis of this model. Here are a few conjectures 
based on concepts from class-structured models (Taylor and Frank, 1996; 
Frank, 1998).

With no inbreeding, the conflict between X-linked and autosomal 
genes disappears with X inactivation, because, for each copy of an X 
linked gene, the probability that it is expressed in males or females is equal 
in each generation. In particular, there is a one-third chance of being 
in males and expressed, a one-third chance of being in females and 
expressed, and a one-third chance of being in females and unexpressed. 
With no inbreeding, an unexpressed allele has average fitness and so does 
not contribute to evolutionary change. (It is more accurate to say that 
the reproductive values of alleles in the two sexes are equal for autosomal 
loci and the reproductive value of alleles in females is twice that in males 
for X-linked loci, as above.)

If there is inbreeding, there will be a correlation between the expressed 
and latent trait values of the two X-linked copies in females. That correla-
tion causes an unexpressed (inactivated or imprinted) X-linked copy to 
have its fitness associated with its own latent trait value, adding a fur-
ther push toward the female optimum and creating once again a conflict 
between X-linked and autosomal genes, including X-linked loci subject 
to X inactivation.
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Gaussian Fitness and Genetics

Many aspects of this preliminary phenotypic model deserve further 
study. We mention just two. First, the simple quadratic fitness func-
tion used here is a special case of a Gaussian fitness function, which 
becomes quadratic when the selective intensity is weak. For example, if 
we focus only on selection on the X chromosome by setting A = b = 
0, and we rescale so that F* = 0 and M* = 1, then the expressions for 
Gaussian fitness functions are

 

w e

w e
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a X
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where af and am are the selective intensities on females and males for 
deviations from each respective optimum. The ESS phenotype favored 
by the X chromosome maximizes w = (1/3)wM + (2/3)wF , which can be 
obtained by solving for X in

 a X e a Xea X a X
m f

m f1 21 2 2

−( ) =− −( ) − .

Similarly, the ESS phenotype favored by autosomes in the absence of 
contribution from the X chromosome maximizes w = (1/2)wM + (1/2)wF , 
which can be obtained by solving for A in

 a A e a Aea A a A
m f

m f1 1 2 2

−( ) =− −( ) − .

Typically, the X chromosome favors a phenotype relatively closer to the 
female optimum than that favored by the autosomes.

The second issue concerns the range of underlying genetic assump-
tions for which the ESS phenotypic model correctly expresses the key 
evolutionary forces. Such phenotypic models are generally accurate for 
alleles that contribute additively to phenotype, under the assumption 
of a continuous spectrum of mutational effects and when accounting 
for the possibility of alternative equilibria (Frank, 1998). By contrast, 
many genetic models of sexually antagonistic traits find significant com-
plexities with respect to the dominance interaction patterns among 
alleles (Rice, 1984; Patten and Haig, 2009; Fry, 2010). Those genetical 
models did not analyze the X versus autosome conflict. So it remains an 
open question how the genetic complexities of dominance and polymor-
phism would play out in a model of interactions between X-linked and 
autosomal loci. Often, if one studies a polygenic model and allows a 
spectrum of allelic effect sizes and parameters of dominance and epistasis, 
the ESS phenotypic model captures reasonably well the long-term evolu-
tionary forces of the polygenic model. However, the particular problem of 
X versus autosome conflict remains to be studied in full genetical detail.
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Evolutionary principles for cooperation that have been developed 
from studies of diverse social organisms should apply to humans. 
The more immediate roots to human cooperation and conflict also 

may be seen in primates. However, there are challenges in studying 
humans and their close relatives. Objectivity is essential. There are many 
possibilities for study techniques (such as the questionnaire or survey) 
in humans, but these also offer many opportunities for confusion. One 
powerful approach to studying human cooperation is to look at what 
humans do and what the outcomes are, just as one might do for other 
social animals. This technique can be particularly informative when the 
human group lives in ways consistent with humans over most of their 
evolutionary past. The Dogon people of Mali, reported on by Beverly 
Strassmann in Chapter 14, are millet-and-onion-farming agriculturalists 
who do not use contraception, adhere largely to indigenous religions, 
practice polygyny, and have high mortality rates. In a 25-year-longitudinal 
study, Strassmann has investigated the hypothesis that the Dogon are 
cooperative breeders, where some individuals help rear nondescendent 
kin rather than their own progeny. She does not find that the data sup-
port this hypothesis. First, neither women nor men delay reproduction 
in order to raise siblings. Although parents force daughters to care for 
extra siblings, this is better viewed as parental manipulation because the 
presence of siblings reduces survivorship. Similarly, grandmothers do not 
appear to be effective alloparents. Rather than increasing survivorship, the 
presence of paternal grandmothers does the opposite, doubling the hazard 

 
Part V

  
ARE HUMANS DIFFERENT?
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of death for a child. What matters most for survival is the presence of the 
mother, and other relatives are not adequate replacements. Task coopera-
tion occurs within the groups that work and eat together, but conflict is 
always present in ways that Strassmann carefully explains. 

In an overview of vertebrate interactions, Dorothy Cheney demon-
strates in Chapter 15 that animals ranging from chickadees to chimpanzees 
are aware of their own status, and that of their companions, and behave 
accordingly. Eavesdropping on how individuals interact with others can 
change behaviors. Relatednesses are often known and impact interactions. 
In vervet monkeys, for example, an individual who has been attacked 
may turn and subsequently attack a relative of her opponent. Dominance 
hierarchies also impact such interactions. But some animal interactions are 
more subtle. Ravens are more likely to cache food in hidden sites when 
competitors are present, for example. However, the calculations of gain, 
cost, and punishment necessary for reciprocal altruism (here called contin-
gent altruism) seem largely lacking outside of humans. Instead, there is a 
great deal of tolerance in interactions and a lack of direct payback among 
close relatives and long-time partners. Yet it is in these relationships where 
cooperation overwhelmingly occurs. A common feature of cooperative 
acts is that they are not necessarily transitive. Some individuals consis-
tently take on the risky jobs, be it male chimps patrolling their territorial 
edges or female lions leading the hunt. This is also true in organisms 
(such as wasps) with much simpler brains, where cooperation flows from 
workers to the queen. 

Observations of humans and primates in natural situations can teach 
us much about behavior, but environmental complexity can make causa-
tion difficult to discern. An alternative is to examine choices made under 
highly regulated circumstances. To address social acts such as generosity, 
trust, fairness, and punishment, many purportedly relevant games have 
been applied to humans, one simple example being the Dictator Game 
that allows a subject to decide whether to share a quantifiable resource 
with an unseen other. [This game typically yields donations of 20–30% 
of the resource.] Although such games have weaknesses, they seem to 
indicate that humans are willing to donate but only at levels indicating 
they consistently value themselves most highly. These and other experi-
ments further indicate that humans favor relatives, long-term partners, 
and group members over outsiders, and they will suffer costs to punish 
cheaters. As described by Joan Silk and Bailey House in Chapter 16, ver-
sions of social games involving food or tools that likewise have been used 
with primates produce complex results. Cooperation clearly occurs and 
tracks levels of sociality in the groups, but some results are controversial 
and remain open to alternative interpretations.
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In the modern world, most of a person’s material possessions are items 
that no individual could possibly make by herself. Instead they were pro-
duced with the learned and specialized expertise of others. In Chapter 17, 
Robert Boyd and colleagues argue that learning from others (and not 
intelligence alone) is the key to human success, the characteristic that 
has made us so adaptable. Initially in human history, most adaptations 
involved direct climatic protection, food acquisition, and food storage. 
Thus, the sharing and acquiring of information from others is a particular 
kind of intelligence. Boyd and his coauthors argue that cultural learners 
have an advantage because they can grasp the best from the past even if 
they innovate personally only occasionally. Tools and customs certainly 
make life for humans easier or possible. 

The study of cooperation and conflict has come a very long way from 
the time, almost 50 years ago, when Hamilton (1964a,b) first pondered 
how to explain the evolution of worker behavior in social insects with 
a strange genetic system. Such analyses have spread out taxonomically, 
extending even to microbes. They have deepened mechanistically as we 
probe the molecular and genetic basis of cooperative phenomena. The 
findings are also beginning to show practical applications, as in medi-
cine, and they have proven essential for understanding the structure of 
life, from cells to multicellular organisms to societies. Not least, study of 
the complex mix of cooperation and conflict helps us to understand what 
makes the human animal both ordinary and remarkable.
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In animals that breed cooperatively, adult individuals will sometimes delay 
reproduction to act as helpers at the nest who raise young that are not their 
genetic offspring. It has been proposed that humans are also a cooperatively 
breeding species because older daughters, grandmothers, and other kin and 
nonkin may provide significant childcare. Through a prospective cohort study 
of children’s (n = 1,700) growth and survival in the Dogon of Mali, I show 
that cooperative breeding theory is a poor fit to the family dynamics of this 
population. Rather than helping each other, siblings competed for resources, 
producing a tradeoff between the number of maternal siblings and growth 
and survival. It did not take a village to raise a child; children fared the same 
in nuclear as in extended families. Of critical importance was the degree of 
polygyny, which created conflicts associated with asymmetries in genetic 
relatedness. The risk of death was higher and the rate of growth was slower 
in polygynous than monogamous families. The hazard of death for Dogon 
children was twofold higher if the resident paternal grandmother was alive 
rather than dead. This finding may reflect the frailty of elderly grandmothers 
who become net consumers rather than net producers in this resource-poor 
society. Mothers were of overwhelming importance for child survival and 
could not be substituted by any category of kin or nonkin. The idea of coopera-
tive breeding taken from animal studies is a poor fit to the complexity and 
diversity of kin interactions in humans.

14
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It has been reported that humans are a cooperatively breeding spe-
cies that depends on individuals other than the mother and father 
for the successful rearing of offspring (Hrdy, 2005a, 2009). These indi-

viduals are known as alloparents and may be siblings, aunts, uncles, 
grandparents, and other kin or nonkin. One of the most thorough 
studies took place among the Maya of the Yucatan, Mexico. Hard-
working girl-farmers paid back to their parents 94% of their cumulative 
consumption costs before leaving home to marry, and boys repaid 80%, 
enabling mothers to have more closely spaced births (Kramer, 2005a,b). 
In other species, alloparents seem to enhance their inclusive fitness by 
helping (Emlen, 1997a), but it is not yet clear whether this is also the case 
for Mayan children. In a study on the fishing atoll of Ifaluk in Micronesia, 
women (n = 7) whose two firstborn children were daughters had a mean 
of nine surviving offspring, and women (n = 11) who bore two sons first 
had a mean of five surviving offspring (Turke, 1988). This difference of 
four offspring was attributed to the role of elder daughters as helpers at 
the nest and was an enormous effect size for such a small sample (n = 18). 
Given that the analysis was bivariate, there is a strong possibility that 
the results reflect confounding variables.

In 19th century Finland, the survival of the maternal grandmother 
was correlated with improved grandoffspring survival (Lahdenperä 
et al., 2004). This study controlled for occupation (e.g., farmer, priest, or 
landless laborer) but did not distinguish among farmers by the size of 
their holdings; hence, the phenotypic correlation between grandmater-
nal survival and grandoffspring survival may be caused by variation in 
wealth. A recent review (Sear and Mace, 2008) concluded that coopera-
tive breeding was prevalent in traditional farming populations that had 
high fertility and high mortality, but only 6 of 17 studies controlled for 
wealth. A meta-analysis showed that the positive association between 
grandparental and grandchild survival was found only for the mater-
nal and not the paternal side, although in these farming populations, 
the children were more likely to live with their paternal grandparents 
(Strassmann and Garrard, 2011).

Even in forager populations, the data on grandparental investment 
are mixed. In the Hadza of Tanzania, foraging grandmothers worked 
longer hours gathering tubers than they did in their prime, and chil-
dren who received food from a grandmother or great aunt had higher 
nutritional status than children who were without alloparents (Hawkes 
et al., 1997, 1998). In the !Kung, having four surviving grandparents was 
not associated with improved grandchild survival or nutritional status 
(Draper and Howell, 2005).

Here, I use evolutionary social theory to explore the family dynam-
ics of the Dogon of Mali, West Africa. My underlying premise is that 
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cooperative breeding is a facultative response to particular socioecologi-
cal environments and that there is no strong evolutionary or empirical 
argument for viewing cooperative breeding as the species typical or 
evolved pattern in humans. In exploring Dogon social dynamics, I will 
focus on (i) siblings, (ii) extended families, and (iii) grandparents and 
grandchildren to test predictions from the hypothesis that humans are 
cooperative breeders against predictions from the following evolution-
ary hypotheses: kin selection (Hamilton, 1964a), life history theory (Stearns, 
1992), parent–offspring conflict (Trivers, 1974), and local resource com-
petition (Clark, 1978). My research design is a prospective cohort study 
of the growth and survival of 1,700 children (Methods).

ETHNOGRAPHIC BACKGROUND

The Dogon are traditional agriculturalists whose staple crop is pearl 
millet (Pennisetum glaucum). They have been the subject of a 25-year lon-
gitudinal study of human evolutionary biology that I initiated in 1986 
and that is presently ongoing. The Dogon retain many of the features 
that have characterized humans over our evolutionary past, including 
the absence of contraception, polygyny, preservation of the indigenous 
religion, a subsistence economy, life in a tight-knit web of close and more 
distant kin, and high mortality levels (Strassmann, 1992, 2000). Marital 
residence is patrilocal (wives take up residence with the husband’s fam-
ily), and descent is patrilineal (father to son). Women who are married 
to the same man are never sisters, and closely related women are not 
allowed to marry into the same patrilineage, a custom that disfavors 
female kinship bonds (Strassmann, 2003).

The Dogon are one of the most traditional people of Africa, and 
their cliffside villages have been designated a United Nations Educa-
tional, Scientific, and Cultural Organization (UNESCO) World Heritage 
site. On a seasonal basis, the area attracts tourists, but the revenues that 
are generated do not trickle down to the population. Infrastructure 
is sparse (electricity is absent and latrines are rare) in this area of 
Mali, which is a country that had a per capita income of $470 in 2006 
(US Department of State, 2010). The United States Agency for Interna-
tional Development made condoms and low-cost hormonal contracep-
tives available in 2010; however, the population remains pronatalist, 
and the demand for these products in rural areas is nonexistent. The 
modal fertility per woman per lifetime is 10 live births (Strassmann and 
Gillespie, 2002).
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RESULTS AND DISCUSSION

Siblings

The cooperative breeding hypothesis predicts that (i) older siblings 
help to rear younger siblings and (ii) the productive labor of children 
enables mothers to have more closely spaced births (Kramer, 2005a,b). 
It points to the beneficial impact that siblings have on each other during 
the juvenile period. By contrast, life history theory emphasizes the finite 
nature of parental resources and the tradeoff between offspring number 
and offspring quality. Kin selection theory (Hamilton, 1964a) predicts 
that siblings will help each other when rB > C in Hamilton’s rule. The 
theory of parent–offspring conflict (Trivers, 1974) and parental manipu-
lation (Alexander, 1974) or social dominance theory (Emlen, 1997a) 
point to the divergent genetic interests of parents and offspring and 
the ability of parents, who are older and more powerful, to manipulate 
offspring, making them serve the genetic interests of parents.

How do the Dogon data stack up against these theoretical expec-
tations? In a previous study of 176 children who were followed for 8 
years, the addition of one extra child (age 0–10 years) to the extended 
family increased the odds of child death by 26% (Strassmann, 2000). In the 
present study (Methods), child growth (measured annually) decreased 
linearly as the number of maternal siblings increased (Fig. 14.1). Thus, 

FIGURE 14.1 Child growth by number of maternal siblings. Growth is measured 
as the annual change in z score for height for age. The reference is seven mater-
nal siblings. The other variables controlled include child’s age, year of study, sex, 
age by sex interaction, village of residence, survival of the paternal grandpar-
ents, sex by survival of the father’s mother interaction, sex by survival of the 
mother’s mother interaction, birth order (mother’s offspring), standardized 
wealth rank, and mother’s marital rank (n = 572 and the ages of the children 
were 41–98 months).
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children were stunted in direct proportion to maternal family size. 
Sibling competition can also be seen in data on female lifetime reproduc-
tive success, which showed a tradeoff between the number of offspring 
born and the proportion that was successfully reared (Strassmann 
and Gillespie, 2002). Reproductive success reached a maximum of 
4.1 offspring who survived to age 10 years at 10.5 maternal live births, 
and the 95% confidence limits around the maximum were 3.4–4.8 live 
births (Strassmann and Gillespie, 2002). Because of child mortality, the 
reproductive success of women who had 10 or 11 live births was not sig-
nificantly greater than that of women who had 6 live births (Strassmann 
and Gillespie, 2002). In support of life history theory, the prevailing effect 
of siblings on each other was competition and not cooperation.

Behavioral scan data on childcare and work performed in the agri-
cultural fields and the village show differences by sex and age (Fig. 14.2). 
Girls aged 5–9 years were observed doing childcare in the fields as often 
as adult women of reproductive age (Fig. 14.2A). Boys did relatively little 
childcare (Fig. 14.2A and B). Children of both sexes also performed non-
childcare chores in the fields and the village (Fig. 14.2C and D). Children 
might prefer to play, but they are constrained by social norms, especially 
parental expectations and occasional scolding. Apparently, reprimands 
are also needed in the Maya (Kramer, 2005b). In the Efe, the services of 
fostered orphan boys help to offset the costs of their sustenance (Ivey, 2000; 
Ivey et al., 2005). Dogon children depend on parents for nutrition and 
survival in a harsh environment; their labor is obligatory, and I propose 
that it reflects parental manipulation (Alexander, 1974). Children’s work 
is also cooperative; however, it is not directly analogous to coopera-
tive breeding in birds and other mammals because the latter refers to 
the postponement of personal reproduction caused by constraints on 
independent breeding opportunities (Emlen, 1997a). Human children 
who work and tend siblings are constrained not only by their economic 
insufficiency but also by their subordinance to parents as well as their 
reproductive immaturity.

In the context of parental coercion, Dogon children can become 
alloparents who habitually carry heavy infants on their backs. Some-
times, a Dogon allomother is an orphan, and the infant that she carries 
is the younger of two twins whose prospects for survival are poor. The 
obligation to take care of siblings, especially after the birth of twins, 
was cited by children as a reason for being unable to stay in school. If 
there is parent–offspring conflict over allomothering, then the repro-
ductive success of adults who served as alloparents in childhood should 
be lower than that of individuals who were comparatively free of such 
responsibilities. Future research on cooperative breeding in humans 
should test this prediction to assess the role played by parental coercion.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


308 / Beverly I. Strassmann

FIGURE 14.2 Childcare and work in the fields and village by sex and age. Solid 
lines females; dashed lines males. *P < 0.05 for the sex difference. (A) Child care 
in fields. At age 5–9 years, and 20–44 years females did significantly more child 
care than males. At other ages the difference was not statistically significant. (B) 
Child care in village. At age 15–44 years females did significantly more child 
care than males. (C) Work in fields. At no age was there a sex difference in 
the percentage of work observations over total observations for males versus 
females in the fields. Child care is excluded from the definition of “work.” 
(D) Work in village. From age 10 years onward, females generally did more 
nonchild care work in the village than did males with significant differences 
in five age groups (asterisks).

Work–Eat Groups

The work–eat group (WEG) is the functional family unit or economic 
group, and it is composed of the people who work together and eat 
from the same harvest during the millet growing season (Strassmann 
and Warner, 1998; Strassmann, 2003). The cooperative breeding hypoth-
esis predicts that WEG members participate in alloparental care, espe-
cially sisters and grandmothers (Hrdy, 2009). I investigated the popular 
adage that it takes a village to raise a child (Hrdy, 2009), which implies 
diffuse and shared responsibility for children across closer and distant 
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kin or even nonkin. Specifically, I asked if children had better survival in 
extended families than nuclear families. If extended families are prefer-
able, then children should survive better when there are more married 
adults in the WEG. Kin selection theory does not make a prediction 
about WEG size per se, but it does predict increased conflict in WEGs 
that have more asymmetries in genetic relatedness, such as in polygy-
nous WEGs. Kin selection theory (Hamilton, 1964a) also predicts a linear 
relationship between the child’s relatedness to the WEG boss and his 
or her survival.

I tested these predictions using longitudinal data on the hazard of 
death in the first 5 years of life (Methods) and found that the number 
of married adults in the WEG was not significantly associated with child 
mortality (Table 14.1). I infer that, in the Dogon, extended families are 
not at any advantage or disadvantage compared with nuclear families. 
Interestingly, the dependency ratio (number of children less than 10 
years of age divided by the number of married adults) was also not a 
significant predictor of the risk of death. The one person in the WEG 

TABLE 14.1 Predictors of Death by Age 5 Years (n = 3,000 person-years and n = 165 deaths)

  Hazard  95% Confidence
Variable P Ratio Limits 

Mothera  0.0113 0.242 0.081–0.726
Fathera  0.6899 1.511 0.199–11.471
Year 1b  0.0002  2.316  1.495–3.589 
Year 2b <0.0001 2.500 1.644–3.802 
Malec  0.0595 0.740 0.541–1.012 
WEG boss
 Father’s fatherd  0.9647 1.011  0.610–1.677 
 Mother’s fatherd  0.1425 0.535  0.232–1.234 
 Father’s brotherd  0.5266 1.234  0.644–2.364 
 Father’s father’s brotherd  0.1349 1.719  0.845–3.497 
 Unrelatedd  0.4339 0.553  0.126–2.436 
 Miscellaneousd  0.2434 0.646  0.309–1.347 
Grandparents
 Father’s mothera  0.0007 1.857  1.305–2.693 
 Father’s fathera  0.0485 1.556  1.003–2.415 
 Mother’s mothera  0.7668 0.949  0.672–1.341 
 Mother’s fathera  0.6570 1.075  0.781–1.479 
Number of married adults 
 in WEG   0.5651 0.988  0.948–1.030 

Notes: This model includes the number of married adults in the WEG. A hazard ratio 
greater than 1.0 means an increased risk of death, and a hazard ratio less than 1.0 means a 
decreaseed risk of death. Because child’s age was the time axis in the analysis, it was not 
used as a predictor in the model.

aReference is dead. bReference is year 3. cReference is female. dReference is father.
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TABLE 14.2 Predictors of Death by Age 5 Years (n = 2,933 person-years and n = 161 deaths)

  Hazard  95% Confidence
Variable P Ratio Limits

Mothera  0.0097 0.230 0.076–0.701
Fathera  0.7093 1.468 0.195–11.045
Mother ’s age  0.3458 0.987 0.962–1.014
Year 1b  0.0001 2.420 1.533–3.822
Year 2b <0.0001 2.718 1.756–4.206
Malec  0.0805 0.750 0.543–1.036
Wealth  0.0532 1.134 0.998–1.287
WEG polygynyd  0.0196 — —
Village 9e  0.3659 — —
Polygyny × village 9f  0.0626 — —
WEG boss   
 Father ’s fatherg  0.8824 1.038 0.631–1.709
 Mother ’s fatherg  0.0899 0.473 0.199–1.124
 Father ’s brotherg  0.3400 1.378 0.713–2.662
 Father ’s father ’s brotherg  0.0424 1.960 1.023–3.755
 Unrelatedg  0.5591 0.633 0.136–2.937
 Miscellaneousg  0.3540 0.689 0.313–1.516
Grandparents   
 Father ’s mothera  0.0009 1.926 1.309–2.832
 Father ’s fathera  0.0649 1.544 0.974–2.450
 Mother ’s mothera  0.6917 0.931 0.653–1.327
 Mother ’s fathera  0.6366 1.083 0.778–1.508

Notes: A hazard ratio greater than 1.0 means an increased risk of death, and a haz-
ard ratio less than 1.0 means a decreased risk of death. Because child’s age was the time 
axis in the analysis, it was not used as a predictor in the model. There was no significant 
interaction between offspring sex and grandparental survival.

aReference is dead. bReference is year 3. cReference is female. dThis variable shows the 
effect of polygyny on the hazard of death in villages 1–8. eReference is villages 1–8. fThis 
variable shows the interaction of polygyny and village. gReference is father.

who emerged as overwhelmingly important for child survival was the 
child’s own mother (Table 14.2). Children whose mothers were alive 
faced a hazard of death that was 77% lower than that of children whose moth-
ers were dead (P < 0.01). In the Dogon, it is mothers alone who are critical for 
getting children past the early-life bottleneck in survival. The survival of the 
father was not a significant predictor of the hazard of death for Dogon children 
in early childhood (P = 0.71) (Table 14.2).

The hazard of death was more than twofold greater in year 1 (P = 0.0001) 
and year 2 (P < 0.0001) of the study than in year 3 (the reference year). In year 
3, a major drought decreased insectborne illnesses such as malaria. The haz-
ard of death for boys was 25% lower than for girls, a difference that was not 
quite statistically significant (P = 0.08). WEG wealth was a rank variable from 
1 (rich) to 6 (poor). A change in wealth of one rank (from richer to poorer) 
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increased the hazard of death by 13% (P = 0.05) (Table 14.2). I defined WEG 
polygyny as the ratio of married women to married men in the WEG. There 
was an interaction between WEG polygyny and the child’s village of residence 
(P = 0.06). In villages 1–8, the hazard of death was significantly higher in 
polygynous WEGs (P = 0.02). Village 9 was exceptionally large and wealthy, 
and only in this village did polygyny have no adverse impact (Table 14.2). 
In regard to child survival, it was the polygyny index for the WEG as a 
whole that mattered and not the marital status (sole wife or first, second, or 
third wife) of the child’s own mother.

To explore the mechanisms that underlie the decrease in child survival 
under polygyny in the more traditional villages (1–8), I compared the growth 
of Dogon children to the World Health Organization’s healthy international 
reference population (World Health Organization, 2005). During their first 
18 months, the children (n = 474 observations) fell behind the international 
reference population at the rate of ~1 SD per year, which is indicative of 
severe stunting. In the age group 19–40 months, most of the children (n = 432 
observations) were continuing to fall behind the reference population, but 
the rate of stunting had slowed down and was now less than 0.1 SD per year. 
From 41 to 98 months (n = 572 observations), the children were experiencing 
catch-up growth, and the mean change in z score for height for age between 
successive years was positive. Controlling for other significant predictors, the 
rate of stunting was significantly lower for the children of sole wives than the 
children of first wives and intermediate for the children of second, third, and 
fourth wives (Fig. 14.3). It is unclear why mother’s marital status mattered for 
children’s growth, whereas their survival was only impacted by the polygyny 
of the WEG as a whole. However, it is clear that one needs to examine fam-

FIGURE 14.3 Child growth by mother’s marital rank. Children of first wives 
were falling behind the healthy reference population at a faster rate than 
children of sole wives.
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ily structure, including such features as polygyny, to understand the social 
dynamics and patterns of parental and alloparental investment in families.

A major feature of WEG structure is the genetic relatedness among the 
various family members. The coefficient of relatedness of the children in the pro-
spective cohort study to the boss of their WEGs was quite variable (Fig. 14.4). 
Most commonly, the WEG boss was the child’s father (r = 0.5) or grandparent 
(usually the paternal grandfather; r = 0.25), but sometimes, the WEG boss 
was the paternal great uncle (r = 0.125) or rarely, an unrelated man (r = 0) who 
was married to a female relative. Based on kin selection theory (Hamilton, 
1964a), I predicted a linear relationship between the child’s relatedness to 
the WEG boss and his or her survival. Instead, there was no significant dif-
ference in child survival when the WEG boss was the child’s father, paternal 
grandfather, maternal grandfather, or father’s brother (Fig. 14.5 and Table 
14.2). Evidently, children whose coefficient of relatedness to the WEG boss 
was 0.25 (uncles and grandfathers) fared as well as children whose coefficient 
of relatedness to the WEG boss was 0.50 (fathers). However, if the WEG boss 
was the child’s paternal great uncle (related to the child by 0.125), then the 
hazard of death by age 5 years was twofold higher than if the WEG boss was 
the child’s father (P = 0.04) (Table 14.2).

A possible explanation for these results is that the grandfather is sym-
metrically related to all of his grandchildren, and he may treat them equally, 
whereas a paternal great uncle has descendants who are much more closely 
related to him (0.5 vs. 0.125) and who are better targets for his investment 
according to Hamilton’s rule (Hamilton, 1964a). Grandfathers are only one-
half as related to grandchildren as fathers are to children, but the disadvan-

FIGURE 14.4 The number of children by their coefficient of relatedness to their 
work–eat group (WEG) boss.
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FIGURE 14.5 The hazard of death by age 5 years in relation to the child’s relat-
edness to the WEG boss (n = 2,933 person-years and n = 161 deaths). The child’s fa-
ther as WEG boss is the reference category. A hazard ratio greater than 1.0 means 
an increased risk of death if the WEG boss is the indicated person instead of the 
child’s father. A hazard ratio less than 1.0 means a decreased risk of death if the 
WEG boss is the indicated person instead of the child’s father. Error bars are 
95% confidence limits. Table 14.2 shows the other variables that were controlled.

tage of having a grandfather as WEG boss may be offset by the advantage of 
having a WEG boss who is older and who commands more authority in this 
gerontocratic society. Some fields are inherited father to son, but others are 
owned by the patrilineage under a system of gerontocratic control that gives 
the eldest WEG boss the choice parcels and the most junior WEG boss the 
worst parcels (Bouju, 1984). The finding that runs counter to kin selection 
theory is the lack of difference in survival between children whose father was 
the WEG boss vs. children whose WEG boss was the paternal uncle (father’s 
brother). This result echoes the finding that the death of the father did not 
jeopardize child survival.

WEGs are seasonal and do not hold together for the entire year. After 
the millet has been harvested, WEGs often break up for the onion gardening 
season. Each person waters their own individual onion garden, and a col-
laborative effort is needed only for pounding the bulbs and stems. The onion 
mash is rolled into balls that are spread out in the sun to dry. The desiccated 
onion balls are easier to store and transport than the fresh bulbs, and they are 
an export commodity that is shipped to Bamako and Abidjan. People invari-
ably said that they preferred the onion work because there is no problem of 
free riders: every married adult (male or female) reaps the reward for their 
own efforts. Children work in the onion gardens as well, but their yield 
belongs to their fathers.

Over time, larger WEGs tend to fracture into multiple smaller WEGs. 
Kin selection theory (Hamilton, 1964a) predicts that WEG fission 
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occurs along kinship lines. I tested this hypothesis using data on WEG 
stability from pedigree data for 29 Dogon patrilineages in nine villages. 
These patrilineal pedigrees are based on genealogical interviews of 
1,285 adult males. Fig. 14.6 shows three generations of descendants of 
a single Dogon man in one of the patrilineages (the full pedigree has 11 
generations and is too large to reproduce here). At the time of the census 
in the year 2000, the patriarch’s son by one wife had split off from his 
two sons by his other wife, producing a small WEG (Fig. 14.6, WEG1) 
and a large WEG containing everybody else. By the year 2010, the large 
WEG had further split into four separate WEGs (WEGs 2–5). The typical 
pattern is that when the patriarch (grandfather) is alive, he requires his 
sons and their wives and children to work together. After he dies, there 
is a brief grace period, and then, the half brothers separate from each 
other. More time elapses, and then, even the full brothers often split 
apart (Strassmann, 2003). This pattern is consistent with kin selection 
theory (Hamilton, 1964a), which predicts greater discord among half 
than full brothers. It also shows the coercive role of the grandfather in 
eliciting cooperation from his sons.

Because postmarital residence is patrilocal, women are not geneti-
cally related to anyone in the WEG except their own offspring. In 
interviews (n = 113 women and n = 77 men), women invariably disliked 
working with their husband’s extended family and preferred smaller 
WEGs. Women were said to instigate WEG fissioning by quarreling 
with their sisters-in-law. Tensions between cowives extend to their chil-
dren and often lead to the rupture of the WEG in the next generation 
(Strassmann, 2003). Although men usually assigned women the blame, 
it is unlikely that WEG fissioning is entirely caused by the women. A 

FIGURE 14.6 WEG dissolution over time. In 2000, there were only two WEGs as 
the members of WEGs 2–5 worked together. By 2010, there were five WEGs. This 
family segment illustrates the typical pattern wherein half brothers separate 
after the death of the patriarch, followed ultimately by the separation of full 
brothers. White icons indicate persons who lived outside the patrilineage in 
2010. WEG bosses are indicated in brackets. Slashes through icons indicate that 
the person was deceased in 2010.
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common pattern was for a younger brother who had monetary sav-
ings from working in the city to split off from his older brother so as 
to keep control of his wealth. Brothers are first-degree relatives (r = 0.5), 
but Hamilton’s rule takes into consideration not only relatedness but 
also costs and benefits. Although WEGs are cooperative units, they are 
unstable and experience internal conflicts of interest. Kin selection theory 
predicts important aspects of WEG dynamics such as the conflict among 
cowives and sisters-in-law and the circumstances that trigger WEG fis-
sioning. The person in the WEG who is most important for child survival 
is the child’s own mother, a finding also seen in other demographic 
datasets (Sear and Mace, 2008) as well as in primate species that are not 
cooperative breeders.

Grandparents and Grandoffspring

The hypothesis that humans are cooperative breeders has focused, 
in particular, on grandparental investment (Hawkes et al., 1997, 1998; 
Beise, 2005; Gibson and Mace, 2005; Hawkes and Jones, 2005; Hrdy, 
2005a, 2009; Leonetti et al., 2005; Hill and Hurtado, 2009; Coall and 
Hertwig, 2010; Kaptijn et al., 2010; Strassmann and Garrard, 2011). The 
Dogon data provide an opportunity to examine the survival status of 
children in relation to the survival status of the four kinds of grand-
parents (father’s mother, father’s father, mother’s mother, and mother’s 
father). In the presence of controls for other predictors of child mortal-
ity, the hazard of death for Dogon children was twofold higher if the 
father’s mother was alive rather than dead (P = 0.0009) and 54% higher 
if the father’s father was alive (P = 0.06) (Fig. 14.7 and Table 14.2). The 
hazard of death was not influenced by the survival status of the maternal 
grandparents.

Given that residence is with the husband’s and not the wife’s par-
ents, I predicted that older paternal grandparents become a drain 
on family resources and consume more than they produce. In testing 
this prediction, I used the age of the father as a proxy for the age of his 
parents. Children whose father’s were older (and who presumably had 
older paternal grandmothers) were at the greatest survival disadvantage 
if the paternal grandmother was living (Table 14.3). The Dogon seem 
to take this pattern into account, because they kick the paternal grand-
mother out of the WEG after the death of her husband (Strassmann, 2000, 
2003). In Dogon society, an old woman whose husband is deceased is 
perceived as a liability rather than as a valuable alloparent. Old women 
work physically harder than old men (Fig. 14.2D), but the old men have 
a valuable asset: They wield power.
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The old ladies must return to their natal patrilineages and work 
to support themselves with a small parcel of land that they cultivate 
alone or with the help of a daughter’s daughter (Strassmann, 2003). A 
woman’s two firstborn offspring are raised by their maternal grand-
parents, so boys sometimes also live matrilocally. In the case of boys, 
this arrangement is usually temporary, and sons eventually go to their 
fathers. I investigated the growth in height of these matrilocal children 
(n = 107) in relation to both their sex and the survival status of their 
four grandparents. The data are adjusted for other significant predictors 
of growth. In each year of the study, the family structure variables were 
used to predict the change in a child’s height-for-age z score from one 
year to the next (Methods). Girls tended to grow at a faster rate if their 
maternal grandmother was dead rather than alive (Fig. 14.8), presum-
ably on account of the work that girls perform. Little girls primarily fetch 
water, but as they grow older, they take on such tasks as weeding gar-
dens, pounding millet, and helping to gather firewood. Boys performed 
less work for their maternal grandmothers, and their growth rates were 
unaffected by their maternal grandmothers’ survival status (Fig. 14.8).

The relationship between growth and grandparental survival status 
in the children who lived patrilocally is shown in Fig. 14.9. Because there 
were more children who lived patrilocally (Fig. 14.10), it was possible to 
disaggregate the data into three age groups. In the youngest children 
(ages 0–18 months; n = 474), the survival status of the father’s father, 

FIGURE 14.7 The hazard of death by age 5 years in relation to the survival sta-
tus of the child’s grandparents (dead is the reference category; n = 2,933 person-
years and n = 161 deaths). A hazard ratio greater than 1.0 means an increased 
risk of death if the grandparent is alive (rather than dead). Error bars are 95% 
confidence limits. Table 14.2 shows the other variables that were controlled. 
The hazard of death was twofold greater if the father’s mother was alive.
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TABLE 14.3 Predictors of Death by Age 5 Years (n = 2,762 person-years and n = 155 deaths) 

  Hazard  95% Confidence
Variable P Ratio Limits 

Mothera  0.0050  0.206  0.068–0.620 
Fathera  0.6597  1.546  0.222–10.755 
Father ’s age   0.0696  —  — 
Father ’s age × father ’s mother   0.0116  —  — 
Year 1b  0.0007  2.214  1.395–3.513 
Year 2b <0.0001  2.484  1.603–3.851 
Malec  0.1535  0.786  0.565–1.094 
Wealth   0.0616  1.128  0.964–1.281 
WEG polygynyd  0.0510  —  — 
Village 9e  0.4676  —  — 
Polygyny × village 9f  0.0934  —  — 
WEG boss 
 Father ’s fatherg  0.6160  1.140  0.683–1.904 
 Mother ’s fatherg  0.5642  0.727  0.245–2.152 
 Father ’s brotherg  0.4564  1.294  0.657–2.549 
 Father ’s father ’s brotherg  0.0274  2.107  1.087–4.086 
 Unrelatedg  0.5884  0.554  0.065–4.699 
 Miscellaneousg  0.6710  0.832  0.357–1.941 
Grandparents 
 Father ’s mothera  0.1026  —  — 
 Father ’s fathera  0.1316  1.443  0.869–2.324 
 Mother ’s mothera  0.9408  0.987  0.691–1.409 
 Mother ’s fathera  0.5745  1.100  0.788–1.537 

Notes: The significant interaction of father’s age and survival status of father’s mother 
shows that older paternal grandmothers are more harmful than younger paternal grand-
mothers. Mother’s age was omitted because it is collinear with father’s age. 

aReference is dead. bReference is year 3. cReference is female. dThis variable shows the 
effect of polygyny in villages 1–8 in terms of the ratio of married women to married men 
in the WEG. eReference is villages 1–8. fThis variable shows the interaction of polygyny and 
village. gReference is father. 

mother’s mother, and mother’s father was unrelated to grandchild 
growth rates (Fig. 14.9A). However, the survival status of the father’s 
mother affected girls and boys differently. Girls grew better than boys if 
the father’s mother was alive (P = 0.05). Boys grew better if the father’s 
mother was dead rather than alive (P = 0.04) (Fig. 14.9A).

In the next age group (ages 19–40 months; n = 432), the major 
finding was that boys were catching up in height to the international 
reference population if the father’s mother was dead but continuing 
to fall further behind if she was alive (P = 0.001) (Fig. 14.9B). Addition-
ally, when the father’s mother was dead, boys grew at a rate that was 
significantly better than that of girls (P = 0.0003). In this age group, girls 
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were continuing to fall behind the reference population, regardless of 
the survival status of the paternal grandmother (Fig. 14.9B).

In the oldest age group (ages 41–98 months; n = 559), the children 
were experiencing catch-up growth across the board (Fig. 14.9C). The 
catch-up growth of girls was greater if the father’s mother was alive 
rather than dead (P = 0.003). Moreover, if the father’s mother was alive, 
the catch-up growth of girls was greater than that of boys (P = 0.0002) 
(Fig. 14.9C). Interestingly, girls grew at a faster rate if their mother’s 
mother was dead rather than alive (P = 0.003), echoing the results for 
the girls who lived matrilocally. When the mother’s mother was dead, 
girls also grew faster than boys (P = 0.0004) (Fig. 14.9C).

Interactions between sex, grandparental survival, and child sur-
vival or growth have also been found in other human populations 
(Jamison et al., 2002; Gibson and Mace, 2005; Sear, 2008). Rather than 
being a spurious result, it seems that Dogon paternal grandmothers 
may prefer girls over boys. A possible evolutionary explanation is local 
resource competition (Clark, 1978). Girls marry out of the patrilineage, 
whereas boys remain home to compete against each other for resources, 
and therefore, it may make sense to produce fewer boys. In no age 
group did the survival status (alive or dead) of grandfathers make a 
difference for growth. It could be that grandfathers are not sufficiently 
involved in the care and feeding of young children for their presence 
to make a difference.

FIGURE 14.8 Growth (change in z score for height for age) in children who lived 
matrilocally (n = 107; ages 0–98 months). Other significant predictors of growth 
were controlled (child’s age centered on the mean, year of study, sex, mother’s 
age at child’s birth). fm, father’s mother; ff; father’s father; mf, mother’s fa-
ther; mm, mother’s mother.
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FIGURE 14.9 Growth (change in z score for height for age) in children who lived 
patrilocally in relation to sex and the survival status of the child’s grandparents, 
fm, father’s mother; ff, father’s father; mm, mother’s mother; mf, mother’s 
father. (A) Age group 0–18 months (n = 473). (B) Age group 19–40 months (n 
= 432). (C) Age group 41–98 months (n = 559). The analysis controlled for child’s 
age, child’s age squared, year, sex, age by sex interaction, nursing vs. weaned, vil-
lage of residence, birth order (one to seven), number of maternal siblings (one to 
seven), standardized wealth rank, mother’s marital status (fiancée, polygyny, or 
monogamy), and nursing by mother’s marital status interaction.
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Maternal grandmothers had an adverse impact on the growth of 
girls, regardless of whether the girls lived matrilocally or patrilocally. 
A possible explanation is that growth is slowed by the energetically 
demanding work that girls perform for their maternal grandmothers. 
In the literature on grandmothering, it is usually assumed that the most 
beneficial grandmother is the maternal one (Hawkes et al., 1997, 1998). 
The data for the growth of Dogon girls point in the opposite direction.

CONCLUSION

If the term cooperative breeding is restricted to human popula-
tions in which adult offspring delay or forego reproduction to act as 
helpers, then the Dogon would not qualify because girls usually initiate 
reproduction by about age 19 years and boys by age 25 years. It would 
potentially apply, however, to 19th and early 20th century European 
farming communities in Ireland and elsewhere that had an unusually 
high percentage of individuals who postponed reproduction to their 
thirties or who were permanently celibate. Ireland was akin to a satu-
rated habitat in which opportunities to reproduce were restricted by the 
availability of farms. It has been suggested that unmarried siblings often 
emigrated or acted as helpers (Strassmann and Clarke, 1998).

The Dogon pattern is very different. Rather than disqualify the 
Dogon as cooperative breeders a priori because they do not delay repro-

FIGURE 14.10 The percentage of children who lived in the same village as each 
kind of relative (dead relatives were excluded from the analysis). Black bars 
represent the children that lived with the relative, and white bars represent the 
children that did not live with the relative. ff, father’s father; fm, father’s mother; 
mf, mother’s father; mm, mother’s mother.

Strassmann www.pnas.org/cgi/content/short/1100306108 1 of 4
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duction, I searched for evidence for cooperative breeding behavior in 
sibling groups, in families, and on the part of grandparents. Siblings 
competed with each other, producing a tradeoff between the number of 
maternal siblings and growth and survival. To understand why children 
work or care for younger siblings, parental coercion is a possibility 
that needs further investigation. It did not take a village to raise a child; 
instead, children in nuclear families did as well as children in extended 
families. The hazard of child mortality to age 5 years was twofold higher 
if the paternal grandmother was alive rather than dead. In the first 5 
years of life, mothers were essential for child survival and could not 
be replaced by other kinds of kin. These results do not align with the 
expectations of cooperative breeding theory. Kin selection theory was 
more helpful for understanding the dialectic between cooperative and 
competitive interactions in the Dogon, especially when conjoined with 
parent–offspring conflict and life history theory. The predicted linear 
relationship between child survival and relatedness of the child to 
the WEG boss was not supported. However, kin selection theory was 
helpful for understanding the dynamics of polygyny and WEG instabil-
ity over time.

METHODS

Subjects

The study population was an entire cohort of 1,700 children in nine 
Dogon villages who were enrolled between 1998 and 2000. These chil-
dren have been followed prospectively since their initial enrollment to 
the present date (2011). The criterion for enrollment was age ≤ 5 years on 
May 1, 1998, or born during the first 2 years of follow-up study. Subject 
cooperation for participation in the cohort study was >99.9%. Participa-
tion in the anthropometric measurements (height or supine length in 
centimeters and weight in kilograms) was 91% (1998), 83% (1999), 85% 
(2000), 81% (2004), 79% (2007), and 85% (2010). The primary reason for 
nonparticipation was that the child was living outside the study area that 
year. Approval to conduct this study was obtained from the University of 
Michigan Internal Review Board, the Malian government, local authori-
ties, and village chiefs and elders. Informed consent (adults) or assent 
(children) was obtained from the subjects.

WEG Structure

An annual door to door census was conducted of the 652 WEGs 
in the nine villages. This census asked the identity of the head of the 
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family (WEG boss) and each WEG member’s name, parents’ names, sex, 
year of birth, marital status [unmarried, fiancée (tanganu), or mar-
ried (tanga)], spouses’ names, spousal rank order (sole, first, second, 
third, or fourth wife), wife type [arranged (ya bire), nonarranged (ya 
kezu), or levirate: married to the deceased husband’s brother (ya pani)], 
and religion (indigenous, Muslim, Catholic, Protestant, or free thinker/
agnostic). From these data, other family structure variables were calcu-
lated to reflect the social niche of the child (e.g., number of maternal 
and paternal siblings, ratio of married women to married men in the 
WEG, and total number of children aged 10 years and younger). Data 
were also gathered on the survival status of the children’s parents and 
grandparents (dead or alive) at the time the children were born and at 
the time of the interview.

WEG Wealth

Forty-one informants who lived in the nine villages independently 
ranked the relative wealth of each WEG in their natal village, produc-
ing strong agreement among informants [Cronbach’s α: C = 0.89 ± 0.06 
(1999) and C = 0.93 ± 0.03 (2000)]. After doing their individual rankings, 
the informants also met together to produce a consensus ranking.

Children’s Survival 

Because most child mortality in the Dogon occurs by age 5 years (US 
Department of State, 2010), I was primarily interested in survival in early 
childhood. Therefore, in studying the relationship between family struc-
ture and child survival, I used the field data from the years 1998–2001. 
The statistical analysis employs a Cox proportional hazards model to 
analyze survival as a function of time-varying covariates (Cox, 1972; 
Allison, 1995). The covariates measured in a given year served as predic-
tors of survival from that year to the next (e.g., covariates measured in 
1998 were used to predict survival to 1999). After the initial year (1998), 
I had 3 years of follow-up (1999, 2000, and 2001). The dependent variable 
in the statistical model was the duration of survival time for each child 
across all years that he or she was in the study between 1998 and 2001. If 
a child survived to the end of a given year, I calculated her survival time 
as the child’s age at the end of the year minus her age at the start of the 
year. If she died during the year, her survival time was her age at death 
minus her age at the start of the year. If she was lost to follow-up, her 
survival time was calculated as her age at midyear minus her age at the 
start of the year. If she was born and died between annual censuses, her 
survival time was her age at death. The survival analyses were carried 
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out using Proc Phreg in the statistical software SAS 9.2 (SAS Institute, 
Inc., 2008), which allowed for control for multiple observations of the 
same child. The statistical models included a random effect for mother.

Behavioral Data

From 1986 to 1988, an instantaneous behavioral scan was conducted 
during daylight hours in the fields and the initial study village in all 
months of the year. The date, time, identification, and activity of each 
person were recorded (n = 5,097 observations).

Children’s Growth

I calculated height-for-age z scores in relation to the international 
World Health Organization (WHO) standard that is appropriate for 
breastfed children in developing countries (World Health Organization, 
2005). These z scores quantify the distance (measured in SDs) of a given 
child’s height relative to the mean for the reference population. I calcu-
lated growth as the change in height-for-age z scores. The covariates in a 
given year were used to predict the change in the child’s height-for-age 
z score from that year to the next. The statistical analysis used a linear 
mixed model (Littell et al., 1996) that (i) used a repeated measures design 
to take into account the autocorrelation in the growth of a given child 
between years and (ii) included the mother of the child as a random 
effect to take into account the correlation among maternal siblings. The 
analysis was carried out using Proc Mixed in the statistical software SAS 
9.2 (SAS Institute, Inc., 2008).

WEG Fissioning

Males (n = 1,218) belonging to 29 patrilineages in 10 villages provided 
genealogical information for their paternal and maternal ancestry as far 
back as they could remember. From the oral histories, I made patrilineal 
pedigrees in the program Progeny (Progeny Software, LLC, 2007) that 
have a depth of up to 11 generations from the youngest generation to 
the common ancestor. These pedigrees contain data on WEG composi-
tion and changes over time.

ACKNOWLEDGMENTS

I thank the Dogon for their generous participation in this research, 
including my Dogon field assistants for their valuable help. I am grate-
ful to the Malian government for permission to conduct this study and 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


324 / Beverly I. Strassmann

the following undergraduate and Master degree-level field assistants: 
Sylvie Moulin, Thomas Stevenson, Betsy Abrams, Sera Young, Brendan 
Hug, Lindsey Boynton, Joy Rowe, Riley Bove, Anne Lyne, Jean Baptiste, 
David Plate, Joanna Rogers, Robin Martz, Christine Sauve, and Russell 
Herrold. I thank Kathy Welch for statistical advice and Claudius Vincenz, 
Laura Betzig, and two anonymous reviewers for helpful comments. 
This research was supported by the Louis S. B. Leakey Foundation, 
National Science Foundation Grants SBR 9727229 and BCS 1029056, the 
American Philosophical Society, and National Institutes of Health Grant 
09-PAF00653.

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


325

Individuals in many animal species are strongly motivated to form close 
social bonds and to attend to the social interactions of others. Some animals 
may also recognize other individuals’ intentions and simple mental states. 
Such curiosity appears to be adaptive, because it enables observers to learn 
about others’ status and relationships and to anticipate future events without 
direct participation. However, many questions remain unresolved. In par-
ticular, it remains unclear whether animals keep track of favors given and 
received when interacting with others, and whether they rely on memory 
of past cooperative acts when anticipating future ones. Primates appear to 
possess many of the cognitive abilities required for human-like contingent 
cooperation. However, most investigations of captive primates have indi-
cated that cooperation is seldom contingency-based, and that interactions are 
not influenced by inequity aversion or sensitivity to cheaters. In contrast, 
several experiments with nonprimates have found that animals can take 
into account recent interactions when supporting others, suggesting that the 
apparent rarity of contingent cooperation in primates may not stem from 
cognitive constraints. Instead, individuals may tolerate short-term inequities in 
favors given and received because most cooperation occurs among long-term 
reciprocating partners.
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An anthropomorphous ape, if he could take a dispassionate view of his 
own case, ... might insist that they were ready to aid their fellow-apes 
of the same troop in many ways, to risk their lives for them, and to take 
charge of their orphans; but they would be forced to acknowledge that 
disinterested love for all living creatures, the most noble attribute of 
man, was quite beyond their comprehension.

Charles Darwin, The Descent of Man, 1871, p. 105

Humans have for centuries sensed that we share with animals 
the motivation to form close, enduring social bonds. Recent 
research has not only confirmed these intuitions but has also 

begun to uncover the many fitness benefits of such bonds (Silk and 
House, Chapter 16, this volume). Nevertheless, despite many similarities 
in patterns of cooperation between humans and other animals, there 
are also important differences in its quality and scope. The reasons 
for these differences remain topics of debate, in large part because we 
still do not understand the full range of animals’ cognitive abilities, in 
what ways these abilities differ from humans’, and how these abilities 
contribute to the formation of cooperative bonds. Many animals share 
with humans the ability to monitor other individuals’ friendships and 
animosities, to remember the nature of recent interactions, and per-
haps also to recognize other individuals’ motivations and intentions. 
Whether they recognize more complex mental attributes like the intent 
to deceive, however, remains unclear, as does the extent to which ani-
mals share humans’ sometimes hyperbolic motivation to engage others 
in cooperative ventures.

RECOGNITION OF OTHER ANIMALS’ RELATIONSHIPS

Many social animals live in groups containing both kin and nonkin, 
in which interactions are simultaneously competitive and cooperative 
and in which individuals maintain differentiated relationships with a 
subset of group members. To navigate through this complex network 
of relationships, it seems essential to be able to monitor not only one’s 
own interactions but also the interactions of others. The ability to acquire 
and use information about other individuals’ social relationships permits 
individuals to assess the strength of allies and opponents, to reconcile 
with opponents, and to choose mates, and it appears to be under strong 
selective pressure. Indeed, there is now an extensive literature indicat-
ing that animals are highly motivated to learn about other individuals’ 
relationships and competitive abilities. Knowledge of other individu-
als’ dominance ranks has been demonstrated in a variety of species, 
including not only primates and other social animals like pinyon jays 

In the Light of Evolution: Volume V: Cooperation and Conflict

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/13223


Extent and Limits of Cooperation in Animals / 327

[Gymnorhinus cyanocephalus (Paz-Y-Miño et al., 2004)] and hyenas [Cro-
cuta crocuta (Engh et al., 2005)], but also in less social territorial birds 
and fish [e.g., Oliveira et al. (1998), Peake et al. (2002), Grosenick et al. 
(2007)]. When joining a coalition, for example, hyenas and monkeys 
selectively recruit or support the higher-ranking of two combatants [e.g., 
Silk (1999), Schino et al. (2006); reviewed in Cheney and Seyfarth (2007)]. 
Capuchin monkeys (Cebus capucinus) selectively recruit allies who both 
rank higher than their opponents and have a closer bond with themselves 
than with their opponent, indicating that they are able to compare the 
bond between the ally and themselves with the bond between the 
ally and their opponent (Perry et al., 2004). In playback experiments 
involving wild baboons (Papio hamadryas ursinus), a sequence of calls 
that mimics a higher-ranking opponent threatening a lower-ranking 
animal elicits little response from listeners, but if the individuals’ roles 
are reversed, the response is significantly stronger—presumably because 
the rank-reversal sequence violates the listener’s expectations (Cheney 
et al., 1995; Bergman et al., 2003; Kitchen et al., 2005).

The ability to eavesdrop on the social interactions of others enables 
individuals to acquire knowledge about another’s competitive ability 
and probable allies without directly challenging him. In nonsocial birds 
and fish, males use information acquired through eavesdropping when 
deciding whether to challenge an intruder [e.g., Oliveira et al. (1998), 
Peake et al. (2002); see Paxton et al. (2010) for similar data on rhesus 
macaques, Macaca mulatta]. Similarly, female chickadees (Poecile atricapil-
lus) assess their mate’s relative dominance status by attending to his 
singing contests with neighboring males. Females mated to males who 
are dominated in such contests are subsequently likely to solicit extra-
pair copulations from apparently more dominant neighbors (Mennill et 
al., 2002).

Monkeys also recognize the close bonds that exist among others. In 
vervets (Chlorocebus aethiops) and macaques, an individual who has just 
been involved in an aggressive interaction will often redirect aggression 
by attacking a close relative of her opponent (Cheney and Seyfarth, 
1990; Judge, 1991). Similarly, if a female baboon hears a call sequence 
that mimics a fight between one of her own close relatives and the close 
relative of a more dominant female, she will subsequently avoid that 
female (Cheney and Seyfarth, 1999). Playback experiments have also 
demonstrated that low-ranking male baboons monitor the status of other 
males’ sexual consortships to take advantage of opportunities to mate 
“sneakily” (Crockford et al., 2007).

If a baboon receives aggression from another and then, minutes 
later, hears a “reconciliatory” grunt from a previously uninvolved animal, 
the listener’s response to the grunt depends on the relationship between 
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the calling animal and the listener’s opponent. If the caller is a close matri-
lineal relative of the opponent, the listener is subsequently more likely to 
approach her recent opponent and to tolerate her opponent’s approach 
than she is if she hears the grunt of an animal unrelated to her opponent. 
Subjects act as if they infer that they are the target of the vocalization even 
though they have not recently interacted with the signaler, but with her 
relative. They therefore treat the call as a reconciliatory signal that func-
tions as a proxy for reconciliation with the opponent herself (Wittig et 
al., 2007). They could do so only if they recognize the close bond that 
exists between the two females. A similar phenomenon occurs among 
chimpanzees (Pan troglodytes), whereby the behavior of bystanders and 
victims following aggression depends both on their own relationships 
with the combatants and on their perception of the relationship between 
the other animals involved (Wittig and Boesch, 2010).

To cite another example, chimpanzees often scream when involved 
in aggressive disputes. Victims produce acoustically different screams 
according to the severity of aggression they are receiving. In playback 
experiments, listeners responded differently to the different scream types 
(Slocombe et al., 2009). In cases of severe aggression, victims’ screams 
sometimes exaggerated the severity of the attack, but victims gave exag-
gerated screams only if their audience included at least one listener 
whose dominance rank was equal to or higher than that of their opponent 
(Slocombe and Zuberbühler, 2007). Victims seemed to alter their screams 
depending upon their perception of the relationship between their oppo-
nent and their potential allies.

Some progress is beginning to be made in identifying the neural 
mechanisms underlying knowledge of others’ social relationships. In male 
zebra finch (Taeniopygia guttata), for example, hearing another male’s 
song induces activation of a specific group of immediate early genes 
(Robinson et al., 2008). These genes are activated rapidly and transiently 
by even brief social experiences, and they influence the transcription 
of other genes. The genes’ expression is linked to the social significance 
of the song and may function to enable the brain to keep track of the 
ever-changing social environment (Robinson et al., 2008). Unfamiliar 
songs elicit a stronger response than familiar songs, and the response 
is enhanced if the listener is in the presence of another bird. Similarly, 
when a female cichlid fish (Astatotilapia burtoni) observes a preferred 
mate win a fight against another male, areas in the brain associated 
with reproduction are activated. If, however, the preferred mate loses 
a fight, areas in the brain associated with anxiety are activated instead 
(Desjardins et al., 2010). These changes occur even though the female 
is only observing the interactions. Such eavesdropping may permit 
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observers to anticipate changes in the social environment without hav-
ing to experience them first.

Further supporting the hypothesis that social skills have been under 
strong selective pressure across taxa, there is some indication in mam-
mals that more social species show higher degrees of encephalization than 
less social species (Schultz and Dunbar, 2010). Sociality may even affect 
relative brain size within species. In paper wasps (Polistes dominulus), for 
example, there is a significant increase in the size of the antennal lobes 
and collar in females that nest colonially with other queens, as opposed 
to solitary breeders (Ehmer et al., 2001). This increase in neural volume 
may have been favored because sociality places increased demand on 
the need to discriminate between familiar and unfamiliar individuals 
and to monitor other females’ dominance and breeding status.

In sum, knowledge of other individuals’ relationships has been widely 
documented in many species by using many different techniques [see 
Shettleworth (2010) for review]. There appears to have been strong 
selection pressure for passive observational learning in the context of 
social interactions and for the acquisition of knowledge about other 
individuals’ social relationships. The representations that underlie 
such recognition undoubtedly differ from one species to the next, and 
certainly differ from humans’ more explicit representations, but there is 
no doubt that animals acquire and remember information about other 
animals’ relationships and that this knowledge affects their behavior. 
In principle, this information can be acquired through relatively simple 
associative processes. The degree to which animals proceed beyond 
simply recognizing the association between two other animals, however, 
remains poorly understood. We still do not know, for example, whether 
a baboon distinguishes among different types of relationships, like 
“sister” or “daughter,” or whether she imbues these relationships with 
motives and emotions—for example, like “love.”

ATTRIBUTION OF INTENTIONS

In the more than 30 years since Premack and Woodruff (1978) posed 
the question “Does the ape have a theory of mind?” much progress 
has been made in the study of mental state attribution in animals. Many 
questions, however, are still unresolved.

Nonhuman primates and other animals are acutely sensitive to other 
individuals’ direction of gaze. When attempting to engage another indi-
vidual’s attention—for example, when recruiting an alliance partner—
primates will actively attempt to engage their partner’s gaze (Call and 
Tomasello, 2008). In competitive contexts, rhesus macaques are more 
likely to attempt to steal food from a human whose eyes are averted 
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than from one whose eyes are not (Flombaum and Santos, 2005), and 
captive chimpanzees are more likely to approach food that a competitor 
cannot see than food that the competitor can (Hare et al., 2000). Similarly, 
when potential competitors are present, ravens (Corvus corax) and scrub 
jays (Aphelocoma californica) are more likely to cache food in sites that are 
out of view or hidden behind barriers than in more open sites [e.g., 
Emery et al. (2004), Bugnyar and Heinrich (2005), Dally et al. (2006)].

Primates also appear to attribute simple mental states, like intentions 
and motives, to others. In captivity, apes distinguish between inten-
tional and accidental actions, and they also recognize other individuals’ 
goals (Buttelmann et al., 2007). Under natural conditions, the recognition 
of others’ intentions is most evident in the context of vocalizations, 
when animals must make inferences about the intended recipient of 
someone else’s calls. Monkey groups are noisy, tumultuous societ-
ies, and an individual could not manage her social interactions if she 
interpreted every vocalization she heard as directed at her. Inferences 
about the directedness of vocalizations are probably often mediated by 
gaze direction and relatively simple contingencies. Even in the absence 
of visual signals, however, monkeys are able to make inferences about 
the intended recipient of a call based on their knowledge of a signal-
er’s identity and the nature of recent interactions. For example, when 
female chacma baboons were played the “reconciliatory” grunt of their 
aggressor within minutes after being threatened, they behaved as if they 
assumed the call was directed at themselves, as a signal of benign intent. 
As a result, they were more likely to approach their former opponent 
and to tolerate their opponent’s approaches than after hearing either no 
grunt or the grunt of another dominant female unrelated to their oppo-
nent (Cheney and Seyfarth, 1997). Call type was also important, because 
subjects avoided their recent opponent if they heard her threat grunt 
rather than her reconciliatory grunt (Engh et al., 2006). By contrast, 
if subjects heard a female’s threat grunt shortly after grooming with 
her, they ignored the call and acted as if they assumed that the female 
was threatening another individual. Thus, baboons use their memory 
of recent interactions to make inferences about the caller’s intention to 
communicate with them.

In primates, faces and voices are the primary means of transmitting 
social signals, and monkeys recognize the correspondence between facial 
and vocal expressions (Ghazanfar and Logothetis, 2003). When rhesus 
macaques hear one of their own species’ vocalizations, they exhibit 
neural activity not only in areas associated with auditory processing 
but also in higher-order visual areas, including superior temporal 
sulcus (Gil-da-Costa et al., 2004). Ghazanfar et al. (2005) explored the 
neural basis of sensory integration using the coos and grunts of rhesus 
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macaques as stimuli. They found clear evidence that cells in certain 
areas of the auditory cortex are more responsive to bimodal (visual 
and auditory) presentation of species-specific calls than to unimodal 
presentation. Although significant integration of visual and auditory 
information occurred in trials with both vocalizations, the effect of 
cross-modal presentation was greater with grunts than with coos. 
The authors speculate that this may occur because grunts are usually 
directed toward a specific individual in dyadic interactions, whereas 
coos tend to be broadcast generally to the group at large. The greater 
cross-modal integration in the processing of grunts may therefore have 
arisen because, in contrast to listeners who hear a coo, listeners who hear 
a grunt must determine whether or not the call is directed at them.

When deciding “Who, me?”, then, upon hearing a vocalization 
or observing an approaching group member, monkeys must take into 
account the identity of the individual, its direction of gaze (if vis-
ible), the type of call given, the nature of their prior interactions with the 
signaler or her relatives, and the correlation between past interactions 
and future ones. Learned contingencies doubtless play a role in these 
assessments. However, because listeners’ responses depend on simul-
taneous consideration of all of these factors, this learning is likely to be 
both complex and subtle.

ATTRIBUTION OF KNOWLEDGE

Although baboons and other monkeys may be able to recognize other 
individuals’ intentions when inferring, for example, whether or not 
they are the target of another individual’s call, the extent to which ani-
mals attribute knowledge, ignorance, and beliefs to others remains 
controversial. For example, baboons often give “contact” barks when 
separated from others. When several separated individuals are calling 
simultaneously, it often appears that they are answering each other’s 
calls to inform each other of their location. Playback experiments suggest, 
however, that baboons call primarily with respect to their own separa-
tion from the group, not their audience’s. They “answer” others when 
they themselves are separated, and they often fail to respond even to the 
calls of their offspring when they themselves are in close proximity to 
other group members (Cheney et al., 1996; Rendall et al., 2000). In this 
respect, the vocalizations of monkeys are very different from human 
speech, in which we routinely take into account our audience’s beliefs 
and knowledge during conversation.

Some investigators have suggested that animals’ attentiveness to 
gaze direction is an indication that animals recognize what other individu-
als can and cannot see and hence what they can and cannot know. These 
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arguments are confounded, however, by the possibility that animals use 
gaze direction to assess not what others know but what they intend to 
do. As a result, they recognize, for example, that other individuals are 
motivated to defend food that they are looking at, and less likely to 
defend food when they are looking away.

Some recent experiments have attempted to avoid this confound 
by eliminating the possibility that subjects are responding only to their 
rival’s direction of gaze when choosing among food items. Kaminski et 
al. (2008) presented chimpanzees with the choice of three buckets, two of 
which contained food. The first bucket was baited in the presence of both 
the subject and the rival. The second bucket was baited in the presence 
only of the subject. In the test condition, the subject’s view of the appara-
tus was blocked while the rival was allowed to choose first. In the control 
condition, the subject chose first. When subjects chose first, they were as 
likely to choose the bucket that their rival had seen baited as the one he 
had not. However, when they chose second, they were more likely to 
choose the bucket that their rival had not seen baited, suggesting they 
inferred that the rival would have chosen the bucket that he had seen 
baited. In other words, they acted as if they recognized what their rival 
knew, based on what he had seen. However, when subjects observed 
the experimenter mislead the rival by seeming to hide the reward in 
one bucket but actually putting it in another, they did not distinguish 
between the rival’s true belief and his false belief. The authors conclude 
that chimpanzees recognize what others know, but not what they believe.

If, as seems likely, chimpanzees and other animals cannot attribute 
false beliefs to others, this would provide one explanation for their appar-
ent failure to punish cheaters who defect from risky cooperative ven-
tures. If chimpanzees cannot recognize the intent to deceive, they will be 
unable to distinguish between a partner who fails to cooperate because 
he is unable to do so, and one who fails to cooperate because he intends 
to do so, and they will by definition be unable to impose sanctions against 
such individuals. I return to this question later.

MECHANISMS UNDERLYING COOPERATION

Although it is now clear from a variety of animal species that strong, 
cooperative bonds enhance longevity and offspring survival (Silk and 
House, Chapter 16, this volume), the mechanisms that motivate indi-
viduals to form such bonds are still far from well understood. Female 
baboons, for example, do not groom only with close kin and those with 
whom they share a close social bond; they also groom less regularly with 
other females. When a close partner dies, they may attempt to establish 
a close bond with a previously infrequent partner. We hypothesize that 
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knowledge of other individuals’ relationships guides the formation of 
new relationships, but this hypothesis has not yet been tested. Indeed, 
we still know little about whether or how animals keep track of their 
social relationships, of cooperative and noncooperative interactions, or 
of favors given and received.

Furthermore, although it is now clear that both humans and other 
animals derive reproductive benefits from strong, predictable social rela-
tionships, at least some of the mechanisms underlying these relationships 
are doubtless very different. Human social relationships are imbued with 
inferences about others’ intentions and beliefs, and humans are at times 
also acutely aware of whether a favor has been returned, or whether a 
partner has deceived them. The extent to which any animal is capable 
of similar mental projections remains unknown.

There continues to be debate about the psychological mechanisms 
that underlie animals’ social interactions and relationships. Because we 
have no direct evidence that animals can plan or anticipate the benefits 
that might derive from a long-term relationship, a number of investigators 
have argued that animals’ cooperative interactions are motivated only 
by short-term rewards, such as the opportunity to handle an infant or 
gain access to food. According to these arguments, social interactions are 
not founded on long-term patterns of affiliation but are based instead 
on short-term byproduct mutualism or biological markets motivated by 
the current value of a potential partner (Noe and Hammerstein, 1994). 
So, for example, when a female monkey grooms another, she may simply 
be engaging in a short-term negotiation with a trading partner who 
controls a desirable commodity, like a young infant (Henzi and Barrett, 
2007).

There is no doubt that many social interactions vary with cur-
rent conditions. Several studies have shown, for instance, that female 
baboons often groom lactating females to obtain immediate access to 
their infants (Henzi and Barrett, 2002; Silk et al., 2003b). Similarly, males 
groom estrous females at higher rates than pregnant or lactating females, 
and subordinate individuals groom dominant individuals in apparent 
exchange for tolerance at food sites (de Waal, 1997b; Ventura et al., 2006). 
In an experiment directly testing the hypothesis that grooming in vervet 
monkeys is motivated in part by the expectation of immediate reward, 
Fruteau et al. (2009) manipulated a food container in such a way that it 
could only be opened by one low-ranking female. Consistent with bio-
logical market theory, the rate at which the female subsequently received 
grooming from others increased significantly. This initial gain, however, 
decreased after a second subordinate female was allowed to open the con-
tainer. Thus, grooming appeared to be adjusted according to the relative value 
of the provider.
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Observations indicating that some social interactions are influenced 
by the current value and supply of alternative trading partners are not incon-
sistent with evidence that others reflect long-terms patterns of affiliation. 
Female baboons, for example, form long-term bonds with only a small number 
of other females; many of their other social interactions may well be initiated 
or maintained by interactions that depend in part on the current value of 
commodities. Nevertheless, much grooming occurs in the absence of an 
immediate reward, and it is seldom evenly balanced between partners within 
single bouts (Silk et al., 2010a). Despite short-term asymmetries, nonhu-
man primates form the strongest bonds with those individuals with whom 
they have the most balanced and reciprocal grooming interactions over 
extended periods of time (Silk and House, Chapter 16, this volume).

During the past decade, there has also been increasing skepticism 
about the relevance of contingent-based reciprocity in the social interactions 
of animals. Because most cooperative interactions like grooming occur 
between long-term partners (often kin) for whom any single altruistic act 
may be relatively insignificant, many investigators are now convinced that the 
sort of reciprocal altruism first proposed by Trivers (1971) may be both rare 
and fragile in nature (Hammerstein, 2003; Clutton-Brock, 2009). Although 
there is limited experimental and correlational evidence that animals some-
times rely on memory of recent interactions when behaving altruistically 
toward others, interpretation has been complicated by a paucity of con-
vincing examples, the absence of important controls in some early tests, and 
a number of experimental studies seeming to indicate that animals lack the 
cognitive or empathetic ability to sustain contingent cooperative exchanges.

COGNITIVE CONSTRAINTS

Doubts persist about whether animals possess the cognitive abilities to 
sustain contingent cooperation. These include the ability to remember 
specific interactions, to delay reward, to track favors given and returned, to 
plan and anticipate future outcomes, and to distinguish between cooperators 
and defectors (Henzi and Barrett, 2007; Stevens et al., 2005; Melis and 
Semmann, 2010). Some of these objections may be unjustified.

More than 100 years of research on classical conditioning have repeat-
edly demonstrated that animals are acutely sensitive to contingencies and 
to the predictive value of different stimuli on outcomes [reviewed in 
Shettleworth (2010)]. Animals also remember the nature of specific inter-
actions with particular individuals. As already mentioned, for example, if a 
baboon hears another female’s reconciliatory grunt shortly after being 
threatened by her, she behaves as if the grunt is causally related to the 
recent fight and directed specifically to her as a signal of benign intent. 
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Her response appears to be guided by memory of the quality of a specific recent 
interaction. The extent to which this memory is explicit is as yet unknown.

Other purported cognitive limitations can also be questioned. There 
is now a large amount of literature on animals’ numerical discrimination 
abilities suggesting that quantity assessments are widespread across many 
taxa [reviewed in Shettleworth (2010)]. Similarly, although many tests with 
primates have suggested a general failure to delay rewards beyond short 
time periods, there appears to be considerable interindividual variation 
in self-imposed delayed gratification. Moreover, the ability of primates and 
other animals to delay gratification in contexts that do not involve food rewards 
remains largely untested. Thus, contingent cooperation in animals is not neces-
sarily constrained by the inability to delay reward or to quantify past coopera-
tive acts.

It has also been assumed that animals are not capable of contin-
gent cooperation because it demands the anticipation of future interactions. 
Leaving aside for the moment the question of whether mental projections 
of future outcomes are necessary to sustain contingent cooperation, the 
assumption that animals are unable to anticipate future events may not 
be valid. There is a long history in experimental psychology of tests dem-
onstrating that many animals accurately and predictably anticipate future 
rewards and outcomes [reviewed in Shettleworth (2010)]. Furthermore, 
a growing number of experiments suggest that primates are able to make pro-
spective decisions based on certainty judgments about their past behavior 
[e.g., Hampton (2001), Kornell et al. (2007), Paxton and Hampton (2009)]. 
Indeed, some forms of cooperative behavior in animals—the boundary patrols 
of chimpanzees in particular (Mitani et al., 2010)—are highly suggestive of 
shared intentionality, planning, and episodic memory.

It is also doubtful that nonhuman primates are unable to distinguish 
cooperators from noncooperators. In tests conducted in captivity that 
require two individuals to work together to obtain a food reward, both 
capuchin monkeys and chimpanzees are more likely to cooperate with part-
ners with whom rewards are shared more equitably (de Waal and Davis, 
2003; Melis et al., 2006b, 2009; Silk and House, in press). Chimpanzees 
also recognize which partners are most effective (Melis et al., 2006a) and 
show a limited ability to increase their rate of cooperation with partners 
who have cooperated with them in the past (Melis et al., 2008). They may 
also be able to resolve conflicts of interests when working together to achieve 
a common goal (Melis et al., 2009).

EMOTIONAL CONSTRAINTS

In humans, inequity aversion, tolerance, and the motivation to engage in 
joint activities are important catalysts for cooperative behavior. Whether 
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primates are motivated by these emotions, however, is a topic of much 
debate. Some experiments have suggested that primates reject food offered 
by humans if a rival is receiving a better reward [e.g., Brosnan and de Waal 
(2003)]. Other studies have failed to replicate these findings, and suggest 
that the food rejections are caused not by perceived inequality but by frus-
tration at seeing, but not obtaining, a preferred food item [e.g., Bräuer et 
al. (2006), Dubreuil et al. (2006)]. In some experiments, chimpanzees have 
appeared to be generally indifferent to inequitable returns to themselves 
and others. When subjects have the opportunity to deliver food to a part-
ner at no cost to themselves, for example, they show no sensitivity to the 
consequences for their partner (Silk and House, Chapter 16, this volume). 
In other experimental paradigms, however, chimpanzees do help partners 
obtain food rewards, especially when the partner is attempting to reach for the 
food or soliciting help (Greenberg et al., 2010; Melis et al., 2010). Thus, in 
some contexts, chimpanzees do seem motivated to help others and to take 
into consideration others’ outcomes, even when they do not derive direct 
benefits from doing so.

It has also been argued that a lack of social tolerance may contribute 
to the low levels of cooperation displayed by chimpanzees in many experi-
ments. Bonobos (Pan paniscus) achieve higher levels of success in some coop-
erative tasks than do chimpanzees, seemingly because their willingness to 
share rewards with their partners prompts continued cooperation (Hare et 
al., 2007). It remains unclear, however, whether bonobos also show higher 
degrees of cooperation and tolerance under natural conditions, under 
which the structure and rewards of the task are not determined by humans. 
It is not known, for example, whether bonobos show higher levels of coop-
eration than chimpanzees when hunting, or whether they share their kills 
more equitably. Similarly, it is not apparent whether bonobos ever engage in 
any behavior that is as cooperative and potentially costly as chimpanzees’ 
patrolling behavior (Mitani et al., 2010), or if they do, whether they are more 
likely than chimpanzees to share risks equitably.

Taken together, results suggest that cooperation in animals may be sus-
tained by qualitatively different mechanisms than it is in humans. Indeed, 
experiments explicitly designed to compare the behavior of children and chim-
panzees indicate that humans may be uniquely motivated to engage others’ 
attention, share their intentions, emotions, and knowledge, and impose sanc-
tions on noncooperators (Tomasello et al., 2005; Warneken and Tomasello, 
2009; Melis and Semmann, 2010).

MEASURING CONTINGENT COOPERATION

For several reasons, it has proved difficult to investigate contingent 
cooperation under natural conditions. First, in the absence of experi-
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ments, it is almost impossible to determine whether a given altruistic 
act is causally dependent upon a specific prior interaction. Second, many 
altruistic acts occur in different currencies—such as grooming and alli-
ance support—whose relative values are difficult to calibrate. Moreover, 
even altruistic acts that occur in the same currency may not carry equal 
value for each participant. In species that form dominance hierarchies, a 
low-ranking individual may value alliance support from a more domi-
nant partner more highly than vice versa. As a result, he may provide 
substantially more support to the dominant partner than he receives 
in return, yet still regard the relationship as reciprocal. Given these 
empirically intractable problems, almost any relationship can be termed 
reciprocal. Finally, the degree to which interactions are regarded as recip-
rocal often seems to be a function of the timescale under consideration. 
As already mentioned, grooming exchanges within single bouts are often 
unbalanced and asymmetrical. Nonetheless, over longer time periods, 
partners with close social bonds exhibit a high degree of reciprocity 
in grooming.

Correlations between grooming and alliance support have been 
documented in a variety of primates (Silk, 2007b). In a meta-analysis 
involving 14 primate species, Schino (2007) found a weak but highly 
significant correlation between grooming and alliances among long-term 
partners over extended periods, but little evidence that alliance support 
is motivated by a specific recent grooming bout. Indeed, in one study of 
captive Japanese macaques (Macaca fuscata), kin were never observed 
to support each other in the 30 minutes after grooming, even when they 
had the opportunity to do so (Schino et al., 2007). Similarly, although 
female hyenas form the majority of their alliances with close kin, there 
is no evidence that this support is reciprocal or based on the memory of 
a specific recent interaction (Smith et al., 2010b).

Among male chimpanzees, individuals who groom most often are 
also those who form alliances and share meat at the highest rates. Coop-
eration thus involves the exchange of services in different currencies, 
with males reciprocating grooming for support, support for meat, and 
so on. Although exchanges are often asymmetrical within dyads over 
short time periods, they become more evenly balanced over longer 
periods of time and are not simply a byproduct of association frequency 
or genetic relatedness (Mitani, 2006).

Possibly the most costly cooperative behavior shown by male chim-
panzees occurs during boundary patrols, when the males in one com-
munity make incursions into the territories of their neighbors (Mitani 
et al., 2010). These incursions are potentially risky, because a small 
party is vulnerable to attack if it encounters a larger party; incur-
sions, therefore, are obligately cooperative. Although it remains unclear 
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whether patrols are planned, they appear to involve some degree of 
shared intentionality. Little is known about the mechanisms that moti-
vate chimpanzees to initiate and participate in these highly cooperative 
and risky ventures. It is not known, for example, whether chimpanzees 
take into consideration memory of another individual’s behavior dur-
ing previous patrols when deciding whether or not to join him in a 
patrol. Whether cooperation in this context is more, or less, contingent 
upon memory of previous events remains unclear.

Although chimpanzees’ interactions with preferred partners become 
reciprocal over extended periods of time, tests on captive subjects have 
provided little evidence for contingency-based reciprocity. For example, 
in one experiment chimpanzees were given a choice of cooperating with 
either an individual who had previously helped them or one that had 
not (Melis et al., 2008). Although there was some evidence that subjects 
increased their cooperation with the more helpful partner, this effect 
was relatively weak, and subjects did not consistently avoid nonco-
operators. In another experiment deliberately designed to test whether 
cooperation was contingency-based, Brosnan et al. (2009) found no evi-
dence that chimpanzees were more likely to provide food to a partner if 
that partner had previously provided food to them. Melis et al. (2006b) 
suggest that chimpanzees may be capable of contingent reciprocity, but 
that long-term partner preferences that develop over repeated interac-
tions may override the decisions that chimpanzees make on the basis of 
immediate exchanges and rewards.

Curiously, similar experiments conducted with other species have 
provided more positive evidence for contingent cooperation in the context 
of food exchange. For example, capuchin monkeys are more likely to 
share food with a partner who has previously shared food with them 
(de Waal and Berger, 2000). Similarly, in experiments in which rats were 
trained to pull a stick to deliver food to another rat in an adjoining 
cage, subjects were more likely to help a partner who had previously 
helped them than one who had previously not helped them (Rutte and 
Taborsky, 2008).

Several investigations conducted under more natural conditions have 
also provided some indications of contingent cooperation. Unfortunately, 
however, interpretation has been complicated by the lack of follow-up 
experiments to correct for potential confounds. For example, in the well-
known study of vampire bats (Desmodus rotundus) (Wilkinson, 1984), 
most reciprocal exchanges of blood occurred among close kin. In addi-
tion, although some individuals regularly exchanged blood with unre-
lated partners, it was not clear whether any specific act of regurgitation 
was contingent upon a specific recent donation.
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An investigation of mobbing behavior in pied flycatchers (Ficedula 
hypoleuca) provides more convincing evidence for contingent coopera-
tion (Krams et al., 2008). In this experiment, subjects had the opportu-
nity to help one of two neighbors mob an owl. One of these neighbors 
had recently helped the subjects to mob an owl at their own nest box, 
whereas the other had been prevented from doing so by the experiment-
ers. Subjects were significantly more likely to help previous supporters 
than apparent defectors, suggesting that cooperative behavior was 
contingent upon memory of the neighbors’ behavior.

There is also some evidence that monkeys may sometimes rely on 
memory of recent interactions when choosing to join another in an alli-
ance, even though most alliances are based on long-term partner prefer-
ences. In one experiment conducted with captive long-tailed macaques 
(Macaca fascicularis), females were found to be more willing to support 
a lower-ranking female in an aggressive dispute after being groomed 
by that female than in the absence of grooming (Hemelrijk, 1994). In 
another experiment, female baboons were played the recruitment call 
of a lower-ranking female at least 10 minutes after either grooming with 
her or threatening her. Hearing the recruitment call of a recent grooming 
partner caused subjects to move in the direction of the loudspeaker and 
approach their former partner, but only when the two were not close 
relatives (Cheney et al., 2010). Importantly, females’ responses were not 
influenced by any type of recent interaction, because subjects responded 
to their former partner’s recruitment call only after grooming, and 
not after aggression. Similarly, their responses were not prompted only 
by the motivation to resume a friendly interaction, because prior groom-
ing alone did not elicit approach. Instead, subjects were most likely to 
approach their grooming partner when they had also heard her recruit-
ment call. Thus, females’ willingness to attend to the recruitment calls of 
other individuals appeared to be prompted at least in part by memory of 
a specific friendly interaction.

In sum, several factors may interact to motivate contingent coopera-
tion in animals under natural conditions: the strength of the partners’ 
social relationship, the nature of their recent interactions, and the oppor-
tunity to reengage in some form of cooperative behavior. Animals appear 
to possess many of the cognitive abilities thought to be essential for the 
emergence of contingent cooperation, if in rudimentary form. Nonethe-
less, such cooperation appears to be less common than the noncontingent 
cooperation that develops among kin and long-term partners.
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DETECTION OF NONCOOPERATORS

If cooperation depends in part on the memory of previous behavior, 
why do animals not avoid or punish freeloaders? In captivity, chimpan-
zees continue to work with noncooperators despite receiving inequitable 
returns (Melis et al., 2006b, 2009). In addition, although they retaliate 
against an individual who steals food from them, they do not attempt 
to punish those who obtain disproportionate rewards, nor are they 
motivated to damage the welfare of others simply for its own sake (i.e., 
spite) (Melis et al., 2006b, 2009; Jensen et al., 2007b).

Under natural conditions, too, freeloaders appear to be tolerated. 
For example, among feral dogs (Canis lupus familiaris), participation in 
intergroup contests declines with increasing group size, and high-ranking 
individuals are more likely to avoid being at the front of the pack (Bonanni 
et al., 2010). However, there is no evidence that defectors are punished. 
Individual lionesses (Panthera leo) also vary predictably in their partici-
pation in territorial conflicts. In playback experiments that simulated the 
approach of an aggressive intruder, some females consistently advanced 
toward the source of the calls, whereas others consistently lagged behind, 
avoiding the potential cost of a conflict (Heinsohn and Packer, 1995). 
Advancers appeared to be aware of the laggards’ behavior, because they 
often looked back at them; nonetheless, they did not subsequently avoid 
or punish them. Similarly, male chimpanzees do not participate equally 
in boundary patrols (Mitani, 2006). Some individuals are allowed to reap 
the benefits of territorial integrity without incurring any costs.

There may be several reasons for animals’ apparent tolerance of 
freeloaders. First, in at least some cases, participants may derive inclusive 
fitness benefits through freeloaders’ survival and reproduction. Free-
loaders might also cooperate in other currencies, such as hunting. It is 
also possible that some individuals benefit more than others from the 
maintenance of the territory’s integrity. This explanation may account 
for the greater participation of dominant individuals in some other 
primate species, like vervet monkeys (Cheney, 1981) and ring-tailed 
lemurs (Lemur catta) (Pride, 2005). Finally, however, animals may lack 
the cognitive capacity to foster or infer deceptive intent, or to impose 
sanctions on perceived cheaters. If true, animals may well not be capable 
of achieving the sort of extreme cooperation manifested by humans 
toward nonrelatives and even complete strangers, which is sustained 
not only by sanctions against inequity, deception, and spite, but also by 
concerns about reputation and prestige (Jensen et al., 2007b; Melis and 
Semmann, 2010; Silk and House, Chapter 16, this volume).

This last objection, however, only denies the possibility for human-
like contingent cooperation in animals; it does not rule it out entirely. The 
detection of cheaters does not in principle require the ability to impute 
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complex mental states like deception to others. It could arise through 
relatively simple associative processes, by which animals learn to avoid 
individuals whose presence is associated with a negative experience. 
Such associations may underlie contingent cooperation in flycatchers, 
for example.

Indeed, mental state attribution may be irrelevant to contingent 
cooperation in animals. Schino and Aureli (2009) have argued that the 
focus on cognitive constraints in discussions of contingent cooperation 
confuses proximate and ultimate explanations for behavior. Altruistic 
behaviors may be favored by natural selection because of the subsequent 
benefits they confer, but what motivates animals to behave altruisti-
cally are the previous benefits they have received. In this view, the accu-
mulation of multiple, cooperative exchanges over time causes animals 
to form partner-specific emotional bonds that prompt future altruistic 
behavior. Thus, reciprocity may be maintained by a kind of partner-
specific “emotional bookkeeping” (Schino and Aureli, 2009) that per-
mits long-term tracking of multiple partners and facilitates cooperation 
in different behavioral currencies. The resulting bonds that develop 
between preferred partners may motivate future positive interactions 
without the need for explicit tabulation of favors given and returned, 
or calculations of anticipated benefits (Aureli and Schaffner, 2002). For 
unrelated females who interact at low rates, a single grooming bout may 
temporarily elevate a female’s positive emotions toward her partner 
sufficiently above baseline to influence her immediate interactions with 
her. In contrast, grooming and support among females with close bonds 
(who are also usually kin) should be less subject to immediate contingen-
cies and less influenced by single interactions. Many of these proximate 
mechanisms may also motivate social interactions in humans. It seems 
unlikely, for example, that the formation of close bonds among humans is 
driven by expectations that such bonds will enhance health and longevity.

Finally, it is important to emphasize that, although the absence of pun-
ishment in animals may derive partly from cognitive constraints, a strict 
accounting of services given and received is likely maladaptive in groups 
in which individuals establish close bonds and interact regularly with 
familiar partners in a variety of contexts. In fact, although the cognitive 
constraints that supposedly limit contingent cooperation in animals is 
often contrasted with humans’ sensitivity to inequitable exchanges, 
human friendships are rarely contingency-based. Numerous studies have 
shown that people seldom keep tabs of costs and benefits in interactions 
with regular partners (Silk, 2003). Although people become resentful 
and dissatisfied when exchanges within a friendship are consistently 
unbalanced, tallying of favors given and received are typically reserved 
for infrequent associates. There is even some question about the extent 
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to which extreme prosociality reflects an entirely innate human psycho-
logical trait. Recent cross-cultural studies have suggested that cultural 
norms that promote fairness and the punishment of violators may be 
more common in large-scale industrialized societies—in which people 
often interact with strangers—than in smaller, less market-based, com-
munities, in which individuals interact primarily with familiar partners, 
and where mechanisms associated with kin selection and long-term rec-
iprocity may be more relevant to social relations (Henrich et al., 2010a).

These observations emphasize again the importance of distinguish-
ing between proximate and ultimate explanations when considering 
cooperation in animals. Whether animals have the cognitive capacity to 
engage in contingent cooperation is one question; whether it is always 
adaptive for them to do is another. It may well be that the relative rar-
ity of contingent cooperation in animals stems less from the inability 
to keep track of recent interactions (and even, perhaps, to anticipate 
future ones) than from the willingness to tolerate short-term inequi-
ties with regular partners.

Finally, most studies of mental state attribution in animals to date 
have been conducted on captive animals, using paradigms and rewards 
determined by human experimenters. It is to be hoped that future inves-
tigations will attempt to address these questions under more natural 
conditions, on the animals’ own terms. Until such experiments are con-
ducted, we can only speculate about the selective forces that might favor 
the evolution of a theory of mind, and its function in social interactions.
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A growing body of evidence shows that humans are remarkably altruistic 
primates. Food sharing and division of labor play an important role in 
all human societies, and cooperation extends beyond the bounds of close 
kinship and networks of reciprocating partners. In humans, altruism is 
motivated at least in part by empathy and concern for the welfare of oth-
ers. Although altruistic behavior is well documented in other primates, 
the range of altruistic behaviors in other primate species, including the 
great apes, is much more limited than it is in humans. Moreover, when 
altruism does occur among other primates, it is typically limited to 
familiar group members—close kin, mates, and reciprocating partners. 
This suggests that there may be fundamental differences in the social 
preferences that motivate altruism across the primate order, and there is 
currently considerable interest in how we came to be such unusual apes. 
A body of experimental studies designed to examine the phylogenetic 
range of prosocial sentiments and behavior is beginning to shed some 
light on this issue. In experimental settings, chimpanzees and tamarins do 
not consistently take advantage of opportunities to deliver food rewards 
to others, although capuchins and marmosets do deliver food rewards 
to others in similar kinds of tasks. Although chimpanzees do not satisfy 
experimental criteria for prosociality in food delivery tasks, they help 
others complete tasks to obtain a goal. Differences in performance across 
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species and differences in performance across tasks are not yet fully 
understood and raise new questions for further study.

It is not from the benevolence of the butcher, the brewer, or the baker 
that we expect our dinner, but from their regard to their own interest.

Adam Smith, The Wealth of Nations

How selfish soever man may be supposed, there are evidently some 
principles in his nature, which interest him in the fortune of others, and 
render their happiness necessary to him, though he derives nothing from 
it except the pleasure of seeing it.

Adam Smith, The Theory of Moral Sentiments

As Adam Smith pointed out more than 250 years ago, humans often 
act out of self-interest but also feel concern for the welfare of oth-
ers. These sentiments come into conflict when selfish behavior 

produces negative impacts on others and when concern for others leads 
to altruistic behavior that reduces one’s own welfare. For evolutionary 
biologists, selfishness is a straightforward consequence of selective forces 
that favor behaviors that enhance individual fitness. Natural selection is 
not expected to favor indiscriminate altruism, because altruists bear the 
costs of the altruistic behaviors that they perform; this reduces their rela-
tive fitness. Altruism can only evolve if altruists confer benefits selectively 
on others who carry the same altruistic alleles. Kin selection (Hamilton, 
1964a) and reciprocal altruism (Trivers, 1971; Axelrod and Hamilton, 1981) 
both rely on this principle. Selection can favor altruism to close relatives, 
because recent common descent provides a reliable cue of genetic similar-
ity. In the case of reciprocity, past behavior of other group members pro-
vides a cue about whether they carry alleles that lead to altruistic behavior. 
These processes can generate biases in favor of kin and reciprocating 
partners but not a general predisposition to behave altruistically to others.

Altruism is also paradoxical for many economists. Selfishness is the 
expected outcome when, as is often assumed, utility functions only include 
personal consumption. However, as Adam Smith realized, human behav-
ior deviates from the expected behavior for self-interested actors. Experi-
mental studies in behavioral economics that are designed to bring conflicts 
between self-interest and altruism into sharp relief show that people value 
their own welfare but also value the welfare of others (Henrich et al., 2004; 
Fehr and Schmidt, 2006). This body of work provides insight about some 
of the dimensions of our altruistic social preferences.
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DIMENSIONS OF ALTRUISTIC SOCIAL 
PREFERENCES IN HUMANS

Generosity

In the Dictator Game, subjects are allowed to distribute an endowment 
between themselves and another player (Camerer and Thaler, 1995). The 
units of the endowment may take the form of cash or monetary equiva-
lents that will be converted to cash at the end of the experiment. One 
player, the proposer, is given the opportunity to allocate any amount of 
his endowment to a second player, the recipient. In the standard form of 
the game, the proposer’s offer is relayed to the recipient anonymously; 
the two players never meet and never interact again. This eliminates 
reputational benefits or expectations based on reciprocity. A selfish player 
would keep the full endowment; an altruistic player would allocate some 
fraction of the endowment to the recipient. Typically, proposers allocate 
20–30% of the endowment to the other player (Camerer and Thaler, 1995), 
indicating that they value the welfare of others but not as highly as they 
value their own welfare.

Trust

In the Trust Game, two players are given endowments. Player 1 can 
allocate any amount of her endowment, e, to Player 2; the experimenter 
will triple the allocation, and the full amount will be delivered to Player 2. 
Then, Player 2 is given the opportunity to make an allocation to Player 1. 
Player 2 can keep all of the money or send some money back to Player 1. 
If Player 1 sends her whole endowment to Player 2, then Player 2 would 
receive 3e. This would be added to Player 2’s initial endowment, e, and 
equal 4e. If Player 2 sends back one-half, both would get 2e, which is 
double their initial endowment. In contrast, if Player 1 sends Player 2 only 
one-half of the original endowment, then Player 2 will end up with only 
2.5e (0.5e × 3 + e). If Player 1 trusts Player 2 to repay her, then it is best to 
send Player 2 the full amount. However, if Player 1 expects Player 2 to 
defect, then it is best to send nothing. If Player 2 is selfish, she would keep 
the whole amount; any money sent back to Player 1 is a form of altruism. 
In fact, the majority of people who take the role of Player 2 do send back 
money, and the amount that they send is proportional to the amount that 
they have received (Fehr and Fischbacher, 2003).

Punitive Sentiments

The Ultimatum Game (Camerer and Thaler, 1995) adds a second step 
to the Dictator Game. The proposer is given an endowment and makes 
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an allocation. Now, the recipient decides whether to accept or reject the 
proposer’s offer. If the recipient accepts the offer, each player gets the 
designated amount; if the recipient rejects the offer, neither one gets any 
money. The recipient has little material incentive to reject any nonzero 
offer, because this will result in a loss of income. Rejections constitute 
a form of altruistic punishment, because the recipient suffers a cost to 
punish the proposer; because the players will never interact again, this 
cannot be a strategy for improving the recipient’s payoffs in the future. 
The Ultimatum Game has now been played by thousands of people in 
dozens of countries all over the world. Recipients typically reject offers 
of less than 20%, and the size of the initial endowment has surprisingly 
little impact on rejections (Hoffman et al., 1996; Camerer, 2003; Henrich 
et al., 2006, 2010a).

In the Third-Party Punishment Game, a third party is given the oppor-
tunity to impose sanctions on the proposer in a Dictator Game (Fehr 
and Fischbacher, 2004). As in the standard Dictator Game, the proposer 
receives an endowment and can transfer any fraction of the endowment 
to a receiver. In this game, however, a third player is given an endow-
ment and informed of the proposer’s allocation decision. The third player 
can spend one unit to reduce the proposer’s payoff by three units but 
cannot have any effect on the recipient’s payoff. A majority of subjects 
imposed sanctions on proposers who made offers of less than one-half 
of the endowment, and those that offered much less than one-half were 
punished more severely than those that made offers closer to one-half. It 
is noteworthy that people are willing to incur costs to punish others for 
making low offers, although they have not been directly harmed them-
selves (Fehr and Fischbacher, 2004).

Fairness

Proposers’ offers in the Dictator Game, recipients’ behavior in the Ulti-
matum Game, and responses of third parties in the Third-Party Punish-
ment Game all suggest that people have a strong preference for equitable 
outcomes. Although people are more sensitive to inequities that disad-
vantage themselves than inequities that benefit themselves, a substantial 
majority of people are willing to reduce their own payoffs to produce more 
equitable outcomes for others (Fehr and Schmidt, 1999). Interestingly, 
people are less bothered by inequitable outcomes that are the product of 
chance events, such as a coin flip, than inequitable outcomes that are the 
result of deliberate human action (Blount, 1995; Camerer and Thaler, 1995).
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LIMITS ON ALTRUISTIC SOCIAL PREFERENCES IN HUMANS

The evidence for generosity, trust, punitive sentiments, and fairness 
does not mean that all humans are indiscriminate altruists. Like many 
other animals, humans show strong nepotistic biases (Flinn et al., 2007; 
Sear and Mace, 2008; Hrdy, 2009) and also develop long-term relationships 
with reciprocating partners (Gurven, 2006; Allen-Arave et al., 2008). There 
is also substantial individual variation in social preferences. For example, 
in public goods games that continue across multiple rounds, a substantial 
fraction of subjects are contingent cooperators (Fischbacher et al., 2001; 
Fehr and Fischbacher, 2003). Conditional cooperators follow cooperative 
norms as long as other group members cooperate but stop cooperating if 
others defect. In the presence of contingent cooperators, a small number 
of selfish, uncooperative individuals can precipitate the collapse of group-
level cooperation. Sanctions that make it costly to defect help prevent this 
from happening. In addition, humans show strong parochial biases, which 
favor group members over outsiders (Shinada et al., 2004; Bernhard et al., 
2006).

CRITIQUES OF INTERPRETATION OF 
BEHAVIORAL ECONOMICS GAMES

In behavioral economics games, players are paired with strangers in 
one-shot games to eliminate egoistic motives for altruism, including the 
opportunity for reciprocity and reputational benefits. Some researchers 
question the validity of these conditions by claiming that our psychology 
was designed for a world in which we lived in small groups of close kin 
and reciprocating partners. In such settings, there may be little oppor-
tunity for anonymous, one-shot interactions (Hagen and Hammerstein, 
2006; Burnham and Hare, 2007). As a result, participants in experiments 
may find it hard to believe that their behavior is actually anonymous, and 
subjects may be influenced by subtle cues that influence their perceptions 
of being observed and the salience of reputational cues. Such cues mat-
ter, because our psychology is “exquisitely sensitive to cues that are (or 
were, under ancestral conditions) informative with respect to the likely 
profitability of co-operation in a given situation” (Haley and Fessler, 2005). 
According to this argument, people behave altruistically in behavioral 
economics experiments, because they are motivated to enhance others’ 
perception of their value as a cooperative partner. Thus, altruistic behavior 
is motivated by self-interest not other-regarding preferences.

This claim is partially supported by evidence that levels of contribu-
tions increase when subjects are exposed to subtle cues of being watched. 
For example, a pair of eyes on a sign that instructed users of a university 
coffee room to pay for their drinks produced more revenue than neutral 
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images (Bateson et al., 2006). A pair of eyes had a similar effect on litter-
ing in a university cafeteria (Ernest-Jones et al., 2010). Players in a public 
goods game that were faced with an image of an anthropomorphic robot 
on the computer screen contributed more than players faced with a blank 
screen (Burnham and Hare, 2007). Haley and Fessler (2005) found that 
contributions in an anonymous Dictator Game were higher when the 
computer monitor displayed a pair of stylized eyes than when it displayed 
plain text. The effects of eyes in the Dictator Game have been replicated 
(Rigdon et al., 2009; Mifune et al., 2010; Oda et al., 2011) and seem to be 
a function of the expectation of future benefits, not fear of punishment 
(Oda et al., 2011).

However, cues of being watched do not have the same effects in all 
games. Fehr and Schneider (2010) found that the stylized eyes that Haley 
and Fessler (2005) used had no effect on the amount that Player 1 trans-
ferred in an anonymous trust game. In contrast, when players were told 
that their partners would be informed about the amount that they had 
transferred in previous rounds (but not their identity), transfer amounts 
doubled. Thus, people were strongly influenced by explicit reputational 
information but not by the kinds of subtle cues that might have suggested 
that they were being watched.

If subtle cues of being watched affect cooperative behavior, then the 
actual presence of others ought to amplify cooperative behavior. To assess 
this, Lamba and Mace (2010) conducted a series of Ultimatum Games in 
which they manipulated the degree of anonymity that subjects experienced. 
In one condition, subjects played an anonymous double-blind game alone 
in a room (Anonymous/Private). In a second condition, subjects played 
an anonymous double-blind game in a room with other subjects (Anony-
mous/Public). In the third condition, subjects’ offers were announced to 
all participants who were together in the same room (Public/Public). Pro-
posers’ offers did not differ in the Anonymous/Private and Anonymous/
Public conditions, suggesting that players were confident that their offers 
were anonymous and were not affected by subtle cues of being watched 
by others. In contrast, knowledge that their offers would be made public 
significantly increased offers in the Public/Public condition, and this effect 
was enhanced when proposers were acquainted with others in the room 
when the experiment was conducted.

At this point, there is no consensus about the importance of subtle 
cues of being watched on decision making in behavioral economic games 
or the impact of such cues on prosocial behavior in more naturalistic set-
tings. It is not yet clear whether differences in the effectiveness of cues of 
being watched depend on the game being played or details of the experi-
mental procedures. In contrast, there is abundant evidence that explicit 
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reputational information has clear and unambiguous effects on prosocial 
behavior across games and settings.

MOTIVES UNDERLYING HUMAN ALTRUISM

Behavioral economic experiments are designed to elicit preferences 
that guide choices about payoff outcomes, but they do not provide direct 
information about the psychological mechanisms that produce these pref-
erences. This is important, because behaviors that have similar outcomes 
can be the product of very different mechanisms. Human altruism might 
be motivated by empathy and concern for the welfare of others. Alter-
natively, altruism might be prompted by more selfish, egoistic concerns, 
such as improving one’s reputation for generosity. If people are motivated 
by empathy and concern for the welfare of others, their ultimate goal is 
to provide benefits to others, and any benefits that individuals accrue 
are incidental by-products. However, if people are motivated by egoistic 
motives, then the benefits that they deliver to others may be incidental to 
their primary goals. People might be motivated to help others, because 
helping brings rewards to themselves (including reputational benefits or 
future material gains), prevents punishment (including material sanc-
tions), or reduces aversive arousal that comes from observing others in 
need.

Batson (1991, 2011) has conducted a long series of experiments that 
were designed to assess the relative importance of egoistic and empa-
thetic motives in altruistic predispositions [reviewed in Batson (1991) and 
(2011)]. For example, to assess the hypothesis that altruism is prompted 
by the desire to reduce aversive arousal, Batson (1991, 2011) conducted 
a series of experiments in which subjects observed a worker receiving 
electric shocks and were told that they could help by volunteering to take 
the shocks themselves. (In reality, the workers were confederates, and no 
electric shocks were administered to anyone.) The experimenters manipu-
lated empathetic responses and how easy it was for subjects to avoid 
the aversive stimulus: In the easy condition, subjects would not see the 
worker being shocked after they made their decision, but in the difficult 
condition, subjects would continue to watch the worker being shocked. If 
altruism is the product of egoistic motives, then subjects should help more 
when escape is difficult than when escape is easy under the high-empathy 
condition. However, if altruism is the product of altruistic motives, then 
subjects should be equally likely to help under both conditions. Subjects 
generally conformed to the latter pattern, suggesting that they were moti-
vated to help for altruistic, not egoistic, reasons. The results of the full 
series of experiments and related experimental work by other investiga-
tors (Piliavin and Charng, 1990) are consistent with the hypothesis that 
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altruistic behavior is shaped by empathic concern for the welfare of others, 
and it is not motivated entirely by self-interest or reputational concerns.

PHYLOGENETIC FOUNDATIONS OF HUMAN ALTRUISM

Social relationships play an important role in the daily lives of both 
human and nonhuman primates. Social bonds seem to enhance the ability 
to cope with chronic stressors, such as low social status, or acute stressors, 
such as the recent loss of preferred partners or immediate risk of infanti-
cide [reviewed in Cheney and Seyfarth (2009). In humans, social support is 
correlated with better physical and mental health as well as lower mortal-
ity risks (Thorsteinsson and James, 1999; Cacioppo et al., 2000; Taylor et 
al., 2000; Kendler et al., 2005). Similar kinds of findings are accumulating 
for a range of nonhuman species, including rodents (Weidt et al., 2008; Yee 
et al., 2008), dolphins (Frère et al., 2010), wild horses (E. Z. Cameron et al., 
2009), female baboons (Silk et al., 2003a, 2009, 2010b), and male macaques 
(Schülke et al., 2010).

There is good evidence that, like humans, monkeys and apes form 
strong and lasting ties, particularly with close kin (Silk, 2009) and recipro-
cating partners (Cheney, Chapter 15, this volume), and close social bonds 
are the foundation for cooperation in nonhuman primate groups (Mitani, 
2009; Silk et al., 2010a). Like humans, nonhuman primates also have 
strong in-group biases. Responses to strangers and members of neigh-
boring groups range from passive avoidance to active hostility (Crofoot 
and Wrangham, 2010). However, despite these intriguing parallels in the 
patterns of cooperation and the correlates of social bonds among humans 
and other primates, there are also important differences in the scope of 
cooperation. In most primate species, there is no sexual division of labor 
and little active food sharing. Primates do not cooperate with members 
of other groups in collective activities, such as warfare, territorial defense, 
or trade.

DIMENSIONS OF ALTRUISTIC SOCIAL 
PREFERENCES IN NONHUMAN PRIMATES

Differences in the scope and pattern of cooperation between humans 
and other primates may be reflected in differences in the nature of their 
social preferences. Researchers have recently begun to explore the dimen-
sions of altruistic social preferences in nonhuman primates in systematic 
ways using the same kinds of tools that behavioral economists have 
used to assess human social preferences. These experimental methods 
are useful, because the difficulties of identifying the motives underlying 
altruism are compounded when we extend the analysis to other species 
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(Silk, 2007a). A chimpanzee who has just caught a colobus monkey might 
allow another male to take part of his kill, because he feels empathy for 
the other’s hunger, because he can forestall the other’s efforts to take the 
entire carcass by force, or because he received meat from the other male 
on the previous day. These sorts of ambiguities have prompted a series 
of experiments that are designed to determine whether other primates 
have preferences for outcomes that benefit others, a sense of fairness, and 
punitive sentiments.

GENEROSITY AND PROSOCIAL BEHAVIOR IN CHIMPANZEES

The Prosocial Test is similar to a discrete Dictator Game. Proposers are 
presented with a choice between two options (Silk et al., 2005). One option 
delivers a food reward to the proposer and nothing to another individual 
in an adjacent enclosure. For convenience, this is referred to as the 1/0 
option (the reward for the proposer is given on the left side of the slash 
and the reward for the recipient is given on the right side of the slash). 
The other option delivers a food reward to the proposer and an identical 
reward to the other individual (the 1/1 option).

Chimpanzees have prepotent biases for larger number of rewards, 
regardless of their distribution (Boysen and Berntson, 1995; Uher and 
Call, 2008). This means that proposers might prefer the prosocial option 
(1/1) over the selfish option (1/0), because they have biases in favor of 
larger numbers of rewards. Therefore, a nonsocial control condition was 
included in which no recipient was present to receive rewards.

Actors’ choices in the Prosocial Test provide insights about their social 
preferences. If individuals are concerned about the welfare of others, they 
will choose the 1/1 option over the 1/0 option. Moreover, if they are moti-
vated by concern for the welfare of others and not by prepotent biases for 
a larger number of rewards, their bias in favor of the prosocial option will 
be stronger when another individual is present (test condition) than when 
the actor is alone (nonsocial control condition). Alternatively, individuals 
might view potential recipients as rivals or competitors for a fixed quantity 
of rewards, and they might be motivated to deprive them of resources. 
If so, they will choose the 1/0 option over the 1/1 option, and their bias 
in favor of this selfish option will be stronger in the test condition than 
in the control condition. Finally, if actors are indifferent to the welfare of 
others, they will choose at random, and their choices in the control and 
test conditions will not differ. The major advantage of the Prosocial Test 
over the Dictator Game is that it costs the proposer nothing to confer a 
prosocial outcome, meaning that any positive altruistic tendencies should 
manifest clearly.
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The Prosocial Test and several closely related variants have now been 
conducted with chimpanzees from several different populations using a 
number of different experimental apparatuses. Jensen et al. (2006) con-
ducted three related experiments. In one, the payoff distribution was 1/1 
vs. 1/0; in the second experiment, the actor could provide rewards to the 
recipient but obtained nothing for herself (0/1 vs. 0/0), and in the third 
experiment, the actor could prevent the recipient from obtaining rewards. 
In all three experiments, there was no difference between the test condition 
and the nonsocial control condition. Yamamoto and Tanaka (2010) trained 
chimpanzees to associate one colored button with a 1/1 payoff and a dif-
ferently colored button with 1/0 payoff. The chimpanzees were as likely 
to choose the 1/1 option in the test condition as in the nonsocial control 
condition. Vonk et al. (2008) conducted two experiments in which actors 
could deliver food rewards to themselves and others with independent 
but identical actions. In both of these studies, the actors were as likely 
to deliver rewards in the nonsocial control condition as in the social test 
condition.

Brosnan et al. (2009) and Yamamoto and Tanaka (2010) allowed par-
ticipants to switch roles within trials, and therefore the proposer in one 
round became the recipient in the next round. This manipulation had no 
impact on the level of prosocial responses in either study. The rate of pro-
social responses in the iterated Prosocial Test was the same as the rate of 
prosocial responses in one-shot versions of the Prosocial Test conducted 
with the same animals.

Thus, in the Prosocial Test, chimpanzees consistently act as if they are 
indifferent to the welfare of other individuals. This set of findings has been 
both surprising and controversial, because chimpanzees cooperate in a 
wide range of contexts, share food in the wild (Muller and Mitani, 2005), 
collaborate effectively in mutualistic tasks in the laboratory (Melis et al., 
2006a,b), and seem to be helpful in other experimental paradigms. Before 
we turn to experiments in which chimpanzees show helpful behavior, we 
consider a number of explanations that have been proposed to explain 
chimpanzees’ behavior in the prosocial task.

It is possible that proposers did not differentiate between the test and 
control conditions in these experiments, because they did not understand 
how the experimental apparatuses worked. However, subjects’ under-
standing of the experimental apparatuses was explicitly tested in several 
studies (Jensen et al., 2006; Brosnan et al., 2009; Yamamoto and Tanaka, 
2010). Alternatively, the chimpanzees might have found it difficult to 
track the distribution of food items when rewards were delivered to 
themselves and their partners simultaneously (Warneken and Tomasello, 
2009). However, when Jensen et al. (2006) tested chimpanzees with a pay-
off distribution that did not provide any rewards for the actor, they found 
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that overall response rates dropped substantially, and proposers still did 
not distinguish between the test and nonsocial control conditions. In the 
experiments conducted by Vonk et al. (2008), proposers could deliver food 
rewards to themselves and others with separate actions. Proposers almost 
always obtained their own rewards first. After they had obtained rewards 
for themselves, they sometimes delivered the other reward. However, as 
the experiment progressed, they were less likely to deliver rewards to the 
other enclosure in both test and control conditions. Thus, subjects in these 
experiments became less generous (and no more discriminating), as they 
gained more familiarity with the test apparatus.

Although chimpanzees seem to have some understanding of others’ 
desires and intentions in competitive situations (Hare et al., 2000, 2001; 
Kaminski et al., 2008), proposers may have been unaware of their partners’ 
desires for rewards in the prosocial test (Warneken and Tomasello, 2009). 
However, analyses of recipients’ begging gestures in two experiments 
cast doubt on this possibility (Vonk et al., 2008). Recipients that made 
begging gestures consistently directed them to the option that contained 
food for themselves, but begging had no consistent impact on proposers’ 
responses.

It is also possible that proposers did not choose the 1/1 option more 
often, because chimpanzees often compete over access to food in the wild, 
and prosocial preferences are muted in the presence of food (Warneken 
and Tomasello, 2009). However, if chimpanzees view food as a limited, 
zero-sum resource, they would be expected to show a strong preference 
for the 1/0 over the 1/1 option. This was not seen in any of the studies.

HELPFUL RESPONSES OF CHIMPANZEES IN 
OTHER EXPERIMENTAL SETTINGS

The conclusions derived from the prosocial test with chimpanzees 
conflict with results derived from experimental paradigms in which one 
individual is given the opportunity to help another individual obtain a 
goal. The first of these studies was conducted by Warneken and Tomasello 
(2006) with three young chimpanzees that were paired with their human 
caretaker in several different task situations. In each task situation, there 
was one version in which help was needed (test), and a second very similar 
version in which no help was needed (no-need control). The chimpanzees 
responded positively to caretakers’ requests for help in several tasks that 
involved retrieving out-of-reach objects and consistently differentiated 
between the control and test conditions. However, they did not meet this 
criterion for a number of other kinds of tasks. Warneken and Tomasello 
(2006) suggest that this may have been because they did not grasp what 
the recipient needed.
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The three young chimpanzees that Warneken and Tomasello (2006) 
tested had a close relationship with their caretakers and had been rewarded 
for accommodating behavior in the past (Warneken et al., 2007). To deter-
mine whether helpful behavior would extend to unfamiliar humans, 
Warneken et al. (2007) performed a second set of experiments. In these 
experiments, two experimenters struggled over a stick, and then, the vic-
tor placed the stick out of the loser’s reach. In the test condition, the loser 
stretched out his arm and reached to the stick, and in the control condition, 
the loser looked at the object but did not reach for it. The chimpanzees 
were significantly more likely to retrieve the stick in the test condition than 
in the control condition. In a second experiment, the cost of helping was 
increased, because the chimpanzees had to climb 2.5 m into an overhead 
compartment to retrieve the stick. The chimpanzees were actually more 
likely to retrieve the stick in this experiment than in the first experiment, 
and they did not distinguish between the test and control conditions. 
Warneken et al. (2007) speculated that this was “likely due to a carryover 
effect from experiment 1 in which subjects had possibly learned that the 
experimenter wanted the object.”

Chimpanzees’ willingness to help humans complete certain tasks 
is mirrored in their behavior to conspecifics trying to complete a task. 
Warneken et al. (2007) conducted a third set of experiments in which 
one chimpanzee was given an opportunity to help another chimpanzee 
gain access to a locked room. In this experiment, there were four adjacent 
rooms. The doors to two rooms were fastened by chains held in place 
by pegs. The actor was confined to one room and could reach a peg that 
released one of the two doors, but he could not enter either of the locked 
rooms. The recipient could not release either of the doors but could enter 
one of the rooms that the actor could unlock. Recipients were motivated 
to gain access to the locked room, because it contained food rewards, but 
these rewards were not visible to the actors. In the test condition, food 
rewards were placed in the room that the actor could unlock and the 
recipient could enter; in the control condition, food rewards were placed 
in the room that the recipient could not enter. Actors were significantly 
more likely to remove the peg and release the door in the test condition 
than in the control condition.

Chimpanzees also provide tools that others need to complete food-
related tasks (Yamamoto et al., 2009). In this experiment, two chimpanzees 
were placed in adjacent enclosures, and each was presented with a food 
task that required a particular tool (stick or straw). In the baseline condi-
tion, each chimpanzee was given the appropriate tool. In the test condi-
tion, the chimpanzee that needed the stick was given the straw, and the 
chimpanzee that needed the straw was given the stick. The chimpanzees 
were significantly more likely to transfer tools when they were given the 
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wrong tools than when they were given the right tools, and tool transfers 
generally occurred in response to explicit requests.

As noted earlier, there has been speculation that results in the Proso-
cial Test might reflect chimpanzees’ reluctance to provide others with food 
or their lack of understanding of others’ needs and desires. To test these 
two hypotheses, Melis et al. (2011) constructed an apparatus in which one 
chimpanzee could release a peg and cause a reward to roll down a ramp 
to the recipient in a separate enclosure. In one set of trials, the reward 
was connected to a chain so that the recipient could pull the reward to 
them after it was released. In another set of trials, the food rolled directly 
down the ramp and into their enclosure, and there was no chain for recipi-
ents to pull. These conditions were meant to encourage active and pas-
sive responses by recipients, respectively, but this manipulation was not 
entirely effective; therefore, analyses were based on the recipients’ level 
of activity across the reach and no-reach conditions. To evaluate whether 
helpful responses were inhibited when food rewards were present, some 
trials were conducted with food rewards, and other trials were conducted 
with tokens, which recipients could trade for food rewards out of the 
actor’s sight. The chimpanzees were significantly more likely to release 
the peg when food rewards were present than when tokens were present, 
and they were more likely to release the peg when recipients responded 
actively than when they responded passively. Melis et al. (2011) concluded 
that “the main finding of the present study is that recipients’ signaling is 
necessary to elicit helping behaviour.”

However, this conclusion is inconsistent with results derived from 
another study of helping behavior in chimpanzees. In this experiment, 
conducted by Greenberg et al. (2010), two chimpanzees had to pull on a 
rope to move a sliding platform along a set of parallel tracks. The appa-
ratus was designed so that it could be baited to dispense rewards at the 
beginning, middle, or end position of each of the tracks. In the baseline 
condition, both chimpanzees obtained rewards when the platform was 
pulled to the middle condition. In one of two altruism conditions, one 
chimpanzee obtained a reward when the platform was pulled to the 
middle position, and the other chimpanzee obtained a reward when the 
platform was pulled to the end position. In the other altruism condition, 
one chimpanzee obtained a reward when the platform was pulled to the 
end position, but the reward for the other chimpanzee was simply placed 
on the apparatus. The participants were significantly more likely to pull 
the platform to the end position in the two altruism conditions than in 
the baseline condition, suggesting that the chimpanzees were willing to 
continue pulling even after they had obtained their own reward. In this 
setting, direct solicitations or requests for help were rarely observed.
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RECONCILING RESULTS FROM EXPERIMENTAL STUDIES 
OF PROSOCIAL BEHAVIOR IN CHIMPANZEES

In the Prosocial Test, chimpanzees are as likely to choose the proso-
cial option when another individual is present as when they are alone, 
and therefore, they do not meet the experimental criterion for prosocial 
preferences. In several helping tasks, chimpanzees are more likely to pro-
vide help when it is needed than when it is not needed and thus, satisfy 
the criterion for prosocial behavior within these protocols. A number of 
factors have been invoked in an effort to determine why chimpanzees 
pass some tests but fail others, including cognitive demands of the task, 
actors’ preoccupation with their own rewards, competitive attitudes to 
food, limited understanding of what others want, and salience of others’ 
requests. However, none of these explanations seem to be consistent with 
the full body of evidence.

The focus on whether chimpanzees pass or fail various experimental 
tests has obscured an important feature of the data. Across the full range of 
experiments and test treatments, chimpanzees behave prosocially to their 
partners about one-half of the time (median = 0.51, interquartile range = 
0.23). On average, the rates of prosocial responses tend to be higher in 
the Prosocial Tests than in the helping tasks (Wilcoxon rank sum test, z = 
−1.913, P = 0.0558, n1 = 10, n2 = 12) (Fig. 16.1).

FIGURE 16.1 Rate of prosocial responses. The median and interquartile range of 
prosocial response rates in the test condition of all studies of prosocial behavior 
are plotted here. For studies that reported response rates for different categories of 
actor–recipient pairings or different categories of behavior of recipient, all values 
are included.
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PROSOCIAL BEHAVIOR IN OTHER PRIMATES

If ecological factors shape predispositions about the fitness benefits of 
cooperation, then prosocial preferences in food distribution tasks might be 
expected to emerge in species that share food more willingly than chim-
panzees do, such as cooperatively breeding marmosets and tamarins as 
well as capuchins. Marmosets and tamarins are cooperative breeders, and 
adults and immature helpers often provision younger individuals with 
food (Brown et al., 2004). In the laboratory, capuchins are remarkably toler-
ant of others’ efforts to take portions of their food (de Waal, 1997a, 2000).

Burkart et al. (2007) conducted a modified version of the prosocial test 
with marmosets. These animals are significantly more likely to choose 0/1 
over 0/0 when others are present than when they are alone. This pattern 
held for male donors paired with adult female and immature recipients 
and for adult females paired with immature recipients, but it did not 
hold for subadult females paired with immature recipients. The scope of 
prosocial responses roughly parallels food-sharing patterns in naturalistic 
settings.

Tests for prosocial behavior in tamarins, which also breed coopera-
tively, have produced mixed results. Cronin et al. (2009) paired tamarins 
with their long-term mates and offered proposers a choice between 1/0 
and 1/1 in one experiment and a choice between 0/0 and 0/1 in a second 
experiment. Proposers’ choices were not influenced by the presence or 
absence of their mates. In another study of tamarins, the proposer was 
placed in the middle of three adjacent enclosures (Stevens, 2010). The 
proposer was able to pull one handle that brought a tray within reach of 
itself and the occupant of an adjacent enclosure (with a one-to-three payoff 
structure) or a second handle that brought a tray to within reach of itself 
and an empty enclosure (also with a one-to-three payoff). Proposers nearly 
always pulled to obtain food for themselves when the adjacent enclosures 
were empty, but the rate of pulling declined sharply when they were 
unable to obtain food for themselves. In trials in which they could deliver 
food to an empty cage or their mates, they chose at random.

However, in a third experiment, tamarins showed more positive 
responses to their partners (Cronin et al., 2010). In this experiment, tama-
rins could deliver food rewards to their mates (but not themselves) after 
their mates had delivered food to them (reciprocity condition) or had not 
delivered food to them (no reciprocity condition). Their behavior to their 
mates was compared with their behavior when the adjacent cage was 
empty (nonsocial control). The tamarins were significantly more likely to 
deliver food rewards to their mates in the reciprocity condition than in the 
no-reciprocity condition. Moreover, they were significantly more likely to 
deliver rewards to their partners in the reciprocity condition than in the 
nonsocial control condition. Cronin et al. (2010) argue that the tamarins’ 
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behavior is evidence for prosocial preferences and not contingent reciproc-
ity, because the effects only emerged in the last one-third of the 5-minute 
trials. However, this leaves open the question of why the tamarins did not 
provide rewards to their partners in the no-reciprocity condition.

There have also been several studies of prosocial preferences in capu-
chins. Lakshminarayanan and Santos (2008) offered capuchins a choice 
between two options. In some test trials, the proposer received a low-
quality reward (L) and could deliver a low- or high-quality (H) reward 
to the recipient (L/L vs. L/H). In other test trials, the proposer received 
a high-quality reward and could deliver a low- or high-quality reward 
to the recipient (H/L vs. H/H). Behavior in test trials was compared 
with control trials in which no recipient was present and control trials in 
which no recipient was present and the proposer had access to the other 
compartment. Overall, the capuchins were significantly more likely to 
choose the option that delivered the high-value reward when another 
monkey was present than when they were alone (and could not obtain the 
reward themselves). However, there was considerable variability across 
subjects, and the magnitude of the difference between the test and control 
conditions was small. Four of seven subjects showed a preference for the 
prosocial option when they chose between H/L and H/H, whereas three 
of seven subjects showed a preference for the prosocial option when they 
chose between L/L and L/H.

de Waal et al. (2008) trained capuchin monkeys to associate tokens 
with particular payoffs for themselves and another individual in a sepa-
rate enclosure, and they monitored their choices of tokens across a series 
of trials. If monkeys chose one token, the experimenter delivered one 
reward to them and another reward to the other individual (1/1 payoff); 
if they chose the other token, the experimenter delivered one reward to 
them and nothing to the other individual (1/0 payoff). This experiment 
did not include a nonsocial treatment to control for the effects of prepotent 
biases for larger numbers of rewards. Monkeys were increasingly likely 
to choose the token associated with the 1/1 payoff as the experiment 
progressed, and all statistical analyses were limited to the last one-third 
of the experimental trials. In these trials, capuchins chose the 1/1 option 
significantly more often than expected by chance when they were paired 
with kin or nonkin, but their choices dropped to chance levels when they 
were paired with monkeys from another group. The monkeys’ preferences 
for the prosocial option also declined to chance levels when the 1/1 option 
provided a more highly valued reward to the recipient than the proposer. 
This experiment also included a condition in which visual contact between 
the proposer and recipient was blocked by an opaque partition. The parti-
tion had a small window, and therefore, the proposer knew that another 
individual was present and the identity of that individual. When the 
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partition was in place, monkeys behaved antisocially—they chose the 1/1 
option significantly less often than would be expected by chance.

In the third study on capuchins, Takimoto et al. (2010) manipulated 
the relative rank of the proposer and recipient and the relative value of 
rewards delivered to both parties. Recipients were either the alpha male or 
the lowest ranking female in the group. In some trials, proposers received 
rewards of medium value (M) and could deliver rewards of high (H) 
or low (L) value to recipients (M/H vs. M/L). In other trials, proposers 
received rewards of high value and could deliver rewards of high or low 
value (H/H vs. H/L). Proposers’ behaviors were compared when recipi-
ents were present or absent. Overall, proposers were more likely to choose 
generous options when they were paired with the subordinate recipient 
than when they were alone. However, this effect disappeared when they 
were paired with the dominant recipient.

Takimoto et al. (2010) also conducted a set of trials in which propos-
ers could not see recipients during trials. When they were paired with a 
dominant recipient, they were significantly less likely to choose the gen-
erous option in the recipient-present condition than in the no-recipient 
condition. In contrast, when proposers were paired with the subordinate 
recipient, they did not differentiate between the two conditions.

The results from these three studies suggest that capuchin monkeys 
have preferences for outcomes that benefit other group members. How-
ever, their preferences for generous outcomes disappear or are reversed 
when proposers and recipients cannot see each other. de Waal et al. (2008) 
suggest that this is because capuchins derive rewards from “seeing the 
partner receive or consume food.” However, this does not explain why the 
proposers chose the 1/1 option significantly less often than expected by 
chance when visual access was blocked (Barnes et al., 2008; de Waal et al., 
2008). It is possible that actors have preferences for antisocial outcomes, 
but antisocial preferences are suppressed when others can see them and 
can potentially take punitive action.

There has been only one instrumental helping task conducted with 
monkeys. The experiment was designed to replicate the experiments in 
which a human experimenter reaches for an inaccessible object (Warneken 
et al., 2007; Yamamoto et al., 2009). Unlike the chimpanzees, the capuchins 
did not consistently distinguish between the test and control conditions 
(Barnes et al., 2008). The capuchins were strongly motivated by the avail-
ability of rewards for themselves but not by the opportunity to provide 
help to others.
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PUNISHMENT

Although primates and other animals often use aggression to manipu-
late the behavior of others to their own advantage (Clutton-Brock and 
Parker, 1995), evidence for third-party punishment is scarce (Jensen, 2010). 
Jensen et al. (2007a) adapted the Ultimatum Game for chimpanzees to 
examine their propensity to impose punishment on conspecifics. In this 
case, one chimpanzee that played the role of the proposer was able to 
choose between two set distributions of rewards by pulling one of two 
rods. To accept the proposer’s offer, the responder pulled another rod that 
brought the food rewards to within reach of both individuals, allowing 
each to claim their respective rewards. If the responder did not pull the 
rod, neither one got any food. The chimpanzees were offered a series of 
different options across trials. One option in every trial provided eight 
pieces of food to the proposer and two pieces to the responder (eight-to-
two payoff). The other option provided a distribution of five to five, eight 
to two, or ten to zero. Proposers strongly preferred offers that benefited 
themselves (e.g., eight to two over five to five), but responders rarely 
rejected any nonzero offers. Moreover, responders showed little evidence 
of arousal in any of the trials.

FAIRNESS

Research on fairness and inequity aversion in primates was initiated 
by Brosnan and de Waal (2003), who trained tufted capuchins to exchange 
tokens for food rewards. The monkeys consistently offered experimenters 
tokens in exchange for small pieces of cucumbers, but some individu-
als refused to complete exchanges after they saw other group members 
receive more highly valued rewards in exchange for tokens or saw other 
group members obtain more highly valued rewards without exchanging 
tokens.

Brosnan and de Waal (2003) suggested that their findings were evi-
dence of inequity aversion, although critics pointed out that the mon-
keys increased the extent of inequity by refusing to complete exchanges 
(Henrich, 2004a). Brosnan and de Waal (2003) acknowledged this point 
and argued that monkeys are averse to inequities that disadvantage them-
selves but not inequities that favor themselves (Brosnan and de Waal, 
2004). Others argued that monkeys’ responses might have been prompted 
by frustration at seeing more preferred foods that were inaccessible to 
themselves (Dubreuil et al., 2006), frustration at being offered less pre-
ferred foods after seeing more desirable foods (Roma et al., 2006), or viola-
tion of expectation and loss aversion (Chen and Santos, 2006).

At this point, more than a dozen experimental studies of inequity 
aversion have been conducted in monkeys and apes. S. F. Brosnan et al. 
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(2010) found that negative responses to inequity were consistently found 
when subjects were required to perform a task to obtain food, whereas 
no responses to inequity were found when subjects were able to obtain 
food without performing a task. However, this generalization does not 
fit at least one study of great apes that used a token exchange task mod-
eled on the task that S. F. Brosnan et al. (2010) used. Bräuer et al. (2009) 
found no evidence for inequity aversion among orangutans, bonobos, or 
chimpanzees.

CONCLUSIONS

Altruism and mutualistic cooperation play important roles in the lives 
of nonhuman primates, but there are important differences in the scope of 
altruistic behavior between humans and other primates. In other primates, 
altruism is strongly biased in favor of kin and reciprocating partners, 
and it is never extended to strangers. Primates use aggression to deter 
competitors and rivals, but there is no compelling evidence of third-party 
punishment. Unlike humans, nonhuman primates show no aversion to 
inequitable distributions of resources that favor themselves.

It is important to continue efforts to chart the size and dimensions of 
the gap between humans and other primates if we want to understand the 
evolutionary forces that have shaped human social preferences. Evidence 
that closely related primates, particularly great apes, have altruistic social 
preferences would suggest that our social preferences were built on a set 
of ancestral motivations that facilitated altruism to kin and reciprocating 
partners, mutualistic activities with group members, punitive behavior to 
competitors, antagonistic attitudes to strangers, and concern for reputa-
tional status. At the same time, evidence that closely related primates lack 
the kinds of altruistic social preferences that characterize modern humans 
would suggest that emergent forces, possibly including cultural group 
selection (Richerson and Boyd, 2005), demands of raising slow-growing 
offspring (Hrdy, 2005b, 2007; Jaeggi et al., 2010), knowledge-intensive 
human foraging strategy (Kaplan et al., 2000, 2003), or risks associated 
with uncertain hunting returns (Winterhalder, 1986), have transformed us 
in consequential ways and given rise to important differences in the scope 
and scale of cooperation, our capacity for empathy and compassion, the 
development of moral sentiments, and the willingness to enforce cultur-
ally specified social norms.

We believe that well-designed experimental studies of social prefer-
ences in other primates provide important insights about the nature of 
social preferences. Such studies should be designed to test hypotheses that 
are grounded in evolutionary theory and our knowledge of the natural 
history, social organization, and cognitive capacities of our study subjects. 
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It would be desirable to establish collaborative efforts to standardize 
methods and procedures and to replicate experiments in different test 
populations and species. Such studies would be useful for several reasons. 
First, they would strengthen comparative analyses by providing a richer 
database to test functional hypotheses about the factors that contribute to 
variation in prosocial preferences across species. Second, by using stan-
dardized methods, we can generate larger samples of behavior within 
species. This would generate more robust characterizations of behavior 
and enable us to begin assessing the extent of intraspecific variation in 
behavioral responses.
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In the last 60,000 years humans have expanded across the globe and now 
occupy a wider range than any other terrestrial species. Our ability to 
successfully adapt to such a diverse range of habitats is often explained 
in terms of our cognitive ability. Humans have relatively bigger brains 
and more computing power than other animals, and this allows us to 
figure out how to live in a wide range of environments. Here we argue 
that humans may be smarter than other creatures, but none of us is nearly 
smart enough to acquire all of the information necessary to survive in any 
single habitat. In even the simplest foraging societies, people depend on a 
vast array of tools, detailed bodies of local knowledge, and complex social 
arrangements and often do not understand why these tools, beliefs, and 
behaviors are adaptive. We owe our success to our uniquely developed 
ability to learn from others. This capacity enables humans to gradually 
accumulate information across generations and develop well-adapted 
tools, beliefs, and practices that are too complex for any single individual 
to invent during their lifetime.
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In its brief evolutionary history, Homo sapiens has come to occupy 
a larger range than any other terrestrial vertebrate species. Earlier 
hominins, such as Homo heidelbergensis and Neanderthals, were lim-

ited to Africa and the temperate regions of southern Eurasia. Behavior-
ally modern humans were living in Africa by 70,000 years ago (Mourre 
et al., 2010). Between 50,000 and 60,000 years ago, people left Africa, 
crossing into southwest Asia (Klein, 2009). From there they spread rap-
idly through southern Eurasia, reaching Australia by 45,000 years ago, 
a feat that only one other terrestrial mammal (a murid rodent) was able 
to accomplish (Rowe et al., 2008). Soon after this, people penetrated far 
north, reaching the latitude of Moscow by 40,000 years ago and the Arctic 
Ocean by 30,000 years ago. People had spread almost as far south as the 
southern tip of South America 13,000 years ago, and by 5,000 years ago 
humans occupied virtually every terrestrial habitat except Antarctica 
and some islands in Oceania (Klein, 2009). Even the most cosmopolitan 
bird and mammal species have substantially smaller ranges (White et 
al., 1994; Bruce, 1999; Wozencraft, 2005).

This global expansion required the rapid development of a vast range 
of new knowledge, tools, and social arrangements. The people who moved 
out of Africa were tropical foragers. Northern Eurasia was an immense 
treeless steppe, relatively poor in plant resources and teeming with unfa-
miliar prey species. The people that roamed the steppe confronted a 
hostile climate—temperatures fell to −20 °C for months at a time, and 
there were often high winds. Surviving in such environments requires a 
whole new suite of adaptations—tailored clothing (Gilligan, 2010), well-
engineered shelters, local knowledge about game, and techniques for 
creating light and heat. This is just the northern Eurasian steppe; each of 
the other environments occupied by modern human foragers presented a 
different constellation of adaptive problems. Ethnographic and historical 
accounts of 19th and 20th century foraging peoples make it clear that these 
problems were solved through a diverse array of habitat-specific adapta-
tions (Kaplan et al., 2000). Although these adaptations were complex and 
functionally integrated, they were mainly cultural, not genetic, adapta-
tions. Much evidence indicates, in fact, that local genetic changes have 
played only a relatively small part in our ability to inhabit such a diverse 
range of environments (Richerson and Boyd, 2005; Richerson et al., 2010).

Why are humans so much better at adapting to novel environments 
than other mammals? There have been many different answers to this 
question, but the most influential are rooted in the idea that people are 
simply smarter than other creatures. We have bigger brains and more 
computing power, and this allows us to adapt to a wider range of environ-
ments than other animals. One of the clearest statements of this hypothesis 
comes from a series of papers by Tooby, Cosmides, Pinker, and collabora-
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tors (Tooby and DeVore, 1987; Cosmides and Tooby, 2001; Barrett et al., 
2007; Pinker, 2010). Other animals, they argue, are limited to what they call 
“dedicated intelligence,” domain-specific learning and decision-making 
mechanisms that are adapted to particular environments. Humans, by 
contrast, have evolved “improvisational intelligence,” a suite of uniquely 
flexible cognitive capacities that allow our species to acquire locally adap-
tive behavior in a wide range of environments. In short, we are adapted 
to the “cognitive niche” (Tooby and DeVore, 1987; Pinker, 2010). These 
capacities are augmented by our species’ ability to learn from each other, 
especially using grammatical language.

This hypothesis flows from a nativist, modularist view of cognition. 
Its central premise is that broad general problems are much more difficult 
to solve than narrow specialized ones, and therefore the minds of all ani-
mals, including humans, are built of many special-purpose mechanisms 
dedicated to solving specific adaptive problems that face particular spe-
cies. These mechanisms are modular in that they take inputs and generate 
outputs relevant to problems in particular domains such as mate choice, 
foraging, and the management of social relationships. These authors are 
nativists because they believe that evolved mechanisms depend on a con-
siderable amount of innate information about the relationships between 
cues and outcomes in particular domains for particular species. For exam-
ple, mechanisms that regulate decisions about mate choice in human 
males may be based on the assumption that long-term mating is likely, 
and thus selection favored a psychology that leads men to be attracted 
to young women. Analogous mechanisms in chimpanzees, which do not 
form long-term bonds, have produced a psychology that causes males 
to prefer older females, perhaps because they are better mothers (Muller 
et al., 2006). Mechanisms regulating social exchange are specialized in 
other ways. The innate content is built up because learning and decision 
mechanisms have been shaped by natural selection to solve the important 
recurrent adaptive problems that confronted the species.

This view of cognitive evolution seems to preclude flexible, widely 
applicable cognitive abilities; or, as Cosmides and Tooby put it, “on first 
inspection, there appear to be only two biologically possible choices 
for evolved minds: either general ineptitude or narrow competences” 
(Cosmides and Tooby, 2001). However, these authors believe that humans, 
and only humans, have undergone an evolutionary breakthrough that 
gives them “the computational ability to improvise solutions in develop-
mental time to evolutionarily novel problems” (Barrett et al., 2007). The 
key ability is the use of cause-and-effect reasoning to make inferences 
about local environmental contingencies. As Pinker puts it,
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These inferences are played out internally in mental models of the world. 
. . . It allows humans to invent tools, traps, and weapons, to extract 
poisons and drugs from other animals and plants. . . . These cognitive 
stratagems are devised on the fly in endless combinations suitable to the 
local ecology. They arise by mental design and are deployed, tested, and 
fine-tuned by feedback in the lifetime of individuals. . . . (Pinker, 2010, 
pp 8993−8994)

These inferential capacities are augmented by a second evolutionary 
innovation, the ability to learn from each other, a capacity that dramati-
cally lowers the cost of acquiring information necessary for local, contin-
gent adaptations.

It seems likely that the average human is smarter than the average 
chimpanzee, at least in domains like planning, causal reasoning, and 
theory of mind. However, we do not think this is sufficient to explain 
our ecological success. The cognitive niche hypothesis overestimates the 
extent to which individual human cognitive abilities allow people to 
succeed in diverse environments and misunderstands the role that cul-
ture plays in a number of important ways. We suggest, instead, that our 
uniquely developed ability to learn from others is absolutely crucial for 
human ecological success. This capacity enables humans to gradually 
accumulate information across generations and develop well-adapted 
tools, beliefs, and practices that no individual could invent on their own. 
We have entered the “cultural niche,” and our exploitation of this niche 
has had a profound impact on the trajectory of human evolution. In the 
remainder of this chapter, we will develop this argument in more detail.

CULTURE IS ESSENTIAL FOR HUMAN ADAPTATION

It is easy to underestimate the scope, sophistication, and importance 
of the pool of culturally transmitted information that supports human 
subsistence, even in what seem to be the “simplest” foraging societies. 
The archaeological record makes it clear that modern humans adapted 
to life above the Arctic Circle early in their expansion but tells us little 
about their way of life. However, ethnographic studies of the Netsilik and 
Copper Inuit, collectively known as the Central Inuit, give us a sense of the 
complexity of the adaptations that allow foragers to thrive in the Arctic. 
These people occupy a habitat that is harsh and unproductive, even by 
Arctic standards. Their groups were small, and their lifeways were simple 
compared with foragers living on the coasts of Alaska and Greenland. 
To focus your mind on the crucial adaptive challenges, imagine that you 
are marooned on a beach on the coast of King William Island (68.935N, 
98.89W). It is November and it is very cold.
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Your first problem is to stay warm. Monthly average temperatures in 
the winter months are between −25 °C and −35 °C. Even well-acclimatized 
people rapidly succumb to hypothermia below −1 °C, so you need warm 
clothes. If there were no wind and you could remain motionless, a cloak 
would do, but this is a windy place and you need to hunt, so you will 
need well-tailored clothes (Gilligan, 2010). In the winter, the Central Inuit 
wore elaborately constructed parkas and pants (Issenman, 1997). The best 
were made from caribou skins harvested in the fall. Caribou skins insu-
late better than seal or polar bear fur because the individual hairs have 
an unusual air-filled structure, something like bubble wrap (Otak, 2005). 
Caribou skins harvested in autumn have fur that is just the right thickness. 
Hides were repeatedly stretched, scraped, moistened, and then stretched 
again to yield pliable skins (Meeks and Cartwright, 2005). Parkas were 
assembled from multiple pieces to create a bell shape that captures heat, 
while also allowing moisture to dissipate when the hood is thrown back. 
Hoods were ruffed with a strip of fur taken from a wolverine’s shoulders 
because its variable length makes it easier to clear the hoarfrost. Winter 
footwear was constructed with many layers: first the alirsiik, furlined 
caribou stockings, then the ilupirquk, short lightweight stockings with the 
fur outside, then a pair of pinirait, heavier stockings with the fur to the 
outside, then kamiik, boots with the fur outside, and finally tuqtuqutiq, 
short heavy double-soled boots of caribou skin. Clothing was stitched 
together with fine thread made from sinew taken from around the ver-
tebrae of caribou. The sinew had to be cleaned, scraped, shredded, and 
twisted to make thread. Several different kinds of stitches were used for 
different kinds of seams. A complicated double stitch was used to make 
footwear waterproof. To make these stitches, Central Inuit women used 
fine bone needles that made holes that were smaller in diameter than the 
thread (Issenman, 1997).

Not even the best clothing is enough to protect you from winter 
storms, so you need shelter. During the winter most Inuit lived in substan-
tial driftwood and sod houses, but the Central Inuit wintered on the sea 
ice, living in snow houses. These round vaulted structures were ≈3 m high, 
made of snow blocks cut with a serrated bone knife. The central room was 
built above a pit, with platforms for sleeping, and a long entrance tunnel 
below the level of the main room with several low doors to prevent heat 
loss. The walls were usually lined with skins suspended from toggles on 
the outside of the snow house. This design allowed the snow walls to stay 
near freezing, while the inside of the snow house could reach temperatures 
of 10−20 °C (Damas, 1984).

You need a source of heat and light in your snow house, for cooking 
and for melting sea ice for water. You cannot use wood fires because there 
are no trees. Instead, Arctic peoples carved lamps from soapstone and 
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fueled them with rendered seal fat. These lamps were made from oblong 
stones between 30 cm and 1 m long; a shallow, sharp-sided depression 
was carved from the surface of the stone, and the lamp was equipped with 
a long, curtain-like wick made of moss. A well-managed lamp burned 
without producing any soot (Issenman, 1997).

You also need food. Plants are easy to gather, but for most of the year 
this is not an option in the Arctic. During the winter, the Central Inuit 
hunted seals, mainly by ambushing them at their breathing holes. When 
the sea ice begins to freeze, seals claw a number of breathing holes in the 
ice within their home ranges. As the ice thickens, they maintain these 
openings, which form conical chambers under the ice. The Inuit camped in 
snowy spots near the seals’ breathing holes. The ice must be covered with 
snow to prevent the seals from hearing the hunters’ footsteps and evading 
them. Inuit hunted in teams, monitoring as many holes as possible. The 
primary tool was a harpoon approximately 1.5 m long. Both the main shaft 
and foreshaft were carved from antler. On the tip was a detachable toggle 
harpoon head connected to a heavy braided sinew line. The other end of 
the harpoon was made from polar bear bone honed to a sharp point. At 
each hole, the hunter opened the hard icy covering using the end of the 
harpoon, smelled the interior to make sure it was still in use, and then 
used a long, thin, curved piece of caribou antler with a rounded nob on 
one end to investigate the chamber’s shape and plan his thrust. The hunter 
carefully covered most of the hole with snow and tethered a bit of down 
over the remaining opening. Then, the hunter waited motionless in the 
frigid darkness, sometimes for hours. When the seal’s arrival disturbed 
the down, the hunter struck downward with all his weight. If he speared 
the seal, he held fast to the line connected to his harpoon’s point; the seal 
soon tired and could be hauled onto the ice (Balikci, 1989).

During the high summer, the Central Inuit used the leister, a special 
three-pronged spear with a sharp central spike and two hinged, backward-
facing points, to harvest Arctic char in large numbers. Later in summer 
and the fall, they shifted to caribou hunting. On land, caribou were mainly 
stalked or driven into ambush, and kills had to be made from a substantial 
distance. This required a bow with the power to propel a heavy arrow 
at high velocity. The simplest way to accomplish this is to make a long 
bow using a dense elastic wood like yew or osage orange, a design com-
mon in South America, Eastern North America, Africa, and Europe. This 
solution was not available to the Inuit, who had only driftwood (mainly 
spruce), horn, and antler available. Instead, they made short bows and 
used every bowyer’s trick to increase their power. A bow can be made 
more powerful by adding wood to the limbs. However, making the bow 
thicker increases the stress within the bow, leading to catastrophic and 
dangerous failure. This problem is exacerbated in short bows because the 
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curvature is greater. Instead, the Inuit made bows that were thin front 
to back, wide near the center, and tapering toward the tips. These bows 
were also recurved, meaning that the unbraced bow formed a backward 
“C” shape. Bracing the bow leads to a compound curve, a geometry that 
stores more potential energy. Finally, the Inuit constructed a unique form 
of composite bow. When a bow is bent, the back (the side away from the 
archer) is stretched, whereas the belly (the side closer to the archer) is 
compressed. Wood, horn, and antler are stronger in compression than 
tension, so the ability of a bow to sustain strong bending forces can be 
enhanced by adding a material that is strong in tension to the back of the 
bow. In central Asia and western North America, sinew was glued to the 
back of the bow to strengthen short bows for use on horseback. The Inuit 
lashed a woven web of sinew to the backs of their bows, probably because 
they had no glues that would work in the moist, cold conditions of the 
Arctic (Mason, 2007).

This sampler of Inuit lifeways represents only a tiny fraction of the 
immense amount of habitat-specific knowledge that is necessary for 
humans to survive and prosper in the Central Arctic. To stay warm and 
get enough to eat, you have to know how to make and use clothes, snow 
houses, lamps, harpoons, leisters, and bows. We have omitted other cru-
cial tools like kayaks, dog sleds, and sun goggles, and of course, we have 
had to omit most of the details necessary to make and use the tools we 
did mention. Moreover, there is still much more you have to know to stay 
alive. Predicting storms, understanding the habits of game species, mak-
ing baskets, building sledges, and managing dogs—all require extensive 
knowledge. Traveling on ice is essential, but also treacherous, and there 
is much to know about how the current temperature, recent weather, and 
the color and texture of the ice tell you where and when it is safe to travel. 
[Nelson (1969) devotes four chapters to ice lore in his book on hunting 
among the Inupiaq of northern Alaska.]

So, here is the question: Do you think that you could acquire all of 
the local knowledge necessary to survive in the Arctic on your own? If 
superior cognitive ability alone is what allows humans to adapt to diverse 
habitats, then it should be possible. Moreover, to a first approximation, 
this is the only way that other animals have to learn about their envi-
ronments—they must rely mainly on innate information and individual 
experience to figure out how to find food, build shelters, and in some 
cases to make tools. It is true that some species have simple traditions, 
probably maintained by learning mechanisms like stimulus enhancement 
and emulation. However, in every case, the traditions involve behaviors 
that individuals can and do learn on their own, or combine a handful 
of elements learned by multiple individuals (Tennie et al., 2009). There 
are no convincing examples in which social learning allows the gradual 
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cumulative cultural evolution of complex, locally adaptive behaviors that 
individuals could not learn on their own.

Could you make it? We don’t think so.
Two different kinds of natural experiments support the intuition that 

forager adaptations are beyond the inventive capacities of individuals. 
The first, which might be called “the lost European explorer experiment,” 
has been repeated many times during the past several centuries. Typi-
cally some explorers get stranded in an unfamiliar habitat in which an 
indigenous population is flourishing. Despite desperate efforts and ample 
learning time, the explorers die or suffer terribly owing to the lack of 
crucial information about how to adapt to the habitat. If they survive, it 
is often due to the hospitality of the indigenous population. The Franklin 
Expedition of 1845–1846 provides a good example (Lambert, 2011). Sir 
John Franklin, a Fellow of the Royal Society and an experienced Arctic 
traveler, set out with two ships to explore the northern coast of North 
America and find the Northwest Passage. It was the best-equipped expedi-
tion in the history of British polar exploration, furnished with an extensive 
library, manned by a select crew, and stocked with a 3-year supply of food. 
The expedition spent the winter of 1846 at King William Island, where it 
became trapped in the ice. When food ran short, the explorers abandoned 
their ships and attempted to escape on foot. Everyone eventually perished 
from starvation and scurvy, perhaps exacerbated by lead poisoning from 
their tinned food.

King William Island is the heart of Netsilik territory, and the Netsilik 
have lived there for almost a millennium. King William Island is rich in 
animal resources—the main harbor is named Uqsuqtuuq which means 
“lots of fat.” The British sailors starved because they did not have the 
necessary local knowledge and, despite being endowed with the same 
improvisational intelligence as the Inuit and having 2 years to use this 
intelligence, failed to learn the skills necessary to subsist in this habitat. 
Interestingly, the Norwegian explorer Roald Amundsen spent two winters 
on King William Island in 1903−1904. Amundsen sought out the Netsilik 
and learned from them how to make skin clothing, hunt seals, and manage 
dog sleds. He and his crew survived and completed the first successful 
traverse of the Northwest Passage. Later he would put these Inuit skills 
to good use in his race with Scott to the South Pole. Results from this lost 
European explorer experiment, and many others, suggest that intelligence 
alone is not enough. For a similar discussion of the ill-fated Burke and 
Wills expedition into the Australian outback, see Henrich and McElreath 
(2003).

A second line of evidence comes from the loss of beneficial technolo-
gies in small, isolated populations. For instance, the Tasmanian tool kit 
gradually lost complexity after isolation from mainland Australia at the 
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end of the Holocene (Henrich, 2004b). Other Pacific island groups have 
apparently lost useful technologies, such as canoes, pottery, and the bow 
and arrow (Kline and Boyd, 2010). The best documented example comes 
from the isolated Polar Inuit of northwest Greenland. Explorers Elisha 
Kane and Isaac Hayes wintered with the Polar Inuit in 1853 and 1861, 
respectively, and reported that the Polar Inuit lacked kayaks, leisters, and 
bows and arrows and that their snow houses did not have the long heat-
saving entryways that were seen among other Inuit populations. They 
could not hunt caribou, could only hunt seals during part of the year, and 
were unable to harvest Arctic char efficiently, although char were plentiful 
in local streams (Mary-Rousselière, 1996). Apparently the population was 
struck by an epidemic in the 1820s that carried away the older, knowledge-
able members of the group, and according to custom, their possessions 
had to be buried with them (Rasmussen, 1908). The Polar Inuit lived 
without these tools until about 1862, when they were visited by a group 
of Inuit who migrated to Greenland from Baffin Island (Rasmussen, 1908; 
Mary-Rousselière, 1996). There is every reason to believe that these tools 
would have been useful between 1820 and 1862. The Polar Inuit popula-
tion declined during this period, and the tools were immediately adopted 
once they were reintroduced. After their introduction, population size 
increased. It is also telling that the kayaks used by the Polar Inuit around 
the turn of the century closely resemble the large, beamy kayaks used by 
Baffin Island Inuit and not the small sleek kayaks of the West Greenland 
Inuit. Over the next half century the Polar Inuit kayak design converged 
back to the West Greenland design (Golden, 2006). If this inference is 
correct it means that for 40 years (nearly two generations) the Polar Inuit 
could have benefitted from the lost knowledge. Moreover, they collectively 
remembered kayaks, leisters, and bows and arrows, but did not know how 
to make them and could not recreate that knowledge.

CULTURAL ADAPTATION IS A POPULATION PROCESS

We think that this body of evidence rules out the idea that superior 
cognitive ability alone explains human adaptability; the ability to cumu-
latively learn from others must play a crucial role. Although advocates 
of the cognitive niche hypothesis focus on cognition, they do not ignore 
social learning. They argue that the ability to learn from others reduces 
the average cost of acquiring locally adaptive information. For example, 
Barrett et al. (2007) write:

Cognitive mechanisms underlying cultural transmission coevolved with 
improvisational intelligence, distributing the costs of the acquisition of 
nonrivalrous information over a much greater number of individuals, and 
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allowing its cost to be amortized over a much greater number of advanta-
geous events and generations. Unlike other species, cultural transmission 
in humans results in a ratchet-like accumulation of knowledge. (p 244)

On the surface this seems to be a logical argument. It may be costly for 
individuals using improvisational intelligence to discover locally adaptive 
information, but once it is acquired, others can get it by teaching or imita-
tion at relatively low cost. As a result, social learning acts to spread the 
cost of innovations over all who benefit. Innovations accumulate, leading 
to an accumulation of knowledge.

However, this reasoning is mistaken. It is probably true that learning 
from others either by teaching or imitation is usually cheaper than learn-
ing on your own. It is like cheating on a test: you do as well as the person 
you copy from but avoid all that tedious studying. However, evolution-
ary models show that if this is the only benefit of social learning, there 
will be no increase in the ability of the population to adapt (Rogers, 1988; 
Boyd and Richerson, 1995; Lehmann et al., 2010; Rendell et al., 2010). This 
surprising result emerges from the coevolutionary processes that affect 
the kinds of behaviors that are available to imitate and the psychology 
that controls learning and imitation. These evolutionary models of social 
learning rest on two assumptions. First, the propensities to learn and to 
imitate are part of an evolved psychology shaped by natural selection. This 
means that the balance between learning and imitating will be governed 
by the relative fitness of the two modes of behavior—the average fitness 
of the population is irrelevant. When few individuals imitate, imitators 
will acquire the locally adaptive behavior with the same probability as 
individual learners. Because they do not pay the cost of learning, imitators 
have higher fitness, and the propensity to imitate spreads. As the num-
ber of imitators increases, some imitate individuals who imitated other 
individuals, who imitated other individuals, and so on until the chain is 
rooted in someone who extracted the information from the environment. 
As the fraction of imitators in the population increases, these chains extend 
further.

The second assumption is that the environment varies in time or 
space. This means that as chains of imitation get longer, there is a greater 
chance that the learner who roots the chain learned in a different envi-
ronment than the current environment, either because the environment 
has changed since then or because someone along the chain migrated 
from a different environment. The upshot is that on average imitators 
will be less likely to acquire the locally adaptive behavior than learners. 
The propensity to imitate will continue to increase until this reduction in 
fitness exactly balances the benefit of avoiding the costs of learning. At 
evolutionary equilibrium, the population has the same average fitness as 
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a population without any imitation. There will be no increase in the abil-
ity to adapt to varying environments, and cumulative cultural adaptation 
will not occur.

Although this treatment is very simple, the basic result holds in more 
realistic models. The primary insight that emerges from these models 
is that imitation is a form of free riding—imitators scrounge informa-
tion without producing anything of value. Free riders increase until they 
destroy the benefits of free riding. Realistic levels of relatedness among 
models and imitators do not qualitatively change the result (Lehmann 
et al., 2010). The advocates of the cognitive niche hypothesis err because 
they take it as unproblematic that once a beneficial innovation arises, it 
will spread, and as a result, the capacities for imitation will be favored by 
selection. However, to understand the evolution of social learning psy-
chology you have to know what is available to learn, and this in turn is 
affected by the nature of the learning psychology. If imitators are simply 
information scroungers, then they will spread until selection no longer 
favors imitation.

Thinking about the coevolution of the cultural pool of observable 
behavior and the genes that control the individual and cultural learn-
ing suggests that cultural learning can increase average fitness only if 
it increases the ability of the population to create adaptive information 
(Boyd and Richerson, 1995). The propensity to imitate evolves because 
it is directly beneficial to the individual, but it may, nonetheless, also 
benefit the population as a side effect. We have thought of three ways in 
which this could happen. First, cultural learning can allow individuals 
to learn selectively—using environmental cues when they provide clear 
guidance and learning from others when they do not. Second, cultural 
learning allows the gradual accumulation of small improvements, and 
if small improvements are cheaper than big ones, cultural learning can 
reduce the population’s learning costs. Finally, by comparing “teachers” 
and learning selectively from those that seem most successful, “pupils” 
can acquire adaptive information without making any inferences based 
on environmental cues. If individuals acquire information from multiple 
teachers and recombine this information, this process can create complex 
cultural adaptations without any intelligence, save that required to dis-
tinguish among more- and less-successful teachers.

The ability to learn or imitate selectively is advantageous because 
opportunities to learn from experience or by observation of the world 
vary. For example, a rare chance observation might allow a hunter to 
associate a particular spoor with a wounded polar bear, or to link the 
color and texture of ice with its stability on windy days just after a thaw. 
Such rare cues allow accurate low-cost inferences about the environment. 
However, most individuals will not observe these cues, and thus making 
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the same inference will be much more difficult for them. Organisms that 
cannot imitate must rely on individual learning, even when it is difficult 
and error prone. They are stuck with whatever information that nature 
offers. In contrast, an organism capable of cultural learning can afford 
to be choosy, learning individually when it is cheap and accurate, and 
relying on cultural learning when environmental information is costly or 
inaccurate. We have shown (Boyd and Richerson, 1988, 1995) that selection 
can lead to a psychology that causes most individuals to rely on cultural 
learning most of the time, and also simultaneously increases the average 
fitness of the population relative to the fitness of a population that does 
not rely on cultural information. These models assume that our learning 
psychology has a genetically heritable “information quality threshold” 
that governs whether an individual relies on inferences from environ-
mental cues or learns from others. Individuals with a low information 
quality threshold rely on even poor cues, whereas individuals with a high 
threshold usually imitate. As the mean information quality threshold in 
the population increases, the fitness of learners increases because they are 
more likely to make accurate or low-cost inferences. At the same time, the 
frequency of imitators also increases. As a consequence, the population 
does not keep up with environmental changes as well as a population of 
individual learners. Eventually, an equilibrium emerges in which indi-
viduals deploy both individual and cultural learning in an optimal mix. 
At this equilibrium, the average fitness of the population is higher than in 
an ancestral population lacking cultural learning. When most individuals 
in the population observe accurate environmental cues, the equilibrium 
threshold is low, individual learning predominates, and culture plays little 
role. However, when it is usually difficult for people to learn individu-
ally, the equilibrium threshold is high, and most imitate, even when the 
environmental cues that they do observe indicate a different behavior than 
the one they acquire by cultural learning. We take the evidence on Inuit 
adaptations as indicating that many of the problems that faced the Inuit 
are far too difficult for most individuals to solve. As a result, we interpret 
this logic as predicting that selection should have favored a psychology 
that causes individuals to rely heavily on cultural learning.

The ability to learn culturally can also raise the average fitness of a 
population by allowing acquired improvements to accumulate from one 
generation to the next. Many kinds of traits admit successive improve-
ments toward some optimum. Bows vary in many dimensions that affect 
performance—such as length, width, cross section, taper, and degree of 
recurve. It is typically more difficult to make large improvements by trial 
and error than small ones for the same reasons that Fisher (1930) identified 
in his “geometric model” of genetic adaptation. In a small neighborhood 
in design space, the performance surface is approximately flat, so that 
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even if small changes are made at random, half of them will increase the 
payoff (unless the design is already at the optimum). Large changes will 
improve things only if they are in the small cone that includes the distant 
optimum. Thus, we expect it to be much harder to design a useful bow 
from scratch than to tinker with the dimensions of a reasonably good 
bow. Now, imagine that the environment varies, so that different bows 
are optimal in different environments, perhaps because the kind of wood 
available varies. Sometimes a long bow with a round cross section is best, 
other times a short flat wide bow is best. Organisms that cannot imitate 
must start with whatever initial guess is provided by their genotype. Over 
their lifetimes, they can learn and improve their bow. However, when they 
die, these improvements disappear with them, and their offspring must 
begin again at the genetically inherited initial guess. In contrast, cultural 
species can learn how to make bows from others after these have been 
improved by experience. Therefore, cultural learners start their search 
closer to the best design than pure individual learners and can invest in 
further improvements. Then, they can transmit those improvements to the 
grandkids, and so on down through the generations until quite sophisti-
cated artifacts evolve. Historians of technology have demonstrated how 
this step-by-step improvement gradually diversifies and improves tools 
and other artifacts (Basalla, 1988; Petroski, 1992). Even “great insights” 
often result from lucky accidents or the recombination of elements from 
different technological traditions rather than the work of a creative genius 
who buckles down and racks his brain (Henrich, 2010; S. Johnson, 2010).

The evolution of kayak keels by West Greenland Inuit provides an 
instructive example of how innovations arise and spread (Scavenius, 
1975). When hunting marine mammals from a kayak, Inuit hunters always 
paddled their kayak hard toward the prey, then picked up their harpoon 
and hurled it directly over the bow. This increased the momentum trans-
ferred to the harpoon and prevented capsizing. When firearms first spread 
in West Greenland, the Inuit found that they could not pick up and aim 
their guns before the kayak veered off course, and thus could only use 
them from land or ice floes. In 1824, a prominent Inuit hunter named Jens 
Reimer began to experiment with methods to stabilize kayaks for firearm 
use. He tried trailing a line behind the kayak, but this did not work. He 
then fastened a partially submerged wooden plate to the kayak’s stern, 
in imitation of the rudders of European ships. This did not work very 
well either—it was noisy, and the fastenings tended to fail. Nonetheless, 
a number of younger hunters imitated Reimer, perhaps owing to his local 
success and prestige. They were not able to produce a quality ayût (the 
Greenlandic word for both a ship’s rudder and a kayak keel), and out 
of “bashfulness” (Scavenius, 1975, p 27) hid their crude rudders under 
the waterline. They soon discovered that this unintentional innovation 
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allowed them to use guns from their kayaks, and over the next 50 years 
the ayût underwent a series of further small improvements, eventually 
creating the modern form.

Finally, if learners can compare the success of individuals modeling 
different behaviors, then a propensity to imitate the successful can lead to 
the spread of traits that are correlated with success, even though imitators 
have no causal understanding of the connection. This is obvious when the 
scope of traits being compared is narrow. You see that your uncle’s bow 
shoots farther than yours and notice that it is thicker, but less tapered, and 
uses a different plait for attaching the sinew. You copy all three traits, even 
though in reality it was just the plaiting that made the difference. As long 
as there is a reliable statistical correlation between plaiting and power, 
plaiting form trait will change so as to increase power. Causal understand-
ing is helpful because it permits the exclusion of irrelevant traits like the 
bow’s color. However, causal understanding need not be very precise as 
long as the correlation is reliable. Copying irrelevant traits like thickness or 
color will only add noise to the process. By recombining different compo-
nents of technology from different but still successful individuals, copiers 
can produce both novel and increasingly adaptive tools and techniques 
over generations, without any improvisational insights. An Inuit might 
copy the bow design from the best bowyer in his community but adopt the 
sinew plaiting used by the best hunter in a neighboring community. The 
result could be a better bow than anyone made in the previous generation 
without anyone inventing anything new.

Consistent with this, laboratory and field evidence suggests that both 
children and adults are predisposed to copy a wide range of traits from 
successful or prestigious people (Henrich and Gil-White, 2001). Advertis-
ers clearly know this. After all, what does Michael Jordan really know 
about underwear? Recent work in developmental psychology shows that 
young children readily attend to cues of reliability, success, confidence, 
and attention when choosing who to learn from (Birch et al., 2008, 2010). 
Even infants selectively attend to knowledgeable adults rather than their 
own mothers in novel situations (Stenberg, 2009). This feature of our cul-
tural learning psychology fits a priori evolutionary predictions, emerges 
spontaneously in experiments, develops early without instruction, and 
operates largely outside conscious awareness.

These models predict that an adaptive evolved psychology will often 
cause individuals to acquire the behaviors they observe used by in others 
even though inferences based on environmental cues suggest that alterna-
tive behaviors would be better. In a species capable of acquiring behavior 
by teaching or imitation, individuals are exposed to two different kinds 
of cues that they can use to solve local adaptive problems. Like any other 
organism, they can make inferences based on cues from the environment. 
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However, they also observe the behaviors of a sample of their population. 
When most individuals can solve the adaptive problem using environ-
mental cues alone, the models predict that an optimal learning psychology 
will result in social learning playing a significant but relatively modest 
role. Many people will rely on their own inferences, but some will copy to 
avoid learning costs. However, often only a minority will be able to solve 
the adaptive problem on the basis of environmental cues alone, because 
the appropriate environmental cues are rare or the adaptive problem is 
too complex. Then, if the environment is not too variable, an adaptive 
psychology will evolve in which most people ignore environmental cues 
and adopt behaviors that are common in the sample of the population they 
observe. They modify these behaviors rarely, or only at the margin, and as 
a result local adaptations evolve gradually often over many generations.

EVIDENCE FOR CULTURAL ADAPTATION

The cultural niche hypothesis and the cognitive niche hypothesis make 
sharply different predictions about how local adaptations are acquired and 
understood. The cognitive niche hypothesis posits that technologies are 
adaptive because improvisational intelligence allows some individuals to 
figure out how they work and why they are better than alternatives. These 
acquired understandings of the world are then shared, allowing others to 
acquire the same causal understanding without costly individual investi-
gation. In contrast, we argue that cultural evolution operating over gen-
erations has gradually accumulated and recombined adaptive elements, 
eventually creating adaptive packages beyond the causal understanding 
of the individuals who use them. In some cases elements of causal under-
standing may be passed along, but this is not necessary. Often individuals 
will have no idea why certain elements are included in a design, nor any 
notion of whether alternative designs would be better. We expect cultural 
learners to first acquire the local practices and occasionally experiment 
or modify them. At times this will mean that cultural learning will over-
rule their direct experience, evolved motivations, or reliably developing 
intuitions.

Several lines of evidence support the cultural learning hypothesis.
The anthropological literature on child development (Lancy, 1996, 

2009, 2010) indicates that children and adolescents acquire most of their 
cultural information by learning from older individuals who typically 
discourage questions from young learners and rarely provide causal 
explanations of their behavior. Kids practice adult behaviors, often using 
toy versions of adult tools, during mixed-age play, and little experimen-
tation is observed, except that necessary to master the adult repertoire 
(MacDonald, 2007; Hewlett et al., 2011).
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The reliance of young learners on carefully observing and imitating 
the local repertoires revealed in the anthropological record converges with 
recent experiments on imitation (Lyons et al., 2007; Nielsen and Tomaselli, 
2010). In these experiments, an adult performs a behavior like opening a 
complex puzzle box to get a reward. The adult’s behavior includes both 
necessary and unnecessary actions. A subject, either a child or a chim-
panzee, observes the behavior. Children’s performance on such tasks in 
both western and small-scale societies differs in important ways from that 
of chimpanzees. Children accurately copy all steps, including steps that 
direct visual inspection would suggest are unnecessary. Children seem to 
implicitly assume that if the model performed an action, it was probably 
important, even if they do not understand why. Chimpanzees do not seem 
to make this assumption; they mainly skip the unnecessary steps, leading 
them to develop more efficient repertoires than children (Whiten et al., 
2009) in these experimental settings.

Many examples indicate that people often do not understand how 
adaptive practices work or why they are effective. For example, in the New 
World, the traditional use of chili peppers in meat recipes likely protected 
people from foodborne pathogens (Billing and Sherman, 1998). This use of 
chili peppers is particularly interesting because they are inherently unpal-
atable. Peppers contain capsaicin, a chemical defense evolved in the genus 
Capsicum to prevent mammals (especially rodents) from eating their fruits. 
Nonhuman primates and human infants find peppers aversive because 
capsaicin stimulates pain receptors in the mouth. Efforts to inculcate a 
taste for chilies in rats using reinforcement procedures have failed (Rozin 
et al., 1979). However, human food preferences are heavily influenced 
by the preferences of those around us (Birch, 1987), so we overcome our 
innate aversion and actually learn to enjoy chilies. Psychological research 
indicates that people do not get accustomed to the chemical burning sen-
sation. Instead, observational learning leads people to reinterpret their 
pain as pleasure or excitement (Rozin et al., 1981). So, New World peoples 
learned to appropriately use and enjoy chili peppers without understand-
ing their antimicrobial properties, and to do this they had to overcome an 
instinctive aversion that we share with other mammals.

Fijian food taboos provide another example of this process. Many 
marine species in the Fijian diet contain toxins, which are particularly 
dangerous for pregnant women and perhaps nursing infants. Food taboos 
targeting these species during pregnancy and lactation prohibit women 
from eating these species and reduce the incidence of fish poisoning 
during this period. Although women in these communities all share the 
same food taboos, they offer quite different causal explanations for them, 
and little information is exchanged among women save for the taboos 
themselves (Henrich and Henrich, 2011). The taboos are learned and are 
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not related to pregnancy sickness aversions. Analyses of the transmission 
pathways for these taboos indicate the adaptive pattern is sustained by 
selective learning from prestigious women.

CULTURE AND MALADAPTATION

Cultural adaptation comes with a built-in tradeoff. The cumulative 
cultural evolution of complex, hard-to-learn adaptations requires indi-
viduals to adopt the behavior of those around them even if it conflicts with 
their own inferences. However, this same propensity will cause individu-
als to acquire any common behavior as long as it is not clearly contradicted 
by their own inferences. This means that if there are cognitive or social 
processes that make maladaptive ideas common, and these ideas are not 
patently false or harmful, people will adopt these ideas as well. Moreover, 
it is clear that several such processes exist. Here are a couple of examples. 
For a longer discussion, see Richerson and Boyd (2005).

Weak Cognitive Biases Can Favor the Spread of Maladaptive Beliefs 
or Practices over Generations

Laboratory diffusion chain studies clearly document that biases that 
have undetectable effects on individual decisions can have very strong 
effects when iterated over “generations” in the laboratory (Beppu and 
Griffiths, 2009). The same effect may lead to the spread of false beliefs in 
natural populations. For example, Boyer (2002) argues that a number of 
cognitive biases explain the spread of supernatural beliefs and account for 
the widespread occurrence of folktales about ghosts and zombies.

Adaptive Social Learning Biases Can Lead to Maladaptive Outcomes

A model’s attributes provide indirect evidence about whether it is 
useful to imitate her. If she is successful, then by imitating her you can 
increase your chances of acquiring traits that gave rise to her success. If 
she is more similar to you than alternative models, her behavior may work 
better in your situation. If her behavior is more common than alternatives, 
then it is likely to be adaptive because learning increases the frequency of 
adaptive behaviors. An evolved cultural learning psychology that incor-
porates such biases increases the chance of acquiring beneficial beliefs 
and behaviors. However, these same biases can sometimes lead to the 
spread of maladaptive beliefs and practices. For example, the tendency 
to imitate the prestigious, or those making credibility-enhancing displays 
of commitment, can lead to a “runaway” process analogous to sexual 
selection (Richerson and Boyd, 2005), and this may explain the cultural 
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evolution of maladaptive cultural systems in which people risk life and 
limb to summit icy peaks or achieve spiritual perfection in celibate seclu-
sion (Henrich, 2009).

Culture Is Part of Human Biology and Has Profoundly Shaped 
Human Evolution

We have recounted two contrasting accounts of the nature and origins 
of human uniqueness. On the one hand, there is a widespread view that 
people are like other mammals, just a lot smarter—in essence, we are 
brainy, hairless chimpanzees. We have a uniquely flexible cognitive system 
that lets us make causal inferences in a wide range of environments and 
use that information to create much better tools, and these differences have 
allowed us to spread across the world, dominating the world’s biota like 
no other creature. By contrast, we argue that individuals are not nearly 
smart enough to solve the myriad adaptive problems they face in any of 
their many habitats. Even experts lack a detailed causal understanding of 
the tools and techniques that permit them to survive. High-fidelity cultural 
learning allows human populations to solve these problems because it 
allows selective learning and the accumulation of small improvements 
over time. Of course, sophisticated, flexible cognition is important too. 
However, the degree of cognitive flexibility varies widely in nature—
chimpanzees can solve problems that baffle monkeys, and monkeys are 
geniuses compared with opossums. Nonetheless, no species occupies 
as wide a range of habitats as Homo sapiens. In contrast, there is a sharp 
break between human cultural learning capacities and those of even our 
closest relatives. As a result, it is more apt to think of humans occupying 
a cultural niche than a cognitive niche.

The evolution of the psychological capacities that give rise to cumula-
tive cultural evolution is one of the key events in our evolutionary his-
tory. The availability of large amounts of valuable cultural information 
would have favored the evolution of bigger brains equipped to acquire, 
store, organize, and retrieve cultural information, a fact that may explain 
the rapid increase in human encephalization over the last 500,000 years 
and the evolution of specialized cognitive abilities that emerge early in 
life, such as theory of mind, selective social referencing (Stenberg, 2009), 
overimitation (Lyons et al., 2007), a functional understanding of artifacts 
(Wohlgelernter et al., 2010), and the use of taxonomic inheritance and 
category-based induction for living kinds (Atran and Medin, 2008). The 
presence of culturally evolved techniques and products—such as fire, 
cooking, weapons, and tools—created new selection pressures acting on 
our bones, muscles, teeth, and guts (Richerson et al., 2010).
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Culture has opened up a vast range of evolutionary vistas not avail-
able to noncultural species. Nonetheless, culture is as much a part of 
human biology as our peculiar pelvis. This approach contrasts with the 
common view that culture and biology are in a tug-of-war for control 
of human behavior. This common view probably taps into a deep vein 
of Western thought, which itself may be the result of evolved cognitive 
biases (Bloom, 2004), but it makes little sense. The ancestral condition in 
the human lineage is a psychology that does not permit cumulative cul-
tural evolution. Despite earnest efforts, chimpanzees cannot be socialized 
to become humans and have little or no cumulative cultural evolution. 
Beginning early in human ontogeny, our psychology allows us to learn 
from others, powerfully and unconsciously motivates us to do so, and 
shapes the kind of traits that evolve. So it does not make sense to ask, does 
culture overcome biology? The right question to ask is, how do genetic and 
cultural inheritance interact to produce the observed patterns of human 
psychology and behavior (Henrich et al., 2010b)?
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