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The Theory of Evolution

DAVID P. MINDELL AND SAMUEL M. SCHEINER

The Goals and Organization of This Book

The goal of this book is to explore and develop the current framework
for evolutionary theory. Theory organizes our ideas for both research and
teaching. It can help us see which questions are most important and how
models and hypotheses can be constructed in seeking answers. We use the
term framework to mean the principles, concepts, and assumptions inher-
ent in evolutionary theory, and the logic employed in using them to ad-
vance ideas.

The chapters in this book address the current state of affairs across a
range of fields within evolutionary biology, recognizing that such a book
cannot possibly be comprehensive. The book is divided into two sections.
The first section (chapters 2-8) examines topics that cross multiple spe-
cific theories. The second section (chapters 9-17) examines the strengths,
weaknesses, and gaps in particular constitutive theories. Where appropri-
ate, we asked the authors to discuss how their components of evolutionary
theory integrate with other components and how a more explicit frame-
work for evolutionary theory could change the thinking and approach of
investigators.

Our discussion of evolutionary theory is in the context of a more gen-
eral theory of biology that has five constituent theories: genetics, cells, or-
ganisms, ecology, and evolution (fig. 1.1, Scheiner 2010). A consequence of
this approach is that some key aspects of evolution and the corresponding
principles (tables 1.1-1.3) fall within other constitutive theories. For ex-
ample, processes of genetic mutation and organismal development are in
the theories of genetics and organisms, respectively, though they remain
very much a part of evolution.

In chapter 1, we discuss the general theory of evolution in terms of its
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content and structure, including background on its general principles. We
also discuss how the general theory of evolution relates to its constitutive
theories and to other general theories within biology. Other chapters in the
first section examine the historical, philosophical, and mathematical un-
derpinnings of evolutionary theory (Smocovitis, chap. 2; Forber, chap. 3;
Phillips, chap. 4; Love, chap. 8) or explore key evolutionary concepts such
as homology (Mclnerney, chap. 5), species (Nathan and Cracraft, chap. 6),
and higher-order relationships (Kearney, chap. 7). The second section
considers nine constitutive theories. Those theories are not intended or
claimed to provide comprehensive coverage of evolutionary biology and
theory. Rather they are meant to be representative, including natural selec-
tion (Frank and Fox, chap. 9); multilevel selection (Goodnight, chap. 10);
life history (Fox and Scheiner, chap. 11); specialization (Poisot, chap. 12);
plasticity (Scheiner, chap. 13); sex (Orive, chap. 14); speciation (Edwards
et al., chap. 15); biogeography (R. G. Gillespie et al., chap. 16); and macro-
evolution (Jablonski, chap. 17).

This book is intended for students and practitioners across the broad
field of evolutionary biology. It should have particular appeal to those in-
terested in identifying explicit components of evolutionary theory and how
those components—the constitutive theories—function separately and in
combination to provide evolutionary science with predictions and testable
hypotheses. The past two decades have seen extensive growth and debate in
evolutionary biology, and it is our hope that an examination of evolution'’s
theoretical foundations will enhance future research and understanding.

The Role of Evolutionary Theory

Any claim that new research findings provide new or more general under-
standing is based on the theoretical framework within which that research
is embedded. Take, for example, the descriptive study of mutation rates via
mutation accumulation experiments. The motivation for studying muta-
tion accumulation patterns in Drosophila (Keightley 1994; Keightley et al.
2009), Arabidopsis (Ossowski et al. 2010; Rutter et al. 2012), or Caenorhab-
ditis (Denver et al. 2000; Estes et al. 2004) is that these data will also be
relevant to other insects and plants or even mammals and fungi. It is be-
cause of the general principle of common descent that we can assume such
relevance. The reason for wanting to measure mutation rates is that they
are a basic parameter in many evolutionary models (Turelli 1984). By mea-
suring those parameters in a disparate set of species, we ground our models
in the empirical world and gain assurance that the parameter values are
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widely applicable. The utility of models is well known (e.g., Huson and
Bryant 2006; Beaulieu et al. 2012; Servedio et al. 2014). But what about
the utility of constitutive and general theories, the focus of this book? Con-
stitutive theories are the workhorses of theory. They are the wellsprings of
models, because they provide the conceptual definitions for model com-
ponents, guide model development, and link seemingly disparate models
and concepts in a clear framework.

Evolutionary theory is dynamic and responsive, incorporating new data
about organisms and the environment as they become available. In this
way, evolutionary theory plays an important role in its own improvement.
Ideally, all research should make explicit reference to underlying theory or
theories. Even better, the research should include an explanation of how
its various findings will alter or support our understanding of those theo-
ries. Will the research improve model parameterization? Will it help shape
the structure of models by demonstrating the existence of phenomena
that the models fail to include? Will it force us to reconsider the origins
of particular traits or lineages? Will it provide additional confirmation of
a proposition in a constitutive theory or a general principle in a general
theory? Will it test the relative importance or validity of alternative models
or propositions? Will it make us rethink the meaning of a general principle
or show that the list of principles needs to be substantially reconsidered?
Although those last two activities are the ones that we hold up in class as
the scientific ideal, rarely do we attempt to do those things in our day-to-
day research. One reason is the lack of an explicit set of propositions and
principles to which we can relate our research. Well-articulated and mature
theories let us make those connections.

Evolutionary theory also has powerful practical applications, ranging
from agriculture to medicine, infectious disease studies, public health, and
the adjudication of justice within the courts (Metzker et al. 2002; Mindell
2006; Losos et al. 2013; Hoberg and Brooks 2015). A classic example is
the interplay of animal breeding and evolutionary theory. Darwin used the
results of artificial selection both as a guide in developing the concept of
natural selection and as proof of its efficacy. In turn, evolutionary models
in the twentieth century gave us the breeder’s equation that became a ba-
sis for designing artificial selection regimes for improving product yields
of farm animals and plants. More recently, genetic algorithms (actually
selection processes) are used in software development to allow the pro-
gram to find the optimal set of instructions for a computational task. The
programmers decide on some fitness function (e.g., minimizing compu-
tational time), some mutational process for altering the computer code, a
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selection process for choosing among variants, and then just let evolution
happen (e.g., Soule and Foster 1998; Fortin et al. 2012; M.-A.Gardner et al.
2015). The development of genetic algorithms has been informed by mod-
els of biological evolution (Beyer and Schwefel 2002). They have even been
used for evolving physical objects such as robots (e.g., Soule and Hecken-
dorn 2013).

One of the most important uses of evolutionary theory may be in help-
ing us understand the origin or origins of life on Earth and its possible ex-
istence elsewhere in the universe. If the theory of evolution presented here
is truly a general theory, it should apply at all times and places. It should
tell us something about how deterministic and random processes operated
in the assemblage of abiotic molecules into the first living cells.

The Content of Evolutionary Theory

We differentiate between the content of evolutionary theory and its struc-
ture. Content includes the components of evolutionary theory such as
concepts, facts, and assumptions (table 1.1), while structure includes the
functional relationships among components, making a dynamic, work-
ing theory. Although the content and structure of any scientific theory are
deeply entwined, making this general distinction promotes the utility of
theory in research and understanding. One may disagree with part or all
of the content or structure while still accepting other aspects. When we are
explicit about both and their separate roles, debate over one aspect need
not hinder development of the other. Both the content and the structure
may be revised. For example, if we compare the list of general principles
presented here with that of Scheiner (2010), we see that none have survived
intact. Those changes were the result of scrutiny by a second person with
a very different perspective. We hope that others will take what we pre-
sent here, subject it to equal scrutiny, and possibly further refine what we
have done.

Darwin’s (1859) and Wallace’s (1858) theory of natural selection, pro-
posed as the mechanism for evolutionary change, was a watershed event in
the development of evolutionary theory. It introduced and applied natural
selection to all features of living creatures. Despite the limitations of the
data then available, Darwin was correct in stipulating an important role for
natural selection in effecting change among organisms. He was also right
in saying that all life forms share common ancestry, that much of evolu-
tion is a population-level process, and that changes in frequencies of traits
among individuals within populations are important in driving evolution.
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Table 1.1. The Content of Theory (from Pickett et al. 2007)

Component Definition

Assumptions Conditions or structures needed to build a theory or model
Concepts Labeled regularities in phenomena

Confirmed generalizations Condensations and abstractions from a body of facts that

have been tested

Definitions Conventions and prescriptions necessary for a theory or
model to work with clarity

Domain The scope in space, time, and phenomena addressed by a
theory or model

Facts Confirmable records of phenomena
Framework Nested causal or logical structure of a theory or model
General principle A concept or confirmed generalization that is a component of

a general theory

Hypotheses Testable statements derived from or representing various
components of a theory or model

Laws Conditional statements of relationship or causation, or state-
ments of process that hold within a domain of discourse

Model Conceptual construct that represents or simplifies the natural
world
Translation modes Procedures and concepts needed to move from the abstrac-

tions of a theory to the specifics of model, application, or test

However, much of today’s evolutionary theory content was unknown
to Darwin, including plate tectonics, particulate evolution of traits, chro-
mosomes and DNA as the material of inheritance, processes of molecular
replication and recombination, endosymbioses, lateral gene transfer, poly-
ploidy, rarity or absence of inheritance of acquired characters, epigenetics,
and the extent of rapid organismal change and species diversification.
These topics and many others have been working their way into evolution-
ary theory, changing it and improving its correspondence with evolution in
nature. The broad scope of evolution, its operation across billions of years
and all aspects of life, including numerous levels of biological organiza-
tion, from genes to clades and ecosystems, presents a significant challenge
for those seeking to integrate new data and content into a general theory
of evolution.
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The Structure of Evolutionary Theory

The structure of evolutionary theory should organize its content in an intel-
lectual framework that reflects operational relationships among the compo-
nents (table 1.2). An analogous approach to ecological theory structure was
provided by Scheiner and Willig (2008) and has recently been extended to
other biological domains (Scheiner 2010; Zamer and Scheiner 2014).

Scientific theories and their components exist along a continuum from
general to specific. Our structure incorporates that continuum by recogniz-
ing general theories, constitutive theories, and models. While some com-
ponents play similar roles at different levels (e.g., domain definitions), oth-
ers differ. For example, general principles at the level of a general theory
primarily act as background assumptions for the constitutive theories.
Propositions at the level of a constitutive theory serve as guidelines or rules
for building models.

We emphasize that these categories (table 1.2) are denoted for con-
venience only; a particular theory can contain aspects of more than one
category. Although these categories compose a logical hierarchy (models
within constitutive theories within general theories), any given theory need
not be solely nested within another. For example, a constitutive theory
about the evolution of development (Love, chap. 8) may draw on general
principles from other domains, such as the theory of organisms (Zamer
and Scheiner 2014), so that it sits at the overlap between the domains of
two general theories. The theory of evolution is presented here as one of

Table 1.2. A Continuum of Types of Theories Including Their Components (from
Scheiner and Willig 2011)

General Theory

Background: domain, assumptions, framework, definitions
General principles: concepts, confirmed generalizations
Outputs: constitutive theories

Constitutive Theory

Background: domain, assumptions, framework, definitions
Propositions: concepts, confirmed generalizations, laws
Outputs: models

Model

Background: domain, assumptions, framework, definitions, propositions
Construction: translation modes

Outputs: hypotheses

Tests: facts
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Figure 1.1. The theory of evolution, as con-
ceived here, is contained within a more general
theory of biology and intersects four other gen-

eral theories of cells, organisms, genetics, and
ecology (Scheiner 2010). Alternative scenarios,
with differing relationships among the various
general theories, are certainly possible. The
intersections among the theories occur at two
levels. First, the principles of each theory can
make reference to the other theories, as when
the principle “The characteristics of organismal
lineages change over generations” from evolu-
tionary theory (table 1.3) references variation in
genetic “characteristics,” which is a component
of the theory of genetics. Correspondingly, a
constitutive theory can include components
from more than one general theory.

five general theories of biology (fig. 1.1)—and relies on the general prin-
ciples of those theories to provide context and deeper meaning for its prin-
ciples. Similarly, constitutive theories can have overlapping domains or be
nested within other constitutive theories. The relationships and feedback
among evolution’s constitutive theories presented in this book are dis-
cussed below.

Alternative arrangements for the biological theories in figure 1.1, with
differing relationships among them, are possible and valid depending on
the intentions and explanations of investigators (Love 2013), in keeping
with our pluralist approach as explained in the next section. The relation-
ships (structure) among these theories and their components are created,
by choice, to promote research and understanding; there is no single cor-
rect structure. One of us (DPM) could readily justify a partially hierarchical
alternative to figure 1.1, with the general theory of evolution encompass-
ing all four of the others, and ecology then encompassing the theories of
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genetics, cells, and organisms, which are arranged nonhierarchically, al-
though the content of such theories would have to be altered from those
of Scheiner (2010). Justification for this configuration stems from the fact
that evolution and ecology are processes and that organisms, cells, and ge-
nomes are material entities subject to those processes. Evolution, in this
structural conception, would be the most inclusive theory within biology
with the most inclusive domain: the causes and consequences of change
from the present back to the origin of life.

Our Philosophy and Approach

Designating an explicit structure for evolutionary theory, or any scientific
theory, entails making some pragmatic decisions about the approach for
evaluating theory and content. For biologists, these decisions are largely
driven by the nature of the questions they ask and especially the data they
analyze (Forber, chap. 3). Someone analyzing speciation processes in ver-
tebrates using DNA may employ different methods and draw on different
content than someone using organismal mate-choice behaviors. And the
methods of someone analyzing speciation in asexual plants or fungi will
differ from those of someone studying vertebrates.

The diversity of explanatory aims among evolutionary biologists, in
seeking to understand evolution across all taxa, at multiple levels of bio-
logical organization, and as a result of many different causes, requires a
pluralistic approach to evolutionary theory. In this context, pluralism
means that there is no single correct definition of various concepts or con-
figuration of models for universal application across the domain of evo-
lution. For example, species are often defined or identified differently by
those working on different organisms or organismal attributes (Nathan
and Cracraft, chap. 6). Similarly, there is no single correct view of how evo-
lutionary theory, and its components, should be structured or presented.
Those features depend on the particular aims and methods of researchers.
In addition, the general theory of evolution and its many constitutive theo-
ries draw on content from other biological theories (fig. 1.1), as is to be
expected of any theory with diverse explanatory aims.

Of three generally recognized philosophical views regarding the struc-
ture of scientific theory, known as syntactic, semantic, and pragmatic (Win-
ther 2015), our approach is most closely aligned with the pragmatic view.
The syntactic and semantic approaches can be characterized as emphasiz-
ing, respectively, mathematical axioms and models for those mathemati-
cal axioms. The pragmatic approach, in contrast, combines components of
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both the syntactic and the semantic views with less formal, nonmathemati-
cal components including metaphor and analogy. Rice (2004) provides an
example of the treatment of evolutionary theory from the standpoint of
a semantic approach emphasizing models (as in population genetics and
game theory); however, his is a narrow representation of the theory, miss-
ing important aspects of evolutionary biology related to paleobiology, sys-
tematics, speciation, evolutionary ecology, and biogeography. In describ-
ing the pragmatic view, Winther (2015) says, “The emphasis is on internal
diversity, and on the external pluralism of models and theories” and “As when
studying an organism, the structure of theory cannot be understood independently
of its [the theory's] history and function.” By incorporating a pluralistic and
utilitarian view of scientific theories, the pragmatic view recognizes that
scientists in different disciplines or subdisciplines may employ particular
theories, models, and concepts in different contexts and with differences in
meaning and intention.

The pragmatic approach is consistent with a pluralist and pragmatic
structure for evolutionary theory in which theory content is organized ac-
cording to the research questions being asked (Love 2010). Research ques-
tions often originate in different disciplines or beyond the domain of a
given theory. Examples of relatively new research questions that originated
in part in other domains are: How do developmental processes evolve?
How do genomes evolve? A theory of the evolution of developmental pro-
cesses would draw on components from the theory of organisms (Love,
chap. 8), while a theory of genome evolution would draw on components
of the theories of genetics and cells. Allowing flexibility of theory structure
facilitates syntheses across disciplines and counters any tendency toward
an overly reductionist or proscribed general theory, criticisms made of the
modern synthesis (Gould 1977; Woese 2004).

Concepts and Metaphor

Concepts are key elements of theory and require careful description. This
is particularly important when theory is being used to bridge disciplines or
subdisciplines where connotation for the same concepts may differ. Within
the domain of evolution, some concepts, like species, population, gene,
exon, or specific morphological traits, are used to discretize units of evo-
lution or targets of selection. Other concepts such as phylogeny, homol-
ogy, and convergence correspond to relationships of one kind or another
for taxa or traits. Many other concepts, such as developmental constraint,
contingency, and adaptation, denote phenomena whose relative strength,
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frequency, causes, or consequences are being evaluated. Because of their
central importance, and because of ongoing expansion in types of data and
methods of analysis, the meaning and scope of evolutionary concepts need
to be continually reassessed and revised.

Evolutionary theory has a long tradition of using metaphors as infor-
mal descriptors for its concepts. For example, phylogeneticists describe
genealogies of both species and genes as trees, networks, webs, or radia-
tions. Evolutionary biologists refer to adaptive landscapes and genome
architectures, as well as conceiving of various phenomena as arms races,
canalization, coalescence, conversion, cost/benefit ratios, drift, drive, ex-
plosions, fitness, hitchhiking, invasions, plasticity, random walks, silent
substitutions, sweeps, and trade-offs. This pervasive and continuing use of
metaphor in evolutionary theory is necessary, given the important role of
metaphor in helping us think about complex ideas and mechanisms and
turn those thoughts into concepts. Indeed, metaphors are not simply lin-
guistic expressions—they are concepts themselves. Lakoff and Johnson
(2008) make the case that conceptual metaphors are central to human cog-
nition, grounded in our experiences and unavoidable. Metaphors can help
us reason and synthesize linked phenomena into an overarching view of
evolutionary process and pattern. For example, the metaphor of an arms
race, whether between predator and prey or between pathogens and hosts,
synthesizes processes of reproduction, heritability, mutation, selection, ad-
aptation, co-evolution, and so on, all linked over time, into a single phrase
drawn from the context of human warfare. However, because the brevity of
metaphor invites imprecision and misunderstanding, its use requires con-
stant vigilance.

The Domain of the Theory of Evolution

Evolutionary theory seeks to describe and explain the patterns, causes, and
consequences of change in the characteristics and diversity of life across
generations and geologic eras (table 1.3). Thus, the domain of the theory
includes all of life’s lineages and their characteristics at all levels of biologi-
cal organization, from molecules and genes to morphology and behavior,
for the entire 3.8 billion years of life’s existence on Earth.

As part of placing evolutionary theory’s domain within a broader the-
ory of biology, we distinguish within-generational change from that which
occurs across generations. Change that occurs within a generation is part
of other domains, such as the developmental unfolding of an organism’s
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Table 1.3. The Domain and General Principles of the Theory of Evolution

Domain

Patterns, causes, and consequences of change in the characteristics and diversity of life across
generations and geologic eras

General principles

1. The characteristics of organismal lineages change over generations.

. Change in characteristics can lead to diversification of lineages.

. All organisms and their lineages are linked through common descent.

. Variation among individual organisms in genotype and phenotype is necessary for evolu-
tionary change.

. Variation arises from the genetic properties of organisms.

. Evolutionary change is caused by deterministic and random processes.

. Evolutionary processes depend on the properties of organisms.

. Heterogeneity in the environment and evolutionary processes yield variable rates of evolu-
tionary change.

=W N

0 NN n

form (theory of organisms) or mutational change in a genome (theory of
genetics). Changes that occur within an individual organism’s lifetime re-
main relevant to an individual’s fitness and among-generation evolution-
ary dynamics, and we recognize that some versions of the theory of evo-
lution include at least some of those types of changes within its domain
(e.g., Hall 1999). We separate them here from across-generational change
for epistemological and practical reasons. We could lump all of the general
principles of the various general theories into a single theory of biology
or a single theory of evolution. But doing so would obscure the domain-
specific roles of a given set of principles in structuring and applying various
constitutive theories and models.

In the next section, we identify eight general principles of the general
theory of evolution and their context. The general principles are rooted in
Darwin’s The Origin of Species (1859) but expand his original formulation.
They would be recognizable by the research community of the modern
synthesis sixty years ago; however, the interpretation of some of those prin-
ciples, as described below, has changed. The content of a theory evolves
along with differences in the meanings given to various terms and con-
cepts, and it is important that any theory be as explicit as possible about
meanings. In keeping with a pragmatic approach to theory structure, the
principles as articulated in table 1.3 cannot be understood in isolation. A
much fuller explanation is necessary to give meaning to the single sentence
that embodies each principle. Those explanations help define the terms
used and the range of phenomena being referenced.
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Evolution’s General Principles
1. Evolutionary Change Occurs over Generations

Describing and explaining change in the characteristics of organismal lin-
eages is the central goal of evolution science and, thus, is the first general
principle of its theory. As noted above, this principle refers to change across
generations, both from one generation to the next and across geologic
eras. Such changes are distinct from changes occurring within a single life-
time. The recognition of cross-generational change preceded Darwin (e.g.,
Lamarck 1809) and was one impetus for his development of a theory of
evolution. As defined, these changes include those from nongenetic causes,
including phenotypic plasticity or maternal and other environmental ef-
fects. Such changes are included because they affect phenotypes that then
can affect fitness or other evolutionary phenomena.

2. Lineages Diversify

Darwin was motivated in developing evolutionary theory by the desire to
explain not only incremental organismal change over time but also the di-
versity of all life. Thus, the second general principle is that change leads to
diversification of lineages. In turn, diversification can lead to greater change
in the characteristics of the newly independent lineages. Darwin expressed
this principle as species giving rise to other species. This common formula-
tion was articulated by the architects of the modern synthesis and is often
used in textbooks and reviews of evolutionary biology and theory (includ-
ing Scheiner 2010). We express the principle here, though, as a statement
about lineages rather than species. Species concepts are variable and diffi-
cult to apply across all life forms. For broader relevance within the domain
of evolution, especially across all life forms, we refer to lineage divergence.

By diversification we mean increases in both the number of and varia-
tion among independent lineages. By lineage we mean a genealogical se-
quence of individual organisms, species, or clades linked by common de-
scent (Hull 1980; Nathan and Cracraft, chap. 6). In this context, lineage is
a more general term than species, making no assumptions about reproduc-
tive isolation or mechanisms of inheritance. This generality makes lineage
more widely applicable across different life forms, but also requires addi-
tional description by investigators regarding the intended level of lineage
inclusiveness in their particular research. For example, separately evolving
lineages of populations are often considered species (e.g., G. G. Simpson
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1961; de Queiroz 2007), and separate, closely related species lineages can
compose a monophyletic group or clade. For the purposes of articulating a
general principle, it is sufficient to recognize that distinct lineages exist and
let exact definitions be operational in the context of specific models and
taxa. The concept also applies to genes, as in gene genealogies, emphasiz-
ing the importance of clarity in using the term.

3. All Life Forms Share a Common Descent

Common descent for all life forms is now accepted as scientific fact, though
a great deal of their diversity and their detailed phylogenetic relationships
remain to be determined. Arguably, it was the discovery of the universality
of the genetic code in the 1960s that provided the material basis for con-
firming this principle. Although common descent of living forms is a fact,
the details of life’s origin or origins from inanimate sources over 3.8 billion
years ago are less certain (e.g., Oparin 1938; Pace 1991; Orgel 1998), as are
the characteristics of the hypothetical last universal common ancestor of
today’s organisms (Penny and Poole 1999; Koonin 2003; Glansdorff et al.
2008). Common descent is at the heart of many evolutionary applications
such as the use of Arabidopsis to discover genes important for crops, and the
use of mouse, rat, and pig models in human medicine. This principle is a
corollary of the second principle, as relatedness implies that lineage diver-
gence occurred.

4. Variation in Genotypes and Phenotypes

The focus on variation was one of Darwin’s great insights. Ernst Mayr
(1982) noted that what distinguished Darwin’s ideas from what had come
before was a switch from typological to populational thinking. While Dar-
win would recognize this general principle as a component of his theory, he
did not know about genetics. It was the modern synthesis that fully articu-
lated the meaning of this principle (Smocovitis, chap. 2). Even today, how-
ever, what we mean by “genotype” and “phenotype” continues to change
as new kinds of data are discovered and compared. Many kinds of changes
at the molecular level that were previously unknown or unimagined now
inform our understanding of evolutionary mechanisms, including changes
in karyotypes and chromosome structure, gene duplication and loss, the
movement of transposable elements, the gain of extrachromosomal ele-
ments, lateral gene transfer, regulation of gene expression, and epigenetic
change. As with “lineage,” we do not attempt to provide exact definitions
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of “genotype” and “phenotype”; rather we leave those definitions to be op-
erationalized by constitutive theories and models. We also resist the temp-
tation to “modernize” our terminology by adding “omics” anywhere.

5. Variation Arises from Genetics

This principle is grounded in one of the other general theories, the theory of
genetics. It may seem odd to evolutionary biologists that the genetic proper-
ties of organisms are not placed immediately within evolutionary theory,
but placement in the complementary theory of genetics yields a more tracta-
ble general theory of biology (Scheiner 2010). The theory of genetics defines
the genetic properties of organisms and encompasses all of the different
sources of heritable variation that arise from various kinds of genetic muta-
tion, including events like chromosome, gene, and genome duplication. It
also includes the effects of gene shuffling and recombination that can affect
the phenotypic expression of genes through pleiotropic, dominance, and
epistatic relationships. Constitutive theories within the domain of genetic
theory provide information about rates for these processes, which may be
critical for evolutionary models. Thus, many evolutionary models draw on
principles from the domains of both general theories. Because of this tight
coupling of the sources of variation with evolutionary change, principles
about the sources of variation were historically included within the theory
of evolution (e.g., Kutschera and Niklas 2004). We place these processes in
their own domain so as to clearly separate those that occur within a single
lifetime (e.g., the appearance of a new mutation) from those that change
across generations (e.g., the increase in the frequency of that mutation).

6. Evolutionary Change Consists of Both
Deterministic and Random Processes

Evolutionary change stems from both deterministic and random factors.
Random events can include the appearance of particular mutations in par-
ticular individuals, whereas more deterministic processes include aspects
of natural selection, such as differential reproductive success linked to heri-
table differences among individuals. Selection, however, has random com-
ponents (e.g., which of two identical individuals happens to get caught by
a predator). Conversely, mutational processes can include deterministic
components and constraints such as differences in mutation rates along a
DNA sequence or the rates of different types of mutations.

The operation of both deterministic and random processes in evolu-
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tionary change has been recognized since Darwin’s time. However, their
relative importance has been the subject of some of the most heated de-
bates in evolutionary biology (Mayr and Provine 1980). As with other gen-
eral principles, we state this one generally, to acknowledge that all such
processes can play a role while being agnostic about their relative impor-
tance (contra Scheiner 2010). Deterministic and random processes are con-
text dependent and usually discussed at the level of constitutive theories
(chaps. 9-17). Influences of the environment link this principle to the the-
ory of ecology, and influences of organismal and cellular conditions link it
to theories of cells and organisms.

This principle plays an important role in helping to make explicit the
assumptions inherent in most models. Many evolutionary models are
strictly deterministic or entail equilibrial conditions. However, those mod-
els often fail to acknowledge that they assume that random processes are
either absent or minor relative to deterministic processes. Failing to ac-
knowledge this assumption can result in applying that model to situations
where the assumption does not hold, leading to incorrect inferences about
the processes responsible for a given evolutionary pattern (e.g., J. H. Gil-
lespie 1974).

7. Evolution Is Influenced by the Properties of Organisms

This general principle provides an acknowledgment of the significant con-
straints and influences on evolution that stem from the organisms them-
selves. For example, the rate and direction of evolutionary change can be
constrained by genomes, developmental processes, and phenotypes acting
as integrated systems. One of the complaints about many of the evolution-
ary models that came out of the modern synthesis (e.g., gene frequency
models) was that they neglected organismal biology. Recent claims about
the need for a new evolutionary theory (e.g., Pigliucci and Miiller 2010b)
often reduce to an assertion of this principle. While it may be that many
aspects of organismal biology were not captured in those earlier models, it
seems unlikely that Darwin and the architects of the synthesis would find
problems with inclusion of such a principle. As with the previous prin-
ciple, the relative importance of particular organismal properties (e.g., de-
velopment) can be debated without doubting the validity of the principle.
Thus we differ from those who claim that any current theory of evolution
is a break from past theories. Rather, we see current efforts as expanding
or shifting content at the level of constitutive theories, resulting in either
the development of new constitutive theories (e.g., Love, chap. 8) or a new
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recognition of theories that previously had been considered of minor im-
portance (e.g., Poisot, chap. 12; Futuyma 2015).

8. Rates of Change Are Heterogeneous

One key characteristic of evolutionary change is variation in rates of change
of organismal characteristics and lineage diversification. Debates about
those patterns of variation and the processes underlying them is long-
standing. Darwin'’s version of the theory would have explicated a version of
this principle about gradual rates of change. G. G. Simpson (1944), one of
the architects of the modern synthesis, would have amended that to a state-
ment about heterogeneity of rates. The theory of punctuated equilibrium
(Eldredge and Gould 1972) would have further amended that statement,
and debate about that amendment invigorated research on rates of evo-
lution across levels of biological organization. As with the previous prin-
ciples, in our version of the theory we simply acknowledge heterogeneity
without indicating the relative distribution of rates. Those details remain
at the levels of constitutive theories and models. Again, this is a reminder
that any assumptions about constancy of processes or patterns should be
made explicit.

Models

Models are an aspect of theory that formalizes relationships among enti-
ties. While this formalization can take many forms (e.g., Watson and Crick’s
ball and wire model of the structure of DNA), one of the most common is a
mathematical equation. Such mathematical models formed the backbone
of the modern synthesis (Phillips, chap. 4). Models exist within the context
of specific constitutive theories. Those theories serve as guidance for model
building and as nexus points for connecting apparently disparate models.
The start of the modern synthesis is sometimes linked to the publication of
Fisher (1918), in which he demonstrated how quantitative genetic models
could be reconciled with Mendelian genetics (Provine 1971).

Alongside such analytic models is the growing importance of computer
simulation. Simulation models allow the exploration of evolutionary sce-
narios that are analytically intractable, and increases in computer speed
allow analysis of complex, high-dimensional problems. Another type of
model that is central to evolutionary explanations is diagrams, including
simulations, of phylogenetic relationships (Kearney, chap. 7). Phylogenies
are often referred to as hypotheses, which is another way of saying that
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they are models. While relational models are not unique to evolution
within biology, they play a large role here because evolutionary theory is
often based on understanding patterns of descent. The development of
phylogenetic models has also greatly benefited from the growth of com-
putational power, which makes reliable phylogenetic hypotheses easier to
build and test.

Evolutionary biologists use models in several ways. First, models pro-
vide heuristics. Much of the theory that came out of the modern synthesis
was not directly connected to data because at that time it was not possible
to measure many model parameters. Yet those models were influential in
shaping conceptual understanding. For example, the way we think of evo-
lution as changes in gene frequencies was largely based on the models of
R. A. Fisher, Sewall Wright, and J. B. S. Haldane. As heuristics, models often
serve to place boundaries on the potentialities of the world. For example,
using a computer simulation model, Scheiner (2013a) explored the effects
of various amounts and patterns of temporal heterogeneity on the evolu-
tion of phenotypic plasticity (Scheiner, chap. 13). The parameter space ex-
plored likely exceeded any found in the empirical world, but by showing
general trends for when plasticity was favored and disfavored, the model
provides general guidance for expectations of real systems. Servedio et al.
(2014) refer to this use of mathematical models as providing proof-of-
concept tests of verbal models.

Second, models provide predictions in at least two contexts. First, they
can be used to solve a specific problem. For example, evolutionary mod-
els have been applied to fisheries management to show how setting mini-
mal size requirements for a catch can result in selection for smaller, faster-
developing adults (Kuparinen and Merild 2007). Or they have shown how
minimizing the use of antibiotics can minimize the evolution of drug resis-
tant pathogens (e.g., Atkins et al. 2013). The second context, more relevant
for this book, is in theory testing. The general principles of evolutionary
theory and the propositions of its constitutive theories must be grounded
in the empirical world, and models can link theory to data. Phylogenetic
models are often used in testing aspects of selection theory (Gharib and
Robinson-Rechavi 2013; however, see Maddison and FitzJohn 2015) or hy-
pothesized differences in rates of evolution for different traits or organ-
ismal lineages (G. J. Slater et al. 2012; Pyron and Burbrink 2013; Forber,
chap. 3). As noted above in our descriptions of the general principles, cen-
tral questions in evolution are often about the relative importance of dif-
ferent phenomena (e.g., positive selection versus genetic drift in shaping
evolutionary change). In such cases, we are not attempting falsification in
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the sense that philosophers of science mean (Popper 1959). Instead, we
are determining the likelihood that a specific process is important in a par-
ticular situation.

A third use for models is in providing parameters. For example, vari-
ous likelihood and Bayesian models of DNA sequence change are used in
building models of phylogeny, which, in turn, tell us about patterns of de-
scent among species, rates of change for different characters, rates of spe-
ciation, and evolutionary processes such as natural selection and genetic
drift. Models denoting patterns of relationship, increasingly accompanied
by estimates of time since divergence events, are valuable in estimating
rates of character evolution and speciation. The results of one set of models
can become the input for others that are used for theory testing, applied
predictions, and general heuristics.

Theory Growth

Evolutionary theory is growing as new datasets, methods, and ideas are
explored and integrated with existing theory (Smocovitis, chap. 2). Larger
and different datasets from more taxa can yield greater understanding of
the mechanisms influencing evolutionary change with a potential decrease
in reliance on statistical correlation alone. Questions can be addressed
now, at new levels of resolution, that could not be addressed ten years ago.
Multiple causation can be better discerned, and with the advent of more
knowledge about phenomena such as development, epigenetics, and mu-
tational variation, traditional population genetic and quantitative genetic
models can be made more mechanistic, with less reliance on gene-centric
and selection-centric explanations. Usually the integration of new knowl-
edge is relatively easy; however, occasionally it is disruptive of prevailing
views. These situations, if lasting, generate great interest in the growth of
evolutionary theory and can take many years or even decades to resolve
(e.g., Tax 1960a; Grene and Depew 2004; Smocovitis 2005; Rose and Oak-
ley 2007; M. A. Bell et al. 2010; Pigliucci and Miiller 2010b; P. Bateson 2014;
Futuyma 2015). For example, one of the oldest and most general debates
within evolutionary theory concerns the relative contributions of adapta-
tion via positive selection and chance events as explanations for observed
features and their variation among organisms (e.g.,, ENCODE Project Con-
sortium 2012; Doolittle 2013; Graur et al. 2013).

Efforts to expand, reconfigure, and move beyond the modern synthe-
sis have been going on for decades (e.g., Gould 1977; Endler 1986; West-
Eberhard 2003; Pigliucci and Miiller 2010b; Gilbert et al. 2012; Jablonka
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et al. 2014). In a recent review, Laland et al. (2015) make a case for an
expanded perspective on the workings of natural selection, in which organ-
isms are seen as significantly influencing their own evolution. One of the
ways this can happen is via developmental bias, in which some phenotypic
variants are more likely to arise in the course of development than others
(Arthur 2004; Davidson and Erwin 2006; G. P. Wagner and Draghi 2010).
Another way is through inclusive inheritance, which accommodates cul-
tural, epigenetic, physiological, and ecological inheritance (Cavalli-Sforza
and Feldman 1981; Danchin et al. 2011; Jablonka et al. 2014). A third is
habitat construction, in which organisms modify their environments, as
with nest, burrow, or dam building by vertebrates and nutrient cycling by
fungi and bacteria, as this provides a guiding influence on selection of their
own lineages (Lewontin 1983; Odling-Smee et al. 2003). All of these ef-
fects call for more complex, dynamic evolutionary models, and it is unclear
whether such models can fit within current theories of adaptation (e.g.,
Goodnight, chap. 10; Poisot, chap. 12; Orive, chap. 14) or whether new
theories are needed (Love, chap. 8).

Another area of recent growth within evolutionary theory is the study
and elucidation of reticulate evolution. Reticulate evolution denotes pat-
terns of inheritance of traits that are not acquired directly from parents.
Rather, they are acquired from different species or lineages. Reticulation in-
cludes horizontal or lateral gene transfer (LGT), hybridization among spe-
cies, and endosymbiosis in which an initial invasion or ingestion of one
individual by another leads over time to symbiosis and genetic integration
of two disparate lineages. As an indication of the importance of reticulate
evolution, over 80 percent of all bacterial and archaeal genes are estimated
to have been laterally transferred among distinct lineages at some time in
the past (Dagan et al. 2008), and endosymbioses are widely understood as
key events in the evolution of eukaryotic cells, mitochondria, and chloro-
plasts (Margulis 1991; Gontier 2015; Koonin 2015). Reticulation events
indicate coevolutionary processes, and there is increasing appreciation for
the importance and frequency of coevolution and symbioses over time.
This is particularly the case for the assembly and maintenance of diverse
communities of microbial organisms that colonize and sustain multicellu-
lar eukaryotes, including humans (e.g., Gilbert et al. 2012; Douglas 2014).
While models of pairwise coevolution are well established (J. N. Thomp-
son 2005), we currently lack models for the simultaneous coevolution of
many species that may have a complex set of positive and negative inter-
actions. It is worth noting that LGT, endosymbioses, cultural inheritance,
and aspects of immune system evolution and development (e.g., Koonin
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and Wolf 2009; Bhaya et al. 2011) entail inheritance of acquired character-
istics, demonstrating the potential for evolution to be significantly influ-
enced by inheritance beyond that of parental genes.

Recognizing that host-symbiont systems (holobionts) and their associ-
ated genomes (hologenomes) can be studied as integrated units (Margu-
lis 1991; Mindell 1992; E. Rosenberg and Zilber-Rosenberg 2013; Gilbert
2014) broadens our conception of what we recognize as individuals and
provides new avenues for investigating life’s evolution (Zilber-Rosenberg
and Rosenberg 2008; McFall-Ngai et al. 2013; Bordenstein and Theis
2015). The extent of coevolution and shared selection pressure, if any, for
holobionts and hologenomes remains to be determined (Moran and Sloan
2015). Theis et al. (2016) note that coevolution and selection on holobi-
onts and hologenomes need not be assumed and that multilevel selection
(Goodnight, chap. 10) accommodates selection across levels of symbionts,
hosts, holobionts, and hologenomes (Shapira 2016). Doolittle and Inkpen
(2018) even suggest that natural selection may act on the collective func-
tion of microbial communities. While divergence leading to speciation has
long been considered the primary force driving organismal diversification,
the relative importance of reticulation among lineages in driving diversifi-
cation is less well known.

Systematics, including both phylogenetics and taxonomy, has helped to
expand our understanding of many aspects of evolution in recent years.
This has been accomplished by applying phylogeny-based inferences about
genealogy, homology, lineage divergence dates, and divergence rates to
studies of evolutionary processes such as selection, speciation, and lateral
gene transfer (table 1.4). We mention systematics here as emblematic of

Table 1.4. Kinds of Phylogenetic Inference and Their Application to Understanding the
Process and Theory of Evolution

Kinds of phylogenetic inference Applications to evolutionary processes
Genealogy for lineages of organisms Understanding speciation, selection, constraint,
(including fossils) and genes convergence, parallelism, LGT, endosymbiosis,

hybridization, genome evolution

Relationships of homology for traits Understanding origins of evolutionary novelty,
adaptation

Absolute dates for nodes in phylogeny =~ Determining age and timing of diversification and
extinction for lineages and traits

Rates of lineage diversification Correlating diversification rates with events of earth
history and environmental and ecological change
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recent growth within the body of evolutionary theory for three reasons.
First, theory and models for phylogenetic analyses (Kearney, chap. 7) have
become increasingly sophisticated in distinguishing phylogenetic signal
from noise, as evident in current software packages (e.g., Drummond et al.
2012; Hohna et al. 2014; Stamatakis 2014; Maddison and Maddison 2015;
Darriba et al. 2018). Second, ongoing discovery of taxa and phylogenetic
analyses are substantively enhancing our understanding of the patterns of
life’s common descent, including reticulation. Third, incorporation of bet-
ter phylogenetic information leads to a better understanding of evolution-
ary process, where the latter is based on comparisons across more than two
lineages, as in studies of biogeography (Gillespie et al., chap. 16), specia-
tion (Edwards et al., chap. 15), and macroevolution (Jablonski, chap. 17).

Linkages and Feedback among Constitutive Theories

The constitutive theories presented in this book are linked in a variety of
ways. The theory of natural selection (Frank and Fox, chap. 9) is linked to
many of the other theories that also focus on selective processes. Theories
of multilevel selection (Goodnight, chap. 10), life history evolution (Fox
and Scheiner, chap. 11), the evolution of plasticity (Scheiner, chap. 13),
and the evolution of sex (Orive, chap. 14) each focus on a specific type
of trait, trait property, or population structure while still being primar-
ily about natural selection. Each of those theories could be considered a
subset of the theory of natural selection. However, recognizing each as a
separate constitutive theory allows more specific propositions to be articu-
lated while still acknowledging their linkages to the broader constitutive
theory through the inclusion of propositions about those linkages (e.g.,
table 13.1, proposition 4; table 12.1, proposition 1.3 ).

Random events as a topic are not traditionally considered in a single
theory. However, elements of chance are present in many or most constitu-
tive theories, in a manner similar to selection. Any theories invoking selec-
tion on variation in genotype and phenotype, such as theories of multi-
level selection (Goodnight, chap. 10), and life history evolution (Fox and
Scheiner, chap. 11), are linked to chance events involved in the origins and
distribution of that variation. Biotic and abiotic environmental changes in-
volved in theories of biogeography (Gillespie et al., chap. 16) and macro-
evolution (Jablonski, chap. 17) also include an element of chance, such
as which species colonize an island first or which lineage escapes a mass
extinction event. Constitutive theories considering processes of genetic
mutation and drift, which involve random events, fall within the theory
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of genetics (fig. 1.1). Constitutive theories considering development (Love,
chap. 8), which may also entail chance events in getting from genotype to
phenotype, fall within the theory of organisms and more specifically the
subtheory of multicellular organisms (Zamer and Scheiner 2014).

The constitutive theories also feed back upon and provide meaning to
the general theory. For example, the theory of the evolution of develop-
mental systems (Love, chap. 8) informs us about the ways in which organ-
ismal properties affect evolutionary processes (general principle 7). Specia-
tion theory (Edwards et al., chap. 15) provides definition to our concept
of independently evolving lineages (general principle 2). Biogeography
theory (Gillespie et al., chap. 16) and macroevolution theory (Jablonski,
chap. 17) expand our consideration of the types of events that cause evolu-
tionary change (general principle 6).
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Historicizing the Synthesis

Critical Insights and Pivotal Moments in the
Long History of Evolutionary Theory

VASSILIKI BETTY SMOCOVITIS

Elsewhere, I have examined how evolutionary theory as well as practice (a
distinction often blurred in the everyday language of evolutionary science)
worked together in a number of biological disciplines to lead to the emer-
gence of a new science and discipline of evolutionary biology (Smocovitis
1994, 1996, 1999). This new science was accompanied by standard disci-
plinary apparatus including an agreed-upon set of problems and a com-
munity infrastructure composed of professional societies and journals,
textbooks and courses of instruction, and rituals of celebration and com-
memoration. Here, I offer a brief narrative focusing on pivotal moments in
the long history of evolutionary biology, conveying a sense of its concep-
tual richness and its heterogeneity, as well as the many twists and turns in
what has become an increasingly complex narrative. I then close with some
critical remarks about the conceptual status of the field, recent attempts
to extend or expand its domains of inquiry, and the need for a more plu-
ralistic account, one that is properly interdisciplinary and integrative and
that takes into account not just a range of organismal systems and differ-
ing methodologies but also differing views of the history, philosophy, and
sociology of science.

From our present vantage point, this is a difficult task. We know a great
deal about the history of evolutionary science, but some of this literature
gives us a dissonant if not a contradictory series of perspectives. This chap-
ter draws on multiple historical sources. Several involve works by Ernst
Mayr, including The Growth of Biological Thought (1982) and the 1980 col-
lection (revised with a new introduction in 1998), co-edited with historian
William B. Provine, titled The Evolutionary Synthesis: Perspectives on the Uni-
fication of Biology. It comprised a disparate set of perspectives from a 1974
conference that showed the lack of agreement among scientists, historians,
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and philosophers about what constituted this event. Stephen J. Gould,
in The Structure of Evolutionary Theory (2002), attempted to find the same
points of agreement and had a hard time doing so. Other works that I have
drawn on include Peter J. Bowler’s Evolution: The History of an Idea (2009),
the work of philosophers like Jean Gayon (1998), but especially the work
of William B. Provine, including The Origins of Theoretical Population Genet-
ics (1971) and his biography of Sewall Wright (1986).

In short, a great deal of work has been done to explore the history of
evolutionary biology and its theoretical foundations; indeed, this is but a
sampler of the abundant work to date that gives us a more nuanced un-
derstanding of the twists and turns in the development of the field. What
have we actually learned from all this study, and what useful insights can
we glean? Where can we hope evolutionary biology will take us, especially
as calls for an extended or expanded synthesis of the field are being made?
Are such reforms or amendments even necessary, and are we in actual need
of some new “paradigm”?

Pivotal Moment I: The Long History of
Evolutionary Theory and Charles Darwin

First and foremost, we must recall that as an area of inquiry, the history
of evolutionary thought began well before 1959, the year of the “Darwin
Centennial” that celebrated the centenary of the publication of Darwin'’s
1859 On the Origin of Species and the 150th anniversary of Darwin’s birth
and that followed the establishment of the new or “modern” synthesis of
evolution between Mendelian genetics and Darwinian selection theory.
That history includes hundreds, if not thousands, of workers contributing
some small brick of knowledge to the growing edifice of understanding
or to the rapidly changing design plan (a kind of intellectual Bauplan) of
what became a complex science only in the middle decades of the twen-
tieth century. This fact needs underscoring and makes for an important
starting point for anyone seeking historical perspectives, but especially for
all of us engaged in outreach or the teaching of evolution, because it is the
first line of defense against evolution’s many critics. The idea of evolution
did not emerge like an intact unit particle from the brain of a proverbial
Zeus or a scientific genius working in isolation, in this case Charles Dar-
win, as is sometimes thought or as is depicted in some biology textbooks.
Instead, evolutionary thinking grew out of concerns with the problem of
change, and especially organic change, beginning in antiquity and con-
tinuing through the Middle Ages and the early modern period, making an
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appearance in thinkers such as the misunderstood Charles Bonnet and his
“great chain of being” and in the brilliant but oftentimes confused ram-
blings of naturalists like the comte de Buffon (1749, 1753). It is of course
recognizable, though frequently depicted as wrong, in the writing of Jean-
Baptiste Lamarck (1809), who remains one of the most underappreciated
and least understood individuals in the history of science, but whose ad-
aptationist and transformationist thinking undergirded early nineteenth-
century views of organic change. Lamarck was but one of a score of indi-
viduals who held transformationist or transmutationist beliefs, meaning
that he upheld a view of organic change, in contrast to a belief in the fixity
of species. He was joined by others who wrote enormously popular works
of natural history, including the sensational but much reviled anonymous
author of the 1844 Vestiges of the Natural History of Creation, Robert Cham-
bers, who along with a number of other individuals flirted with transfor-
mationism (Secord 2000). Still others not only engaged transmutation
but also came up with precursor-like views of natural selection before
Charles Darwin.

Darwin’s own celebrated theory, which he called “descent with modifi-
cation” primarily, though not solely, by means of natural selection, did not
therefore emerge in a vacuum, nor did it suddenly spring up in an “aha”
moment while its author was observing the finches of the Galapagos dur-
ing his celebrated voyage on HMS Beagle (Sulloway 1982). Recent scholar-
ship has given us a more nuanced and complex portrait of how Darwin'’s
theoretical understanding of descent with modification was formulated,
not only from his keen insights, but also as a result of serious engagement
with the work of others including geologists and naturalists like Charles
Lyell and Edward Grant, along with scores of naturalists he corresponded
with all over the world, like Fritz Miiller who worked on a staggering di-
versity of living forms and geographic contexts (Browne 1995, 2002; D. A.
West 2016). It was with good reason, therefore, that it took over twenty
years from its first rough incarnation to its published expression in the fa-
mous account of his theory in 1859. It took that long for him to sharpen
his thinking, earn his credentials (hence his studies on the systematics of
barnacles), and garner support as well as evidence to buttress a theory he
rightly suspected would be controversial (watching the critical reception
of Vestiges had made Darwin squirm). As is evident in the second half of
his magnum opus, he also spent a considerable amount of time anticipat-
ing criticism and responding to it in an effective manner. Had Darwin not
been nudged by the appearance of the younger Alfred Russel Wallace, an
intrepid traveler and gifted naturalist, who independently formulated a
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view of species change resembling that of Darwin, he probably would not
have published On the Origin of Species, which was intended to be merely
an “abstract” of 490 pages of what he was ambitiously planning to be a
multivolume work.

Some scholars rightly refer to the Darwin-Wallace theory of evolution,
which is inclusive of Wallace’s many contributions to evolutionary theory,
especially his writings on island biogeography that are now informing con-
temporary understanding of conservation biology (Quammen 1996; Fich-
man 2004; Slotten 2004). “Evolution” as a term for the general theory of
descent with modification was not used by either individual initially but
gained currency shortly after the publication of Darwin’s work in 1859,
thanks to usage by Darwin’s contemporaries like the social evolutionist
Herbert Spencer and Darwin’s notorious “bulldog,” Thomas Henry Huxley.
Only at the very end of On the Origin did the word evolve appear; until then
the term evolution, which meant “unfolding” or “unrolling,” was mostly
associated with embryology or astronomy. Largely as a result of his keen
insights, his many examples, and his rhetorical flourish in crafting On the
Origin of Species, Darwin is now regarded as the giant of modern evolu-
tionary theory, his name virtually synonymous with evolution by means of
natural selection.

Darwin’s many studies after 1859 were not, however, the whimsical
forays of a Victorian naturalist reluctant to leave his backyard; they were
designed to lend additional support for his theory. His work on orchids,
for example, not only capitalized on the availability of the plants in an era
obsessed with them but was also designed to examine the adaptive func-
tions of the many parts or “contrivances” in a group known for its stun-
ning morphological diversity (Edens-Meier and Bernhardt 2014; Ender-
sby 2016). His attempt to apply his theory to humans and human social
evolution in his 1871 Descent of Man was also a prolonged discussion of
sexual selection, a kind of amendment to natural selection. (Darwin had
only one cryptic reference to what his theory meant for humans in 1859.)
And knowing that his theory of descent with modification rested on the
shaky foundations of a theory of heredity he did not clearly understand,
Darwin also embarked on an examination of the study of variation and
its origins in his 1868 The Variation of Animals and Plants under Domestica-
tion. It resulted in his celebrated “provisional hypothesis of pangenesis,” a
theory of heredity that, while appropriate to his thinking, turned out to be
dead wrong.

Darwin did not, therefore, have a viable theory of heredity, one that
included a particulate form of inheritance as opposed to a blending. That
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remained one of a number of holes in his theory that fanned the fires of
criticism from scientists. Nor did he have adequate direct support for natu-
ral selection; his examples in On the Origin of Species, for example, were ei-
ther indirect or “imaginary” in nature. Thus, though Darwin—and others—
convinced the scientific world that species change took place in some kind
of orderly mechanistic fashion, they lacked a deep knowledge of the pre-
cise means by which that took place. By the end of the nineteenth century,
a number of amendments, interpretive spins, and alternative theories had
been proposed. So many of these extended, appropriated, reinterpreted,
or distorted Darwin'’s views, especially as they applied to humans and to
human social evolution, inventing entire areas of science and pseudosci-
ence such as eugenics or racial theories of anthropology, that scholars have
justly drawn the distinction between Darwin, Darwinism, and Darwinis-
ticism in order to capture the permutations and distortion at the hands
of scientists, philosophers, and theologians, as well as social and political
theorists (Peckham 1959).

Pivotal Moment II: The “Eclipse of Darwin” and
the “Modern Synthesis of Evolution”

The turn of the twentieth century was thus a historical moment charac-
terized by widespread confusion, if not outright dissent, concerning evo-
lution. It saw a proliferation of theories that accounted for evolution,
including some that appeared to be non-Darwinian, or at times even anti-
Darwinian; it was for this reason that Julian Huxley in 1942 designated
this interval of time as the “eclipse” of Darwin (Bowler 1983). Such was
the case with mutation theory (or Mutationstheorie) associated with the
Dutch botanist Hugo de Vries (1903), which argued for rapid or salta-
tionist species change due to mutation pressure, giving selection merely
an eliminative instead of a creative role. This was in contrast to Darwin’s
postulated slower, gradual process of species change through natural selec-
tion of small, individual differences. Ironically, de Vries was also one of the
three co-discoverers of Mendel's theory of heredity in 1900, along with Eric
von Tschermak and Carl Correns, so that Mendelism, which supplied the
particulate theory of heredity needed by classical Darwinian evolution, was
instead seen to bolster the rival de Vriesian mutation theory. Equally im-
portant was the fact that mutation theory, and what came to be known as
Mendelian genetics (W. Bateson 1902), was largely experimental in meth-
odology, while Darwinism was seen as mostly descriptive and came to be
associated with statistics and the school of biometricians (Provine 1971),
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who for methodological, intellectual, and personal reasons were at odds
with Mendelians like William Bateson. Thus ensued the celebrated con-
troversy between the Mendelians and the biometricians, one of the most
counterproductive episodes in the history of science (Provine 1971).

Not until a number of the protagonists in the debate were dead, and not
until natural selection, genetic drift, and mutation were seen as evolution-
ary variables by mathematicians who formulated what came to be called
the “Hardy-Weinberg equilibrium principle” that determined the condi-
tions under which there would be no evolutionary change, did a synthesis
between Darwinian selection theory and Mendelian genetics begin to take
place (Provine 1971). The work of mathematical population geneticists
R. A. Fisher, Sewall Wright, and J. B. S. Haldane, in concert with the work
of field-oriented naturalists-systematists such as E. B. Ford and Theodosius
Dobzhansky, who were keen to understand the interplay of theory and prac-
tice in evolution, laid the foundations of what came to be called the syn-
thetic theory of evolution or sometimes “neo-Darwinism.” (The latter term
is more appropriately reserved for late nineteenth-century theorizing by in-
dividuals such as George Romanes who meant it to mean Darwin without
his Lamarckian leanings [Provine 1971].) Though there remained some dif-
ferences of opinion about the relative importance of those variables within
varied population structures, all agreed that Darwinian natural selection was
the primary mechanism of evolution and that alternatives or rivals (such
as Mutationstheorie, orthogenesis/aristogenesis or directed evolution, and
neo-Lamarckism) were diminished if not eliminated outright; indeed, they
became “alternative” once natural selection was established as the primary
mechanism of evolution. This is why Provine (1988) justly referred to the
“evolutionary constriction” that took place at this time when he attempted
to find the precise core elements that defined the historical event.

Although historians and scientists have tended to favor the contribu-
tions of one or more individuals (especially depending on their field of
interest), most agree that Theodosius Dobzhansky, a Ukrainian-born émi-
gré to the United States, did the most to establish the modern synthesis of
evolution, especially as embodied in his important book Genetics and the
Origin of Species (1937b; Provine 1981, 1986). Associated with the presti-
gious Jesup Lectures at Columbia University, the book drew on a number
of experimental studies Dobzhansky had conducted in natural popula-
tions of Drosophila pseudoobscura that had been informed by his celebrated
collaboration with mathematical population geneticist Sewall Wright. He
was predisposed to such collaborative ventures by his training in Russia,
where he had been influenced by Russian naturalists-systematists who, fol-
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lowing figures like Sergei Chetverikov, sought to assimilate insights from
genetics into a populational approach to evolution (Adams 1968, 1980,
1990). Immigrating to the United States in 1927, Dobzhansky brought
with him what was to remain of the legacy of those ecumenical approaches
to genetics and evolution that were common in Russia but that were tragi-
cally eliminated under Stalin and Lysenko. That ecumenical, integrative vi-
sion was responsible for his synthesis of evolution in his 1937 book. As its
title suggested, the book was meant to redress the absence of a theory of
heredity in Darwin'’s original work and to explore the genetic basis of evo-
lutionary change. It also opened inquiry into the mechanisms of speciation
as well as species definitions left unresolved in Darwin’s formulations of
1859 (Nathan and Cracraft, chap. 6; Edwards et al., chap. 15). Besides link-
ing the new understanding of genetics with Darwinian selection theory, the
book demonstrated how the mathematical theories of Fisher, Haldane, but
especially Sewall Wright, Dobzhansky’s long-standing collaborator, could
be put to use in the field. As such, it was a foundational work in the new
area of evolutionary genetics and is generally regarded as the single most
influential book of twentieth-century evolution, functioning as a kind of
textbook for a generation of workers (Provine 1986; Levine 1995).

Pivotal Moment III: The Convergence of Evolutionary
Disciplines and the Emergence of Evolutionary Biology

The publication of Genetics and the Origin of Species in 1937 is thus re-
garded as one of the pivotal moments in the history of evolution, in part
because of its synthesis between genetics and evolution and its functioning
as a kind of bridge or “trading zone” (Galison 1997) between theory and
practice, but also because it served as a kind of catalyst for the publication
of a number of other books, associated with the Jesup Lectures at Colum-
bia University, that brought a number of related disciplines to consensus,
or at least appeared to bring a number of disciplines to conversation with
each other (Mayr and Provine 1980). These other books included Ernst
Mayr’s (1942) Systematics and the Origin of Species, which brought system-
atics into the synthesis and set forth the modern-day biological species
concept; George Gaylord Simpson's (1944) Tempo and Mode in Evolution,
which brought the paleontological record, long thought to be problem-
atic, in line with Darwinian evolution, and G. Ledyard Stebbins’s (1950)
Variation and Evolution in Plants, which offered a comprehensive synthesis
of plant genetics, evolution, and the plant fossil record that was especially
consistent with Dobzhansky’s view of evolution.
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These books were also broadly synthetic in themselves and drew heav-
ily on a disparate body of literature that included original insights by ad-
ditional figures who have too often been overlooked. These include the
“Carnegie team” of Jens Clausen, David Keck, and William Hiesey (Clau-
sen et al. 1940, 1948; Clausen and Hiesey 1958), who provided crucial ex-
perimental insights into distinguishing phenotype from genotype, thereby
illuminating the origin and maintenance of variation, elucidating the ac-
tion of natural selection, and dealing a body blow to neo-Lamarckism, es-
pecially in the plant world (Sandage et al. 2004). Also important was E. B.
Babcock, the Berkeley-based plant geneticist who produced the first com-
prehensive phylogenetic treatment of any group, namely, the genus Crepis,
which integrated methods and insights from genetics, cytology, systemat-
ics, biogeography, and fossil history (Smocovitis 2009). Yet another over-
looked figure was Bernhard Rensch, the German systematist whose 1947
book Neuere Probleme der Abstammungslehre was translated into English
only after the period of synthesis but whose insights into the pattern and
process of speciation nonetheless were formative, shaping the thinking of
systematists like Mayr, and whose conclusions on macroevolution paral-
leled those of Simpson to a remarkable degree (Rensch 1947; Mayr and
Provine 1980).

But the most underappreciated if not misunderstood figure was perhaps
Julian Huxley (Smocovitis 1996). His efforts at synthesis began with a num-
ber of organizational activities, especially in Britain, spearheading what
came to be called the new systematics, which used genetics, ecology, and
experimentation to solve taxonomic problems (Huxley 1940). His edited
collection, and other such efforts to reform systematics so that it reflected
evolutionary processes, began to focus on the patterns and process of spe-
ciation and helped to establish the biological species concept as articulated
by Dobzhansky, Mayr, and others. His other notable contribution was his
ambitious 1942 book Evolution: The Modern Synthesis. More than any other,
this work heralded the new synthesis of Mendelian genetics and Darwinian
selection theory and celebrated the emergence of a new unifying discipline
of evolutionary biology within a political context that enabled a secular,
progressivist, and liberal worldview (Huxley 1942). Though it drew some
criticism from his peers who thought the work too general in nature as well
as lacking in coherence, it was nonetheless widely read and very influential
in intellectual circles at the time; it also gave the name “modern synthesis”
to the new understanding of Darwinian selection theory that incorporated
Mendelian genetics and attempted to understand the origins of biological
diversity (Smocovitis 1996).

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Vassiliki Betty Smocovitis / 33

Though most of the key participants—later called “architects”—of the
historical event known as the “evolutionary synthesis” were active in the
United States or, like Huxley, Fisher, and Haldane, in Great Britain, they
belonged to an international community as a whole (Mayr and Provine
1980). Some, like Dobzhansky, had bridged Russian and American per-
spectives, while others like Ernst Mayr, a German immigrant to the United
States, brought with them insights from continental workers and gave the
evolutionary synthesis an international perspective. Being world travelers,
furthermore, many of the architects of the synthesis rapidly disseminated
the view that a consensus had emerged. Theodosius Dobzhansky, for ex-
ample, took his path-breaking insights and methodologies to Latin Amer-
ica, and especially Brazil, creating entire centers of evolutionary genetics
with many students, research associates, and visitors (Glass 1980; Levine
1995; Aratjo 2004), while Sewall Wright collaborated with Brazilian ge-
neticist Warwick Estevam Kerr (Kerr and Wright 1954b, 1954a; Wright and
Kerr 1954).

The growing consensus on common problems of evolution also fueled
a number of organizational activities, starting as early as the mid-1930s
when an informal group of workers in the San Francisco Bay area founded
a group initially called the Linnaean Club to discuss the new insights
coming from genetics and ecology and how they could inform systemat-
ics. Echoing Huxley’s call for a new systematics that integrated approaches
from genetics with systematics, they renamed themselves shortly thereafter
the Biosystematists, a group that included every major student of evolu-
tion on the West Coast, among them Dobzhansky, whose field sites were
in Mather, California, and who was a frequent visitor. In 1939 at a meet-
ing of the American Association for the Advancement of Science, a wider
community of workers came together to discuss new evolutionary perspec-
tives in systematics; they called their organization the Society for the Study
of Speciation. Soon after, in 1943, the National Research Council-backed
Committee on Common Problems of Genetics and Paleontology formed
in the Northeast, later changing its name to the Committee on Common
Problems of Genetics, Paleontology, and Systematics at the request of Ernst
Mayr, who was then at the American Museum of Natural History. During
the war years when meetings and communication were especially challeng-
ing, members circulated mimeographed bulletins that included substantive
queries and discussion on the special problems of evolution. Appropriately
enough, the very last bulletin included formal notice from G. G. Simpson,
newly returned from war service, that a field common to the disciplines of
genetics, paleontology, and systematics had come into existence and was
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“beginning to be clearly defined” (G. G. Simpson 1944a). In 1946, shortly
after the war, members of these groups came together in St. Louis, Missouri,
to found the first formal scientific society for the study of evolutionary bi-
ology, the Society for the Study of Evolution, which sponsored the first in-
ternational publication venue, the journal Evolution (Smocovitis 1994).

As expected, many of the same authors and architects of the synthesis
also served as organizers and leaders of the new organization. Ernst Mayr,
for example, was instrumental in laying down the initial infrastructure
of the society and journal, serving as its first editor, while G. G. Simpson
served as the first president. Most of the membership were aware that a
new synthetic field had emerged at some point during the war years, but
it was not until 1947, on the occasion of Princeton University’s bicenten-
nial, that it was officially recognized by an international assemblage of
evolutionists who began to explicitly reidentify themselves as evolution-
ary biologists. The proceedings of that meeting, edited by Glenn L. Jepsen,
G. G. Simpson, and Ernst Mayr, and titled Genetics, Paleontology and Evolu-
tion, made explicit reference to the new synthetic field of evolution (Jep-
son et al. 1949). In one well-known essay by geneticist Hermann J. Muller
(1942), for example, reference was made to the “convergence of evolution-
ary disciplines.” Drawing an analogy with an evolutionary convergence
of types, Muller noted that there had been a convergence of evolutionary
types between paleontologists and geneticists to form a synthetic type of
evolutionist. Most important, what had made this possible was a “com-
mon ground of theory” that served to unite formerly disparate areas. Ac-
cording to Muller (1949), consensus—agreement—had been reached on
these basic tenets:

1. Natural selection was the primary mechanism of evolutionary change.

2. It operated on the level of small, individual differences, making evolution a
slow, gradual process.

3. The same processes that operated at lower levels (for example beneath the
species) also accounted for higher-order phenomena; in other words, there

was a continuum between microevolution and macroevolution.

Echoing Julian Huxley’s 1942 insights, the new discipline of evolutionary
biology indicated not only that a more unified science of evolution had
emerged but that it served as the unifying principle of the whole of biology
(hence the name “evolutionary biology”).

Muller’s brief paper is important for understanding the theoretical
foundations of the modern synthesis. It is one of the few such brief and
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clear declarations of the core elements of what would eventually be known
as “the synthetic theory of evolution,” associated with the new synthetic
type of evolutionist. These core elements were hardly new, revolution-
ary, or conceptually profound, however. Indeed, taking a broad historical
view, what was notable in this “newer” synthetic theory was the absence of
the alternative theories that were popular at the beginning of the twenti-
eth century, once again supporting the view that the synthetic theory that
emerged by the middle decades involved not so much building on any
one strikingly new development as slowly reworking and eliminating ri-
val or alternative theories. Provine’s “evolutionary constriction” therefore
confirms Muller’s characterization of 1949, and little argument could be
made for the establishment of any new, bold paradigm (Provine 1988).
In many respects it was a genetically informed selectionist theory closely
resembling Darwin's as originally stated in 1859. What was notable in the
late 1940s, however, was the spirit of consensus and agreement that now
existed, especially centering on the efficacy of natural selection as a primary
mechanism of evolution, and a growing community of practitioners who
redefined themselves as evolutionary biologists and who began to function
as the unifiers of biology.

That agreement over the synthetic theory that emerged was not an end
in itself, however. Only a few years later, developmental biologist Conrad
Waddington pointed out the need to continue the process of synthesis so
as to include embryology and the insights of embryologically inclined evo-
lutionists such as Richard Goldschmidt (1940) and Ivan Schmalhausen
(1949), who continued to pose big questions not answered in part because
of the overwhelming dominance given to population genetics (Wadding-
ton 1953b). Echoing Waddington, J. B. S. Haldane (1953), himself one of
the mathematical population geneticists, noted that the synthesis was but a
kind of stage, a developmental “instar” in the path toward the maturation
of the theory.

Pivotal Moment IV: The Watershed of
the Darwin Centennial of 1959

Thus, the end of the war saw a number of developments leading to a new
scientific discipline of research that culminated with the Princeton meet-
ings of 1947. It was surely one of the pivotal moments in the long history
of evolutionary thought, and though it may not necessarily have resulted
in any revolutionary new insights, or integrated the whole of biology, the
argument could be made that it was part of a unifying process that was
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bringing more and more disciplines into consensus with genetics, system-
atics, paleontology, and the botanical sciences.

That unifying process could be seen most explicitly in 1959 on the oc-
casion of the hundredth anniversary of the publication of Darwin’s mag-
num opus and the 150th anniversary of his birth. Until then a number of
developments had been taking place within evolutionary studies to resolve
other long-standing concerns, one of the most obvious being the integra-
tion of anthropology with evolutionary studies. Human evolution was
barely included in Darwin’s 1859 account, and though social evolution
appeared in his 1871 Descent of Man, and though human evolution and
especially human social evolution were of interest to some like R. A. Fisher,
who were attempting extensions of the synthetic theory to humans in sup-
port of eugenics (Smocovitis 2012), it did not figure prominently until the
period of the synthesis.

It fell to Dobzhansky to integrate human evolution into the newly
emerging consensus. Drawing on the notion of the gene pool (a concept
derived from his Russian mentors) as a replacement for race or racial type,
Dobzhansky (1941) moved the study of humans away from the racial
theories of anthropology that had dominated the study of human evolu-
tion toward a populational or genic view. It was a view of humanity (and
species) that diminished, if not entirely eliminated, the crude essentialism
that characterized the union of biology and anthropology, a view that had
been actively opposed by Franz Boaz and his influential school of cultural
anthropology, especially in the United States. Beginning in the early 1940s,
a process of integration took place between biology and anthropology,
thanks to the efforts of Dobzhansky working in collaboration with an-
thropologists like Sherwood Washburn and Ashley Montagu (Dobzhansky
and Montagu 1947). What emerged by the next decade was a new kind of
biological anthropology, a kind of revamped physical anthropology, that
enabled the incorporation of evolutionary insights into human evolution
without reinforcing a rigid biological concept of race (Washburn 1951;
Haraway 1988; Armelagos 2008; Marks 2008; Smocovitis 2012).

By the 1959 Darwin centennial, a broad range of biologists and an-
thropologists were therefore drawn to evolutionary study. After the bio-
chemical basis for the origins of life was established by the experiments of
Stanley Miller and Harold Urey (1959), and after James Watson, Francis
Crick, Rosalind Franklin, and Maurice Wilkins articulated the structure of
the DNA molecule in the same year, an even larger number of people were
also drawn. This was evident at the many formal events dedicated to evolu-
tion during the Darwin centennial. At the Cold Spring Harbor Symposium
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for the Darwin centennial, for example, some two hundred biologists,
anthropologists, and physical scientists were in attendance. Organized by
geneticist Milislav Demerec, the symposium took as its theme “Genetics
and Darwinism in the Twentieth Century.” It was clearly slanted toward
geneticists but also included systematists, paleontologists, and anthropol-
ogists keen on biology like Ashley Montagu and the more controversial
Carlton S. Coon, who persisted in his support of racial theories, though he
was increasingly losing ground (Demerec 1960).

The emphasis at that event was mostly on genetics and the contribu-
tions of geneticists and mathematical theorists such as Fisher, Haldane, and
especially Sewall Wright. This focus was not left unnoticed by Ernst Mayr,
who challenged the growing historical narrative that was placing popu-
lation genetics and theoretical developments at the core of evolutionary
study in a paper titled “Where Are We?” (Mayr 1959). After giving a good
share of the credit to genetics, he then took the opportunity of pointing
out its limitations, describing the approach of mathematical population
geneticists as mere bean-bag genetics for its lack of consideration of inter-
active gene effects and for ignoring the organism and its natural environ-
ment. Beyond the fact that this became a notorious critique of population
genetics, it also led to a heated series of exchanges especially with Haldane,
who took umbrage at Mayr’s oversimplification and mischaracterization of
the work (Haldane 1964; Dronamraju 2011; Rao and Nanjundiah 2011).

An even larger event took place at the University of Chicago at the end
of the year to coincide with the date that Darwin’s book was actually pub-
lished. Thanksgiving Day brought a special note of thanks for Darwin from
the community of evolutionists assembled there. Organized by Sol Tax
(Tax 1960a, 1960b; Tax and Callender 1960; Smocovitis 1999), the five-
day event was designed both to bring all of the scientific disciplines to-
gether in a spirit of unity made possible by the modern synthesis of evolu-
tion, and also to enable the process of unification to continue, especially
bringing anthropology into the fold of evolutionary biology. It also served
to open discussion on the evolution of mind, culture, and the physical
world. The highlight of the formal events was five panels that featured the
distinguished representatives offering summaries of their areas as a way of
looking forward. In all five panels—“The Origin of Life,” which brought
chemistry, astronomy, and physics into the fold, “The Evolution of Life,”
“Man as an Organism,” “The Evolution of Mind,” and “Social and Cultural
Evolution”—the centrality of evolution by means of natural selection was
established. Indeed, what began to emerge from the very organization of
the panels was a kind of unified, evolutionary cosmology—a modern pro-
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gressive and secular worldview, locating the “human’s place in nature” and
dominated by a view of evolution.

For the most part consensus dominated the discussions, though few
new insights were gleaned. Some critics, however, viewed the agreement
among the many panel members and some of the celebrants as an un-
healthy sign of a new growing orthodoxy (Goudge 1961; Smocovitis 1999).
Many years later, while launching the critique of the adaptationist program,
Stephen J. Gould highlighted the 1959 Darwin Centennial as the histori-
cal moment that saw the hardening of the synthesis around a selectionist
core (Gould 1980, 1983; Tattersall 2000). But while consensus may have
appeared to exist 1959, not all the areas represented in the panels were
fully integrated. Disciplines like anthropology were only starting to be in-
tegrated into the synthetic theory (Smocovitis 1999; Tattersall 2000; De-
lisle 2007; Smocovitis 2012), as was embryology or developmental biology
(Waddington 1953b; Amundson 2005). Individuals like George Ledyard
Stebbins were moving into areas of developmental genetics, though this
work was entirely new (Crawford and Smocovitis 2004). Even parts of pa-
leontology remained unassimilated as shown by Everett Olson’s dissent in
the panels (Olson 1960).

Whatever the criticism or the deficits that remained, however, the Darwin
Centennial revealed the extent to which the consensus that had emerged in
the late 1940s continued well into the late 1950s. It served to draw together
a staggering assortment of workers who agreed, for the most part, that evo-
lution served as a unifying or organizing principle for the biological sci-
ences, within an increasingly unified view of knowledge. Certainly, within
the long history of evolutionary thought, the centennial represented a kind
of watershed demarcating the long struggle to establish Darwin’s theory of
evolution by means of natural selection, as well as determining what the
core disciplines informing the subject would be; but perhaps equally im-
portant the centennial celebrations with the many papers and conferences
that ensued also revealed what remained to be integrated.

Pivotal Moment V: Biology in the Post-Sputnik
Period and Challenges to the Synthetic Theory

Yet another measure of success of the evolutionary synthesis was the num-
ber of new members recruited to the study of evolution. Membership in
the Society for the Study of Evolution spiked immediately after the Darwin
centennial of 1959 and, despite a backlash from creationist movements
galvanized by the lavish attention heaped on Darwin, continued to grow
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in the 1960s (Smocovitis 1994, 1999). Indeed, the study of evolution was
officially made part of the US high school curriculum following efforts by
some of the same architects to make it the core subject of a unified biol-
ogy curriculum that became the Biological Sciences and Curriculum Study
(Auffenberg 1959; Mayer 1986; Smocovitis 1996; Rudolph 2002). The cur-
riculum gave rise to a series of popular—and very influential—textbooks of
biology that drew on the expertise of some of the architects of the evolu-
tionary synthesis.

The reorganization and fueling of federal research following the cold
war, and the successful launching of Sputnik, the Soviet satellite, had en-
ergizing effects on the biological sciences as a whole. But by the late 1950s
and early 1960s, a number of new sciences began to emerge and become
institutionalized. They provided new opportunities, especially in method-
ologies and philosophies of science, but they also began to pose new chal-
lenges, especially to evolutionary biology.

The turn to molecular biology, especially in the late 1950s and early
1960s, for example, caused an initial tumult in the community of archi-
tects who were building and promoting evolutionary biology (Smocovi-
tis 1996). Beyond the fact that it led to a kind of crude reductionism to
physics and chemistry that threatened the very autonomy of biology, and
to the celebrated “molecular wars” at places like Harvard (E. O. Wilson
1996), it also challenged some of the very foundations of the modern syn-
thetic theory. Data from the new technique of polyacrilamide gel electro-
phoresis revealed that much more genetic variation existed in populations
than had been thought (Hubby and Lewontin 1966; Lewontin and Hubby
1966; Lewontin 1974) or than could be accounted for by current theo-
ries. Subsequent work with protein sequence data suggested that a kind
of molecular clock was operating in evolution since proteins were shown
to evolve in a process roughly linear to the time of divergence between
species (Zuckerkandl and Pauling 1965). The turmoil all came to a head
in the late 1960s when Japanese geneticist Motoo Kimura noted that the
observed rate of protein sequence evolution was much higher than selec-
tive deaths, casting doubt on the primacy of natural selection as a driver
of evolutionary change (Kimura 1968); shortly thereafter, Jack L. King and
Thomas Jukes (1969) declared the existence of a “non-Darwinian evolu-
tion.” By 1983, Kimura (1983) had articulated the “neutral theory of evo-
lution,” arguing that the vast majority of variation seen at the molecular
level in natural populations is the result of mutation and random genetic
drift, while selection acted in a negative or eliminative capacity. In his book
of 1983, The Neutral Theory of Molecular Evolution, Kimura even went so
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far as to claim that the synthetic theory had become so well entrenched
or overdeveloped as to represent the orthodox view (Kimura 1983, espe-
cially chap. 2). Kimura additionally charged that advocates of the synthetic
theory had been so critical of his views on molecular evolution that they
had actually held back understanding of evolution at the molecular level.
Debates between Kimura supporters, or neutralists, and those who favor a
more positive and creative role for selection, especially at the phenotypic
level of evolution, continue to the present with little resolution.

A far more heated debate that drew the attention of the public began
in the 1970s with the appearance of two articles that introduced the the-
ory of punctuated equilibrium (Eldredge and Gould 1972; Gould and El-
dredge 1977). This involved a revision of the standard view of the rates of
evolution (as especially established by G. G. Simpson) as being slow and
gradual. Examining the fossil record, proponents of this theory instead saw
long periods of stasis over geological time, punctuated by periods of rapid
phenotypic evolution. The publication of these two papers led to a series of
debates about the precise mechanisms of evolution that were responsible
for such a pattern. In 1980, for example, Stephen Jay Gould suggested that
such change might involve radical reorganization at the genic level, but this
was rapidly countered with the view that stabilizing selection could also
account for long periods of stasis (B. Charlesworth et al. 1982). Gould and
others, however, continued to call for a new emphasis on such genic altera-
tions and for exploration of the role played by developmental constraints.
With a group of “young Turks” in paleobiology (a new area of research),
furthermore, Gould and others continued to challenge the synthetic theory
by calling for a decoupling of macro- from microevolution, postulating dif-
ferent mechanisms responsible at different levels of evolution (Smocovitis
1996; D. Sepkoski and Ruse 2009; D. Sepkoski 2012; Jablonski, chap. 17).
Along with the critique of the adaptationist program, which he launched
with R. C. Lewontin to confront selectionist rhetoric and its application in
biology (Gould and Lewontin 1979), Gould was instrumental in launch-
ing a series of challenges to the synthetic theory, many of which garnered
both negative and positive attention in the national press (Gould 2002).
The extent to which this challenge altered the synthetic theory remains un-
clear and largely dependent on disciplinary background.

Other challenges, amendments, or revisions that precipitated debates,
controversies, or prolonged discussions at the time included the applica-
tion of nonequilibrium thermodynamics and information theory (Wiley
and Brooks 1982, 1986) and Willi Hennig's systematic manifesto and its
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application (Hull 1988; Kearney, chap. 7). Even discussions of Lamarck-
ism were revived under the guise of somatic selection (Steele 1981). Add-
ing more fuel to the fires were debates over group selection, sociobiology,
and selfish genes, which started in the late 1970s and peaked in the 1980s
(E. O. Wilson 1975; Dawkins 1976; Goodnight, chap. 10). By the 1990s,
long-standing concerns over developmental biology in animals, which
had largely not been part of the formulation of the synthetic theory of the
1940s as Waddington had noted, began to take center stage. Concerns cen-
tering on deep homology, the recognition that distantly related organisms
may share a kind of toolkit for developmental genes (McInerney, chap. 5),
have proven especially challenging, but for the most part one may now
commonly speak of “evo-devo” and even “eco-evo-devo,” terms for fields
that integrate these insights from developmental genetics and even ecology
into the synthetic theory of evolution (Sultan 2007; Futuyma 2013; Gilbert
2013; Love, chap. 8).

Such optimism toward the integration of development with what the
proponents term the standard evolutionary theory is not shared by all re-
searchers, however. Building on what those proponents perceive as new
ideas, new phenomena being studied, and new fields of inquiry that in-
clude niche construction and ecology (Poisot, chap. 12), epigenetic in-
heritance, genomics and network theory, plasticity and accommodation
(Scheiner, chap. 13), modularity and evolvability, among other things,
calls continue to be made for an “overhaul” or an extension of the synthe-
sis (Miller 2007; Pigliucci 2009; Pigliucci and Miiller 2010b; Laland et al.
2015), or even an expansion of the synthesis that may both widen and
thicken the domains of inquiry (Kutschera and Niklas 2004; S. B. Carroll
2008). The extent to which some of these arguments trace their point of
origin to, or mirror arguments made by, Stephen J. Gould and others in the
early 1980s, or point to the restrictive or even hegemonic use of the notion
of a standard theory and its exclusion of areas such as development, is cur-
rently the topic of active debate. Such challenges to the synthetic theory are
once more receiving a great deal of attention, mirroring similar discussions
in the 1980s (see Zimmer 2016 for one popular account of the recent de-
bate). Other researchers strongly maintain that population genetics must
remain the core area of interest in evolutionary biology (M. Lynch 2007),
or that the synthesis itself is an evolving theory that has been and contin-
ues to be sufficiently accommodating to these newer insights, phenomena,
or areas of research (Wray et al. 2014; Futuyma 2017; Gupta et al. 2017;
Svensson 2018).
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Historicizing the Synthesis: Analysis and Closing Thoughts

In this chapter, I have tried to capture the richer, more nuanced, more dis-
sonant twists and turns in the history of evolutionary thinking, at times
even demythologizing existing textbook narratives. I have highlighted par-
ticular moments in that history that I view as pivotal, in that they repre-
sent a series of benchmarks in the history of the field. They do have an
arbitrary component since history is continuous, ongoing, and weblike;
it is in fact not as well structured or defined as I, and others, have made
it out to be (such periodization and narrative flattening are the foibles of
the historian). My goal has been to capture the sense of the long history
of evolution and the many settings and contexts against which conceptual
advances have been made in order to stress the provisional and contingent
nature of our understanding of both the history and the theory of evolu-
tion, despite all the many insights we may have attained.

What can we learn from such historical reckoning? First, it may help
shed light on some contemporary debates especially pertaining to the con-
ceptual structure of the standard evolutionary theory and whether or not
it excluded individuals or entire fields of inquiry, such as developmental
biology. Indeed, at heart in nearly all of the literature for or against some
of these contemporary debates centering on the extension of the synthetic
theory or what has been called the “extended evolutionary synthesis” is the
question of whether or not the standard evolutionary theory or the mod-
ern synthesis has exerted a constraining, restrictive, or even exclusionary
hegemonic role. In other words, has it actually been more of a hindrance
than a help to some fields of inquiry? The historical record, I believe, can
help us with this. As shown here and elsewhere (Smocovitis 1996), there
was little in the way of a monolithic, standard theory in the late 1940s
or even the late 1950s during the period of the Darwin centennial when
some complained of a new orthodoxy. What did exist was an emerging
consensus that Darwinian selection theory combined with Mendelian ge-
netics within a populational view of evolution could explain the origins
of biological diversity, a consensus that accompanied the elimination of
alternative mechanisms responsible for evolutionary change and one that
enabled a conversation between a number of domains of scientific inquiry
previously thought to be incompatible. This agreement enabled a com-
munity of researchers (a scientific discipline, if you will) to come together
around common problems in evolution and redefine themselves as evolu-
tionary biologists. Their shared belief was that evolution unified biology
within a unified theory of knowledge, or at least they shared a common
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goal of unifying evolution within a unified biology. If they existed at all,
the core elements of the theory (core itself being a philosophical belief) as
articulated by individuals such as Hermann J. Muller were minimal, hardly
revolutionary, and probably not agreed upon by all individuals keen to
align themselves with this new evolutionary biology, Richard Goldschmidt
being one of the best-known dissidents. There were of course noisy people,
some of whom grandstanded for a particular point of view, in the process
stressing their own contribution or discipline, but at the disciplinary level
such perspectives were distinctly their own. That is why the collection ed-
ited by Ernst Mayr and William B. Provine titled The Evolutionary Synthesis:
Perspectives on the Unification of Biology (1980) provided only a set of per-
spectives on the unification of biology. There was no one unified perspec-
tive, nor even any real shared agreement on what happened during the syn-
thesis period, what key discoveries or insights had been made, or even who
may have played a central role. Stunningly, even Mayr (1993) backpedaled
on his own belief in the unification of biology, once it became apparent to
him what precisely that entailed.

As noted in that 1980 volume and elsewhere, disciplines that may ap-
pear to have been “left out” of the synthesis of the 1930s and 1940s, such
as anthropology, were in fact already becoming integrated by 1950, one
of the end points of the historic event. This happened, however, only after
they had undergone significant amendment so as to redefine race in terms
of the populational nonessentialized gene pool. This integration was also
true, though perhaps less successful or visible, for developmental biology,
as calls were made to integrate it within the newer discipline of evolution-
ary biology within only a few years of the Princeton conference of 1947.
Even a mathematical population geneticist like J. B. S. Haldane recognized
an ongoing process of development in the theory, which needed to con-
tinue incorporating areas such as development biology; and let us recall
that Haldane was such an avid proponent of population genetics that he
was duking it out with Mayr in the notorious “bean-bag” dispute in the
late 1950s. Mayr himself was vociferous as well as persistent about the cen-
trality of systematics in evolutionary theory and about the importance of
his area to the wider evolutionary synthesis as a historical event. He coined
the term “evolutionary synthesis” as a way to distinguish the wider synthe-
sis of interest to historians from the original “modern synthesis” coined
by Huxley, and he created the periodization that ended in 1947, leaving
out the traditional last book of the synthesis by the botanist G. Ledyard
Stebbins. (An earlier account by Edgar Anderson who partnered with Mayr
to produce the “viewpoint of a botanist” never made it to print.) Lesser
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known by proponents of the extended evolutionary synthesis, who share
mostly zoological, philosophical, and continental theoretical commit-
ments, is that by 1959 or so, right at the time that the Darwin centennial
with its “new” orthodoxy was about to be held, plant evolutionary biol-
ogists such as G. Ledyard Stebbins recognized that the gene-to-character
transformation was the next great step in evolutionary biology (see espe-
cially his popular article in American Scientist, Stebbins 1965). His own re-
search program from that time until his retirement drew on the insights of
Conrad Waddington (1953b) and John Tyler Bonner (1952) to understand
development in plants.

My point here is that even a brief historical reckoning gives us a sense
of an enormously complex period in a very long history that defies any
easy characterization. The actual points of agreement were minimal and in-
volved so many diverse tools and methods, research traditions, organismic
systems, and different levels of analysis that only a multivocal, pluralistic
view of the synthesis—and the synthetic theory—does it any justice. Thus,
the view of the modern synthesis or the synthetic theory, as described by
advocates of the extended evolutionary synthesis, fundamentally paints a
very simplistic picture, one that is dominated by philosophical or theo-
retical commitments instead of the historical or sociological commitments
that are also needed to get at a richer and more nuanced understanding.

Finally, it may also be useful to distinguish the evolutionary synthesis,
which refers to a historical event, from evolutionary theory, which is an
undergirding explanatory framework (Mindell and Scheiner, chap. 1) and
evolutionary biology, which refers to the scientific discipline of research
concentrating on evolution that informs biology. Though they have no-
table overlap especially in the years between 1930 and 1950 during the
period of synthesis, and are often used interchangeably, they each refer to
a quite different aspect of the long history of evolutionary thinking. Given
the breadth and the fundamental diversity of the areas it potentially unites,
it seems to me that the question is not so much what the theory comprised
or comprises, but what counts as evolutionary theory and to whom.

To conclude on a presentist note: even from a cursory historical exami-
nation of evolutionary biology from about 1980 to the present, it would
appear that the synthetic theory has been and continues to be actively chal-
lenged from within, by evolutionary biologists themselves. In the 1980s
this was so much the case that it appeared as though the synthetic theory
had been dissolved, disassembled, or rendered inadequate, if not invalid.
While some aided and abetted these views, others worked at amendment,
revision, or reintegration; at present, what counts as the synthetic theory,
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its central tenets and first principles (e.g., Kutschera and Niklas 2004; Min-
dell and Scheiner, chap. 1, table 1.3), might appear to vary depending on
field, experimental system, methodology, or generational and even indi-
vidual preference, but it nonetheless has abundant instantiations, provides
rich resources for further investigation, and retains a large measure of its
explanatory power (see the constitutive theories in section 2 of this book).
Its unifying properties are still upheld, especially by integrative biologists,
the successors to the synthesis, and it has perhaps been most productive
in extending its reach to areas like medicine and agriculture, computer sci-
ence, and even historical and cultural modeling. It is for good reason that
some speak of a theoretical versus an applied evolutionary biology. And as
noted by at least several recent commentators, it might be useful to speak
of multiple evolutionary theories that work productively for biological in-
vestigation instead of one monolithic evolutionary theory (Scheiner 2010;
Love 2013; Mindell and Scheiner, chap. 1; Love, chap. 8).
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Philosophy of Evolutionary Theory

Risky Inferences of Process from Pattern

PATRICK FORBER

Evolutionary theory provides the resources for reconstructing the deep past
and identifying the complex processes that explain how, as Darwin (1859,
396) put it, “from so simple a beginning endless forms most beautiful and
most wonderful have been, and are being, evolved.” Yet gaining access to
the deep past is particularly challenging—the very processes of evolution
we aim to uncover can destroy the traces of the past in ways that hide their
operation and confound the signals of ancestry. A primary task for the phi-
losophy of evolutionary theory is evaluating the conceptual and evidential
challenges that confront the application of the theory. Here, as an instance
of this task, I compare two broad sets of methods that evolutionary bi-
ologists deploy to test hypotheses of natural selection: phenotypic tests of
adaptive hypotheses versus molecular tests for selection. In the language
of Scheiner (2010), the comparison involves looking at how precise mod-
els of evolution are articulated from the constitutive theories to detect
the signatures of evolutionary change in real biological systems—such as
the theories describing natural selection (Frank and Fox, chap. 9), drift,
group selection (Goodnight, chap. 10), or life history evolution (Fox and
Scheiner, chap. 11). When we take a closer look at the methods deployed
to detect natural selection we uncover a striking contrast. Despite using the
same constitutive theories, phenotypic and molecular methods carry out
the process of articulation and testing in different ways. While phenotypic
tests tend to focus on the morphological or behavioral features of organ-
isms, and the developmental and ecological context of those structures and
behaviors, molecular tests focus on comparative sequence data. The same
evolutionary processes leave different signatures at the phenotypic and
molecular levels.

These differences have philosophical implications for how we should
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understand evidence. They also support a general point, namely, that ar-
ticulating our constitutive theories may proceed differently depending on
features of the real biological systems we attempt to explain. I conclude by
arguing that this flexibility contributes to a diversity that is a strength of
thinking explicitly about the role of theory in evolution. The point of this
chapter is not to convince empirical researchers to test theory, or to make
the case that this philosophical perspective is necessary for this task, but
instead to raise awareness that different methods can be developed and
deployed to work in synergy together. In short, the point is to open minds
to new possibilities.

To analyze the differences between phenotypic and molecular methods
for testing selection, I focus on the variety of signatures that these tests aim
to detect. After describing a broad contrast, I analyze an older and well-
known test for selection, Tajima'’s D test, in detail. The analysis of Tajima’s
D test helps reveal the peculiar aspects of molecular tests, provides an il-
lustration of the contrast with phenotypic tests, and motivates some philo-
sophical claims about the nature of evidence.

Drawing out these implications involves focusing on ways scientists
confront the problem of testing holism (Quine 1951; Duhem 1954). The
problem concerns how testing depends on a network of theoretical com-
mitments and complementary studies. While this problem is not explicitly
discussed in the day-to-day practice of science, it is no mere philosophi-
cal worry. For instance, articulating a model of evolution to apply to Gala-
pagos finches involves drawing upon multiple constitutive theories (e.g.,
Frank and Fox, chap. 9; Poisot, chap. 12; Gillespie et al., chap. 16) and
a variety of background facts about finch ecology, development, and bio-
geography. No test of theory occurs in isolation. Scientists must decide
which studies to trust, which models to use, how to design their experi-
ments and studies to exclude confounding factors, and so on. All of these
concerns involve mitigating the problem of testing holism. Even after the
test results are in, the problem does not go away. When the test goes wrong,
which component do we blame? Is our focal hypothesis mistaken that
(say) finch beaks evolved in response to available food resources? Or is
some other element of our model to blame? And when a test goes right,
does the focal hypothesis count as confirmed? To formulate any test, and
thus to obtain evidence for any hypothesis, we require what philosophers
of science have (unhelpfully) termed “background theory”—the host of
commitments, information, and theoretical bets necessary to bring some
focal hypothesis in contact with the data. The contrast between phenotypic
and molecular tests for selection brings out a difference in how this body of
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background theory interacts with the focal tests to provide evidence for se-
lection. The tests face different risks, and recognizing this difference should
inform how we think about the nature of evidence.

Signatures of Selection

I define a signature as an extant trace of a past causal process. A signature of
selection is a trace left by a process of evolution by natural selection. Such
traces must be detectable, at least in principle, for if they were systemati-
cally destroyed by subsequent evolutionary processes, they would cease to
be signatures. Also, such traces must fit the model of evolution associated
with a specific selection hypothesis, for selection can operate in a variety of
ways, and different models of selection will predict different sorts of traces.

Evolution by natural selection occurs when (i) some trait varies; (ii) vari-
ation in the trait is responsible for difference in reproductive success (i.e.,
evolutionary fitness); and (iii) the trait is transmitted from parent to off-
spring to some degree. This recipe formulation of evolution by natural se-
lection incorporates a number of idealizations, including a clear life cycle
and well-behaved connections between parents and offspring. Owing to
these idealizations, the recipe may not accurately capture all cases of natu-
ral selection, and there are subtle differences among the informal recipe
and the various mathematical representations of selection, such as the Price
equation or replicator dynamics (Godfrey-Smith 2009; Frank and Fox,
chap. 9). Yet, complexities aside, the recipe provides a familiar model that
is sufficient to identify the differences between phenotypic and molecular
signatures. The recipe also illustrates a general feature of natural selection:
Darwinian processes can occur within populations defined at various levels
of the hierarchy, from molecules to cells, or organisms to groups (Lewontin
1970; Goodnight, chap. 10). While the process of natural selection operates
the same way at these different levels, it tends to leave different signatures,
mainly as a result of the nature of the entities involved—organisms versus
sequences—and the possible evolutionary trajectories available to those
different entities.

Let me impose some further conceptual clarity. A detection method at-
tempts to identify and evaluate potential signatures of selection in the data,
where a potential signature is some predicted trace of a possible selection
process. The goal of these methods is to confirm the selection hypothesis
over rival hypotheses that invoke different evolutionary factors, such as de-
mographic fluctuations or constraints. The primary epistemic risk is that
signatures can be artifactual; a trace may cohere with a hypothesis that pos-
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its natural selection yet have a different cause. A detection method, when
successful, should sort the authentic from the artifactual signatures.

The contrast I draw below compares canonical phenotypic and molec-
ular methods. Although both aim to draw inferences about evolution by
natural selection, phenotypic detection tends to focus on ecological causes,
whereas molecular detection tends to focus on molecular variation. This
contrast is pragmatic and involves comparing the general tendency for phe-
notypic versus molecular detection methods to focus on different sorts of
information. It is a claim about practice, not about principle, and there
will be instances of overlap. Ideally, molecular detection methods will con-
nect sequence variation to functional variation at the phenotypic level and
vice versa. A large part of evolutionary science involves the continuing de-
velopment and refinement of detection methods to increase their scope
and resolution. So the epistemic ground is shifting, and shifting fast, in
ways that may blur the contrast I draw here. Nevertheless, the contrast is
valuable, for it reflects a deeper divergence of philosophical perspectives on
the nature of evidence presumed by the detections methods, and thinking
through this contrast will help clarify our understanding of how evolution-
ary science works.

Phenotypic Signatures

Adaptations, the traits of organisms that are the products of direct natu-
ral selection, count as the most striking phenotypic signatures of selection.
Constraints and other evolutionary factors leave their signatures on pheno-
types as well, with vestigial organs as clear examples of nonadaptive phe-
notypic signatures. The phenotypic detection methods are well-developed
tests in organismic evolutionary biology for testing adaptive hypotheses.
Some of the core methods involve ecological or laboratory manipulations
to test the evolutionary response of a lineage (e.g., Endler 1980); optimal-
ity models to determine how well suited target features of an organism are
for postulated environmental conditions (Maynard Smith 1978b); long-
term studies of both organisms and their environments to track micro-
evolutionary changes (Grant and Grant 2008); and comparative studies to
investigate evolutionary patterns across a clade (Harvey and Pagel 1991).
Despite this wide diversity, these methods share a focal point: identifying
the trait-environment interactions responsible for fitness differences.
While this statement may be a truism, it is worth exploring how some
of the diverse methods converge. Endler (1986, 164), in his influential re-
view on detecting natural selection at the phenotypic level, claimed: “The
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most successful studies are those in which it is possible to assign a direct
cause-effect relationship among an environmental factor, the organism’s
biology and ecology, and the trait of interest.” In addition to evidence
that selection has occurred, Brandon (1990, 167) argues that an “ideally
complete adaptation explanation” must include evidence for the ecologi-
cal (causal) basis of selection. Wade and Kalisz (1990, 1953) argue that
we need to appreciate the role of variable environments for “understand-
ing the functional interaction of the phenotype and the environment that
causes fitness.” Hitchcock (1995) argues that selection hypotheses, in con-
trast to drift hypotheses, posit a causal capacity responsible for differences
in reproductive success (see also Frank and Fox, chap. 9). Selection hypoth-
eses predict evolutionary changes as a result of these causal features operat-
ing in the local ecology of the species.

Detection methods attempt to provide evidence, either directly by en-
gaging ecology or indirectly by quantifying downstream evolutionary
changes, for these causal features. The ecological manipulations disturb the
causal network to test for the predicted response. Optimality models di-
rectly represent the causal link as an optimization problem in an idealized
environment. Long-term studies track evolutionary changes over time to
infer the ecological cause posited by the selection hypothesis, such as track-
ing the availability of seed resources and observing how trait distributions
(e.g., beak size in finches) change in response over numerous generations.
Comparative studies contrast the traits and environments of different but
closely related species to detect whether selection produced the evolution-
ary differences among the lineages. The importance of the causal link be-
tween a trait and reproductive success has even been raised as a concern for
comparative methods: Leroi et al. (1994) argue that such comparisons can
detect only selection of some trait, not selection for that trait (Sober 1984).

In short, phenotypic detection focuses on component ii of evolution
by natural selection: differences in fitness. Although not the primary fo-
cus, studies of phenotypic evolution must also provide some evidence for
component iii. The reliable inheritance of phenotypic traits is a substantive
empirical commitment of selection hypotheses, a commitment shared by
many constraint and drift hypotheses. It is worth noting that the patterns
of descent can be complicated by phenotypic plasticity, and models of
plasticity should ideally be incorporated into and evaluated by phenotypic
detection methods (Scheiner, chap. 13).

The challenge for these detection methods is the lack of access to his-
torical information, especially regarding variation (component i), and fine-
grained environmental changes. One reason for this lack is that natural se-
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lection tends to “cover its tracks”: when a new adaptive trait or trait value
appears in a population, it changes the distribution of phenotypes and
eliminates some variation; the preservation of ancestral trait values is rare.
One dimension of the debate over the relative significance of evolutionary
constraints emerges from this lack of information about historically avail-
able variation. Indeed, constraints are often understood as limitations on
available variation (Maynard Smith et al. 1985). Some of this information
can be extracted from phylogenetic comparisons with sister groups, but
whether this information is sufficient depends on the details of the evo-
lutionary process. In some cases, where the order of evolutionary changes
or selective environments matters, and we have a suitably rich clade to
evaluate this, phylogenetic comparison can provide enough information
to get a clear picture of ancestral trait distributions. However, this need not
be the case, and often we lack sufficient comparisons, or the evolutionary
process does not show the necessary sensitivity to ancestral states (Beatty
2006). Also, the ecological causes of evolution by natural selection are of-
ten very fine-grained (Wade and Kalisz 1990). Changes in an ephemeral
physical environment can be rapid and leave little or no trace of earlier en-
vironmental conditions. Sometimes the necessary historical information is
available, and other times we can make inferences about past variation and
environments based on extant comparative data, but the primary weak-
ness of these methods is a lack of access to this information. And to be
clear: this is not an argument against using these methods, only a diagnosis
of their strengths and weaknesses, one that will help identify the contrast
with molecular methods.

Molecular Signatures

Molecular detection methods rely on sequence data (protein, RNA, DNA).
Identifying adaptations at the molecular level is much trickier than iden-
tifying them at the phenotypic level, for functional effects of a particular
sequence of nucleotides or amino acids are mediated by the complexity
of development (Love, chap. 8). As a result, these methods do not aim to
detect the ecological bases of fitness differences, but focus on classifying
sequence variation in an attempt to identify patterns of substitution that
are signatures of selection (or other evolutionary factors). Innovations in
sequencing techniques have helped generate massive amounts of molecu-
lar sequence data. Arranging and quantifying molecular sequence variation
in a way relevant to evolutionary investigation requires some processing.
Information about evolutionary history cannot be extracted from just any
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sequence—to start, proper sequence alignment is essential. Let me focus
on DNA (nucleotide) sequence data, specifically coding (gene) regions
(see reviews by Bamshad and Wooding [2003], Nielsen [2005], and Vitti
et al. [2013]); for the sake of brevity I leave aside genome-wide compara-
tive tests.

Owing to the degeneracy of the genetic code, comparing coding regions
yields a mix of synonymous changes (those that do not affect the primary
amino acid sequence) and nonsynonymous changes (those that do), and
such regions provide target data for many attempts to detect selection at
the molecular level. Obtaining data suitable for evolutionary analysis re-
quires sampling the DNA sequences, often thousands of bases long, from
the same part of the genome. Evolutionary analyses often focus on a single
identifiable gene or pseudogene extracted from a number of individual ge-
nomes within and often across species. Once such sequences are obtained,
they must be aligned, usually based on an assumed reference sequence.
Each site in the gene sequence needs to align correctly with the correspond-
ing sites from the other sequences.

Sequence alignment presents difficulties because insertion and deletion
mutations can change the reading frame for the DNA sequence, thereby
affecting the analysis. The reading frame is determined by the start codon
in the genetic code, and since codons are three base pairs long, shifting the
reading frame by a single base pair dramatically changes the correspond-
ing amino acid sequence. Misaligned sequences artificially inflate the esti-
mate of segregating sites by making conserved sites look variable. Sequence
alignment is a challenge, and this introduces another source of uncertainty
for molecular tests, but one I will not pursue here. Once we have a sample
of aligned sequences, we can apply molecular tests for selection in an at-
tempt to extract historical information about the evolutionary process.

Although different detection methods classify and use molecular varia-
tion in different ways, all treat each segregating site, each base pair differ-
ence detected between any two sequences in the sample, as a different al-
lele. Many molecular tests for selection assume an infinite sites model of
sequence evolution—infinite because it treats every mutation as occurring
at a different site to avoid the confounding problem of the exact same site
changing twice by mutation (multiple hits). Counting the number of seg-
regating sites in the data provides an indicator of evolutionary rates. Ana-
lyzing these rates, and variation in the rates, is the basis for many detection
methods. These methods often contrast different selection models with
the neutral model of molecular evolution. The neutral model predicts a
constant rate and assumes that mutations fix only by random genetic drift
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(Kimura 1983). Thus, early molecular tests used acceleration or decelera-
tion in evolutionary rates in comparison to the neutral rate as potential
signatures of selection.

Core molecular detection methods include rates tests (dN/dS ratio),
McDonald-Kreitman (MK) tests, hitchhiking tests (selective sweeps versus
background selection), and frequency spectra tests. Rate testing involves
sorting detected changes in the sequence data into synonymous and non-
synonymous ones. These tests assume that the synonymous sites evolve at
a neutral rate. A significantly faster/slower rate of evolution at nonsynony-
mous sites is a signature of positive/purifying selection. MK tests use se-
quences sampled from across a set of closely related species. By making a
set of comparisons between sequences sampled from within the species
and those sampled across species, the MK test can detect whether evolu-
tionary rates have accelerated or decelerated in various parts of the phylo-
genetic tree. For example, in the MK test, the selective signature of substi-
tution is that the divergence in sequences between species is greater than
the sequence polymorphism or diversity within species. The application
of the MK test to Drosophila detected such adaptive evolution on the Adh
gene (J. H. McDonald and Kreitman 1991). Hitchhiking tests look at how
rates of recombination interact with selection. Given that recombination is
never complete, adaptive mutations are often linked to a number of nearby
neutral sites. When the mutation fixes in a population, these neutral sites
hitchhike along, leaving a detectable trace in the amount of variation ob-
served in a sample of gene sequences. Background (purifying) selection,
by conserving an important protein sequence, eliminates neutral variation
linked to deleterious mutations and thus affects the amount of variation
detectable in the sequence data (B. Charlesworth et al. 1993). Finally, fre-
quency spectra tests work with polymorphism (within species) data and
look at the frequency of segregating sites in a sample of sequences. I take a
closer look at the mechanics of frequency spectra in the next section.

All of these methods of molecular detection aim to identify signatures
of selection by analyzing extant sequence variation both within and across
species. Given agreement on the appropriate model of sequence evolu-
tion—a substantial assumption—these comparisons provide a rich source
of historical information on the branching pattern of the gene trees and
the rates of evolution. Regarding the recipe for natural selection, molecular
detection primarily focuses on component i: variation. While some varia-
tion is lost owing to the fixation of specific sites by selection and neutral
evolution, new variation is generated by mutation. Since molecular varia-
tion is generated at a substantial rate, there is always some genetic variation
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in the population to be analyzed. Different processes leave different pat-
terns in the extant variation. In contrast to standard phenotypic methods,
molecular detection requires no evidence to support component iii, for the
reliable inheritance of sequence variation is a robust empirical fact. High-
fidelity inheritance comes built into the sequence evolution models.

The weak point for molecular methods concerns component ii, the
fitness effects of molecular variation. Beyond a minimal amount of func-
tional information necessary for sequence identification and alignment,
these methods do not attempt to identify the causal or ecological bases for
fitness differences among variants. This lack of ecological information cre-
ates a problem. Many tests use sequence comparisons to provide different
estimates of the neutral parameter (0). This parameter is a product of the
mutation rate (¢) and the effective population size (N,) such that 6 = 4N, .
Disentangling demographic factors that affect N, such as fluctuating popu-
lation size, unequal sex ratios, or nonrandom mating, requires indepen-
dent information. This entanglement of mutation and demography in the
neutral parameter is a problem for detecting selection because the tests for
selection involve some kind of comparison to baseline neutral molecular
evolution. As a result, molecular methods face the significant challenge of
distinguishing authentic signatures of selection from artifactual signatures
generated by demographic fluctuations or changing mutation rates.

The Frequency Spectrum

Frequency spectra can be obtained for DNA polymorphism data (gene se-
quences sampled from a single species) and are the basis for sophisticated
tests of selection versus neutrality, including the popular Tajima’s D test
(Tajima 1989; see also Yang 2006, 262-64). I first describe what frequency
spectra are, then discuss the details of Tajima's D test.

The frequency spectrum for a sample of gene sequences is a set of
counts of segregating sites at specific frequencies in the sample, often rep-
resented with a histogram. More precisely, for a sample of n sequences the
frequency spectrum is a discrete distribution of the number of segregating
sites at frequencies x; = i/n fori = 1, 2, . .. , n-1, with a defined expecta-
tion under neutrality (Nielsen 2005; Yang 2006). On the neutral hypoth-
esis, we expect many mutations detected at particular sites to occur in just
one sequence of the set of sampled sequences, while the other sequences in
the sample will have the ancestral nucleotide at those sites. We expect fewer
detected mutations to occur in two of the sampled sequences, and so on.
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Tajima’s D test attempts to identify signatures of selection in the fre-
quency spectrum. The test involves comparing two different estimates of
the neutral parameter (6 = 4N,u) that are each sensitive to different fea-
tures of the frequency spectrum. If gene sequences undergo only neu-
tral evolution, and a number of background assumptions are met (Yang
2006, 262), then the two estimates should be equal. Hence D = 0 provides
evidence for neutrality. If selection occurs, then the two estimates should
differ in predictable ways. Purifying or negative selection (elimination of
deleterious mutations) increases the prevalence of low-frequency segre-
gating sites and decreases the prevalence of high-frequency sites. Positive
selection (fixation of adaptive mutations) has the converse effect. Given
these predictions, a test result of D < 0 provides evidence for purifying
selection, and D > 0 for positive selection. Remarkably, using only extant
DNA polymorphism data, Tajima’s D test can detect whether selection has
occurred. (The original development of the test assumes no recombina-
tion, so selection on nearby genes can confound the inference that selec-
tion is operating on the target gene.)

Tajima’s D test exhibits the trade-off common to molecular detection
methods: the test incorporates virtually no ecological information and so
cannot disentangle the effects of selection from the effects of demographic
factors. One demographic factor, population size fluctuation, can produce
artifactual signatures indistinguishable from the signatures of selection. Ta-
jima’s D test assumes that the population has reached mutation-drift equi-
librium, so recent changes in population size violate this assumption. A
rapid population expansion will increase the prevalence of low-frequency
segregating sites, creating an artifactual signature of purifying selection,
and a recent population bottleneck will increase the prevalence of high-
frequency sites, creating an artifactual signature of positive selection. These
factors can be disentangled only if we have independent information on
demographic fluctuations in the evolving population or on the fitness ef-
fects of the allelic variation.

Evaluating the Contrast

Both phenotypic and molecular detection methods aim to confront the
challenge of testing holism and bring theory into contact with data from
real biological systems. From a philosophical perspective, the contrast be-
tween phenotypic and molecular methods for detecting differing signa-
tures of the same evolutionary process is striking. I see two reasons for why
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the contrast exists. First, molecular methods confront holism with an inter-
esting innovation; and second, there is a difference in the space of possible
evolutionary trajectories available to organisms versus sequences.

Models of Sequence Evolution

All molecular tests must presume probabilities of mutation and a model
of how background evolution of sequences tends to occur. The signature
of selection (or other evolutionary processes) is often detected by identify-
ing departures from the background model of sequence evolution. Tajima’s
D test, as it was originally proposed, adopts a simple idealized model of
sequence evolution: a nucleotide-based model that assumes infinite sites
and a single mutation rate that governs all possible changes for the entire
sequence. The trouble with this simple model is that sequence evolution is
much more complicated, often in ways that can confound molecular tests
for selection. To illustrate how sharply complexity can increase for models
of sequence evolution, consider the Jukes and Cantor (1969) model. This
model treats all possible nucleotide changes as equiprobable. This is an ob-
vious idealization, for there is clear evidence that the probabilities of vari-
ous nucleotide changes can vary considerably. Transitions (A<~>G or C-T)
are more likely than transversions (A, G < C, T), owing to the biochemi-
cal nature of the nucleotides. A sequence evolution model requires two
parameters to be capable of representing this difference (Kimura 1980).
More complex nucleotide models can have up to eleven parameters, treat-
ing each possible nucleotide change as having a different probability. There
can also be rate heterogeneity across the sequence (mutational hotspots)
and across evolutionary time. Still, even these complex models are rela-
tively tractable, since sequence space is bounded by four possible states (A,
G, C, T) at each site.

A major innovation in molecular evolution involved the development
of codon-based models of sequence evolution (Yang 2006). These models
abandon the four possible states of nucleotide-based models, expanding
sequence space to include the 61 possible codons (64 minus the 3 stop co-
dons). Sequences are treated as sequences of codons rather than of nucleo-
tides, and each codon can potentially change into any other. There are some
empirical constraints. Mutations still occur at the nucleotide level. Changes
to synonymous codons are more likely than changes to nonsynonymous
codons for coding regions. So in addition to a transition-transversion bias,
codon-based models need to represent synonymous-nonsynonymous bias.
Also, some codon transitions require two or more nucleotide substitutions.
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These are extremely unlikely in short time steps and so are often treated as
having a transition probability of zero. Even so, these models can have sig-
nificantly more parameters than nucleotide-based models. Also, codon bi-
ases can be generated in different ways, and these biases can evolve (Hersh-
berg and Petrov 2008). Codon-based sequence evolution models provide
the basis for the more sophisticated detection methods in the literature.

Thus, molecular detection involves a complex and important model
selection decision to identify a signature of selection in a target set of se-
quence data. The decision can be made on the basis of background theory.
We can stipulate a highly idealized model of sequence evolution, then esti-
mate one or two key parameters from the molecular data. This is the strat-
egy behind the original Tajima’s D test. Alternatively, the model selection
decision can be based on molecular data using model selection statistics
(Burnham and Anderson 2002; Posada 2012). We can rely on the data to
select a model and estimate the necessary parameters. Using the data in
this way raises an interesting philosophical concern about whether using
the data twice is legitimate. I will resolve this below, but first let me follow
up the conjecture about possible evolutionary trajectories.

Morphospace versus Sequence Space

The phenotypic signature of selection is written in ecology, in the trait-
environment relationship that is the basis for fitness differences. The de-
tection methods focus on isolating and testing for the causal links posited
by selection hypotheses. When looking at phenotypic evolution, we often
lack historical information on the variation within the lineage and fine-
grained ecological features. The molecular signature of selection is written
in sequence variation. Comparing many long sequences enables us to ex-
tract historical information about ancestry and rates of evolution. These
detection methods focus on analyzing and classifying DNA and protein se-
quences to identify patterns of change indicative of selection. When look-
ing at molecular evolution, we often lack sufficient functional information
to determine the fitness effects of substitutions and disentangle the effects
of selection from demography.

This observation about practice does not preclude the integration of
molecular and phenotypic evidence for selection. Plumbing the biochemi-
cal and genetic bases of traits provides a more robust case for selection
on the phenotypic level. Consider, for example, work that has identified
the genetic and developmental basis of finch beak morphology (Abzhanov
et al. 2004; Abzhanov et al. 2006; Lamichhaney et al. 2016b). This research
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fills in the details of the causal network in a way that can forge a link be-
tween phenotypic features that are relevant to finch fitness and molecular
variation. Conversely, building the causal web up from molecular variation
to fitness effects can enrich the support for selection at the molecular level.
Recent work attempts to resurrect ancestral proteins from reconstructed
gene sequences to analyze their functional effects (Thornton 2004; Harms
and Thornton 2010). So there may soon be many ways to connect and in-
tegrate phenotypic and molecular detection methods. Yet it is still useful to
analyze the differences between methods in order to guide such integrative
efforts, and even if integration is successful, there is one salient difference
in the signatures that I suspect will remain.

To help explain the striking difference between phenotypic and mo-
lecular signatures, let me offer a conjecture using a spatial metaphor for
evolution. Phenotypic detection tracks one to a few trajectories through
morphospace, where morphospace encompasses all the possible phenotypic
changes available to a species lineage. The dimensionality of morphospace
depends on the ancestral suite of phenotypic characteristics. Constraints
can also play a role in structuring morphospace. The dimensionality of
morphospace is historically contingent and varies from lineage to lineage,
so that either there is no general morphospace that we can apply across
the tree of life, or if there is, the dimensionality will be extremely high
with myriad possible evolutionary trajectories. Comparisons of trajectories
through different lineage-specific morphospaces will be difficult at best.
In contrast, molecular detection tracks a multitude of trajectories through
sequence space, where sequence space is bounded by the number of possi-
ble molecular states available to a lineage. Sequence space does generalize
across the tree of life. Also, the number of evolutionary trajectories at the
molecular level is vast, potentially as many as there are sites in the target
sequence. The degree of recombination affects the number of independent
evolutionary trajectories that we can track. With free recombination, each
site evolves independently, whereas with intermediate or no recombina-
tion, an entire sequence (or even the whole genome) constitutes the unit
of analysis. Regardless of the degree of recombination, there are many
more trajectories to track and compare on the molecular level. Further, se-
quence space is well-defined by sequence evolution models. Nucleotide-
based models allow 4 states; codon-based models allow 61 states. These
sequence evolution models also specify the transition rules between these
states (with differing degrees of complexity) to a degree of precision im-
possible for phenotypic models. Sequence space also generalizes across
lineages. These differences, in the nature of the evolutionary space and
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the number of trajectories being tracked in the space, illuminate why mo-
lecular methods are better at extracting historical information. Molecular
methods have many more comparisons to use in reconstructing evolution-
ary events—we are able to extract more information from sequences than
from phenotypes, though there are limits (Sober and Steel 2011, 2014).

The relative advantage of phenotypic methods, their closer contact with
ecology, has a different explanation based on causal distance. The effects of
phenotypic variation on fitness are causally proximate, hence identifying
causal links between a trait and fitness is a tractable task for the phenotypic
detection of selection. The causal distance between molecules and the eco-
logical interactions responsible for fitness differences is often much greater.
Also, the causal web, including development and the long path from mo-
lecular variation to reproductive success, can be much more complex. This
makes incorporating functional information in molecular detection meth-
ods difficult, often (but not always) intractably so.

Given this analysis, there are two obvious strategies for improving mo-
lecular detection methods: pursue functional information by exploring
gene effects, protein expression, conserved noncoding regions, and even
ecological consequences of biochemical variation; or gather more sequence
data and develop more nuanced statistical tests. Pursuing the former op-
tion fills an obvious gap in the molecular tests, for without this functional
information we cannot know the precise molecular target of selection.
While some advocate the latter approach owing to the challenge of pro-
viding this functional information (e.g., Eyre-Walker and Keightley 2007),
continuing research is beginning to reveal more of the causal network con-
necting molecular variation to the ecological bases of evolutionary fitness.

On the Nature of Evidence

Philosophers of science have developed sophisticated views on evidence
and have connected them to evolutionary biology. For instance, Sober
(2008) provides a formal account of evidence using probability theory and
applies his account to testing selection versus drift and hypotheses about
common ancestry. E. A. Lloyd (1988, 2005) takes a different approach, fo-
cusing on careful case studies to evaluate evidential standards. Rather than
wade directly into this rich and varied debate, I approach the nature of
evidence from a different angle. Let me start by describing a standard per-
spective on how testing works in science, then use the contrast between
phenotypic and molecular tests for selection to sketch a novel way to think
about testing.
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Call the standard perspective predict and test. This perspective sees the
detection methods as a direct confrontation between the prediction of
some hypothesis and data, and it is this confrontation that produces ev-
idence for or against the hypotheses under consideration. As part of so-
called “background theory,” the set of constitutive theories we use to ar-
ticulate precise models to test in specific biological systems plays a role by
identifying the hypotheses we need to test and helps generate the precise
predictions. This sort of testing protocol fits with the account of science
as proceeding through a cycle of bold conjectures and ruthless refutations
(Popper 1963). This perspective is illustrated by the method of “strong in-
ference” (Platt 1964). Strong inference proceeds by “(1) Devising alterna-
tive hypotheses; (2) Devising a crucial experiment (or several of them) . . .
(3) Carrying out the experiment so as to get a clean result; (1') Recycling
the procedure” (Platt 1964, 347). While Platt focused on experimentally
driven sciences, the procedure of strong inference can be easily generalized
by revising (2) and (3) to focus on generating predictions and rigorously
testing those predictions by experiment or observation.

How does this perspective fit testing in evolutionary biology? The
phenotypic tests instantiate predict and test quite well. Consider Darwin’s
finches and the hypothesis that finch beak size and shape are recent ad-
aptations for utilizing locally available seed resources (Grant and Grant
2008). Framing a test for this hypothesis involves using background in-
formation to make the predictions precise (Forber 2011). This information
can include a phylogeny, features of finch development, patterns of inheri-
tance, description of foraging behavior, and so on. A test of the hypothesis
that finch beak size and shape evolved by natural selection must make as-
sumptions about finch phylogeny (e.g., ancestral states) and beak develop-
ment (e.g., size and shape are not severely constrained). Framing the test
also involves determining the predictions of the competing hypotheses.
The selection hypothesis for finch beaks may predict a strong correlation
between finch beak phenotypic features and the environmental variables
that represent the availability and kinds of seeds in the local environment.
In contrast, a drift hypothesis may predict no correlation, and a constraint
hypothesis may predict no change from the ancestral state. Once the prob-
lem is framed, biologists can then look to the data to see if their predic-
tions are borne out.

The molecular tests for selection do not instantiate predict and test nearly
as well. As in phenotypic detection methods, specific tests must be framed
using background information. For molecular methods this set of infor-
mation often includes consensus phylogenies and the details necessary to
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align sequences for comparison. But the resemblance ends here. Molecu-
lar detection methods immediately confront a model selection problem:
to identify the signatures of selection, molecular methods must select a
sequence evolution model and estimate the relevant parameters for that
model. While it may have once been feasible to make this model selec-
tion decision on the basis of background theory, the development of more
sophisticated sequence evolution models has increased the range of pos-
sible models and number of parameters. Instead, the decision is based on
a computational analysis of the target sequence data (e.g., Abascal et al.
2005; Tamura et al. 2011). Only once a sequence evolution model is in
place can patterns of substitutions detected in the sequence data be identi-
fied as signatures of selection.

To capture what is distinctive about molecular detection methods, con-
sider an alternative perspective: extract the pattern. This perspective sees de-
tection methods as trying to extract and classify the particular patterns in
the data, and the competing hypotheses provide the appropriate classifica-
tion scheme by identifying certain relevant features that should (or should
not) be present in the data. Background theory helps frame the test by de-
termining the relevant competing evolutionary hypotheses, but it no lon-
ger plays exactly the same role in generating predictions. Instead, the tar-
get data plays a role in articulation by informing the choice of a sequence
evolution model. Extract the pattern is based on the inferential procedure
seen in models of statistical pattern recognition (Hastie et al. 2001; Bishop
2006). These models aim to classify data into categories based on either
a prior theoretical framework or statistical information gleaned from the
data. The models usually deploy a complex learning algorithm to “learn”
the classification scheme, and once sufficiently “trained,” these models
demonstrate remarkable success at classification.

These pattern recognition models have an intriguing feature that helps
contrast extract the pattern from the standard predict and test. The key feature
is the way the data is used to test hypotheses: statistical information is dis-
tilled from the sequence data in order to bring the evolutionary hypotheses
into contact with that data. More than just “background theory” is neces-
sary for the test to generate evidence. The test is designed to be tailored to
a target data set. A striking example of the extract the pattern perspective in
action is the N. A. Rosenberg et al. (2002) study of the genetic structure of
human populations. The identification of this genetic structure is crucial to
evaluating whether selection operates on specific human genes; the analy-
sis helps isolate the structural features that affect the baseline neutral rate
of evolution that is essential to molecular detection methods.
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More generally, in molecular detection there is a classification scheme
that identifies the various signatures of selection in the sequence data. The
scheme is determined in part by background theory, which provides a set of
sequence evolution models, and in part by statistical information gleaned
from the data, which instantiates the parameter values for the sequence
evolution model and guides the model selection decision. This allows the
molecular test to be deployed to recognize patterns in the data, provid-
ing evidence for hypotheses of natural selection or neutral evolution. The
exact patterns can shift across different sets of sequence data, and patterns
that count as signatures of selection can be realized in a number of dif-
ferent ways. Consider again Tajima’s D test. Many different sets of evolu-
tionary trajectories, generated by all sorts of different ecological selection
pressures, can produce the same frequency spectrum. Furthermore, many
different frequency spectra yield the same D statistic for Tajima’s D test. Yet
the test classifies these signatures of selection in the same way.

The extract the pattern perspective captures a sensitivity of molecular de-
tection methods to the target data set, specifically, the ability of molecular
tests to identify the baseline rate of neutral evolution, a rate that can vary
across sets of sequence data. This perspective also helps capture the dif-
ference in scope between molecular and phenotypic detection methods.
Rather than make predictions about the evolutionary trajectories of one or
a few traits, molecular evolutionary hypotheses classify a broad collection
of evolutionary trajectories across numerous segregating sites as indicative
of different processes of natural selection or neutral evolution. Detecting
evolution through sequence space versus morphospace requires different
sorts of methods, methods that instantiate different responses to the chal-
lenge of testing holism.

Let me address one last concern about extract the pattern that emerged
earlier. When molecular tests extract the pattern, they use the target sequence
data twice: once to select and fit the sequence evolution model and again
to detect the signatures of selection in an effort to provide evidence for
or against selection hypotheses. Is this maneuver a legitimate response to
the problem of testing holism? Or does reusing the data in this way com-
promise the test by insulating the selection hypothesis from risk? While
there is a risk of merely accommodating data, model selection statistics are
designed to assuage this worry (Hitchcock and Sober 2004; Epstein and
Forber 2013). Further, molecular evolution sequence data contains rich and
nuanced information about the evolutionary past that can be extracted with
careful comparisons. The molecular detection methods may use the same
data set for model selection and detection, but that data set is used in dif-
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ferent ways. Fitting the sequence evolution model involves estimating mu-
tation rates and various biases, whereas detecting selection involves com-
paring patterns of substitution. In Tajima’s D test, two different estimates
of the same parameter (6) based on the same data are compared. This is
legitimate because of what we know about the sensitivity of the estima-
tion procedures; we know that the comparison will be informative because
each estimate tracks a different statistical feature of the frequency spectrum.
The extract the pattern perspective is a legitimate response to testing holism.
However, there may be specific cases where the data used for the model se-
lection decision unduly biases the detection method. Investigating whether
these cases exist is part of what makes the development of molecular detec-
tion methods a theoretically interesting and challenging enterprise.

To conclude, let me respond to a skeptical challenge about this sort of
inquiry: what is gained by philosophical reflection on the nature of evi-
dence and the different ways we test hypotheses of natural selection? There
is a gap, created by the problem of testing holism, between our constitutive
theories (e.g., chaps. 9-15 below) and the biological systems we aim to ex-
plain and understand. How we bridge this gap depends on more than just
the constitutive theories. In this instance, the nature of our source data has
led to the development of a diversity of methods for detecting the signa-
tures of selection in the adapted phenotypes of organisms versus the mo-
lecular sequences of their genomes. The same theories can be articulated
in different ways. My analysis shows that we should not privilege a single
approach. It also shows that diversity can help diagnose the strengths and
compromises involved in our detection methods. For example, in this case,
the causal connections uncovered by phenotypic methods complement and
reinforce the signatures of selection detected by molecular tests. Reflecting
on the role of theory, and on the fact that the theory does not dictate the
strategies for making connections to real systems, is a useful enterprise for
any evolutionary biologist. In short, we make progress by formalizing our
constitutive theories as well as by reflecting on the variety and diversity of
connections we can forge to explain and understand the biological world.
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Modeling Evolutionary Theories

PATRICK C. PHILLIPS

Not only is algebraic reasoning exact; it imposes an exactness on the verbal pos-
tulates made before algebra can start which is usually lacking in the first verbal

formulations of scientific principles.

—J. B. S. Haldane (1964)

The mistake is in thinking that through mathematical formulae, you can arrive at
the truth. That's wrong. I used the naturalist’s way of thinking . . . [ just used the
empirical evidence. I find that this invariably gives you better figures. The prob-

lem is the belief that mathematics is the royal road to truth.

—Ernst Mayr (Shermer and Sulloway 2000)

Ecology and evolutionary biology are often considered to be the most
theory-rich fields within biology, at least by their practitioners. Although
“theory” can be defined in a number of different ways, in the present con-
text it refers to “a framework or system of concepts and propositions that
provides causal explanations of phenomena within a particular domain”
(Scheiner and Willig 2008, 21). While some form of conceptual framework
is needed to make sense of nearly any observation within the life sciences,
ecology and evolution have distinguished themselves by an insistence on
the translation of general theoretical constructs to well-defined quantitative
models. Indeed, within these fields “doing theory” is largely synonymous
with exploring a question using a mathematical model. Within evolution-
ary biology, the coupling of evolutionary ideas to genetic mechanisms fre-
quently provides the underpinnings of such models. Here, 1 address the
question of why there has been such a strong emphasis on quantitative
description within evolutionary biology and explore how the field as a
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whole has shifted from a focus on general conceptual models to more spe-
cific data-driven models, with a particular emphasis on population genetic
models. The issues explored in this chapter are relevant to how all of the
constitutive theories in section 2 get translated into models and are used
for hypothesis testing.

Quantitative versus Qualitative Models

If you define scientific models only as certain mathematical structures, then sci-
ence is the practice that involves the use and application of these kinds of models.
Some bite this bullet but there are troubling consequences for doing so: Darwin'’s
work on the foundations of evolutionary theory proceeded without the use of a
single mathematical model. As a result, this work cannot count as scientific on
this model-based definition of science. Those who think that it was not until the
New Synthesis, with its mathematical machinery, that evolutionary biology be-
came a science may be comfortable with this conclusion but perhaps not with the

conclusion that much of molecular biology is not science either.

—Stephen Downes (2011)

Within science, the term “model” can refer either to the abstract represen-
tation of specific natural phenomena or to the formalized realization and
implementation of a specific theory (Frigg and Hartmann 2012). These
uses are not mutually exclusive. Within evolutionary biology most theo-
reticians usually try to base their models on underlying biological pro-
cesses (e.g., mutation, Mendelian segregation) but also use various levels
of abstraction within a theoretical context, with the degree of abstraction
being dependent on the specific application and level of detail needed to
examine a given question. One common view of scientific theories is that
they consist of a coherent set of models (Downes 1992). This viewpoint
suggests that the value of a theory can be determined by how closely its
models map onto the real world (aka “target systems,” Downes 2011). For
the view of theory as a collection of models to hold true, the definition of
“model” must be very broad, including verbal or semantic descriptions of
natural processes (Downes 1992; Giere 2004). For instance, most “mod-
els” in molecular biology consist of diagrams representing biochemical
interactions, the structures of proteins within a cell during signal transduc-
tion, or some similar (somewhat loosely described) putative causal associ-
ations between molecular elements. While there are certainly quantitative
models in molecular biology, such as those surrounding metabolic theory
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(Keightley 1989), they have tended to play a much smaller role in the de-
velopment of the field than qualitative models of ordering relationships
amongst molecular processes. In contrast, over the past century a “model”
within evolutionary biology has come to indicate a precise mathematical
construct consisting of a system of equations built upon an explicit set of
assumptions, particularly within population genetics. As the quotation
from Downes (2011) above clearly points out, using this as the sole defini-
tion of “model” excludes much of what would be classified as good science
in the rest of the life sciences. Indeed, Darwin’s original statements about
the role of natural selection in generating evolutionary change, while logi-
cal in structure, are decidedly nonquantitative. There are many other in-
stances of nonquantitative models that have had a substantial influence on
evolutionary thought, and some evolutionary biologists have even argued
that overly simplified models can actually prevent progress in understand-
ing complex evolutionary processes (Mayr 1982; de Winter 1997).

Why then has “model” become equivalent to “a coherent set of mathe-
matical equations” within evolutionary biology while it maintains a much
more general meaning within the rest of biology? Darwin’s case is a fine
illustration of why the progression from verbal to mathematical models
has been important to the field. Darwin was able to articulate the general
structure of natural selection fairly easily but quickly ran into trouble when
confronted with the question of how variation could be maintained un-
der his model of blending inheritance, since in that case all individuals
within a population would rapidly come to resemble one another, leaving
no variation upon which natural selection could act (Bulmer 2004). Thus,
while Darwin’s general conceptual model was sufficient to help catalyze
an entirely new branch of science, lack of mechanistic detail led to im-
mediate problems. Indeed, this problem was not immediately solved even
after the rediscovery of Mendel in 1900, as there was still a great deal of
disagreement about how best to reconcile the patterns of discrete variation
described by Mendel with the more continuous variation that was at the
center of Darwin’s thinking (Provine 1971). It was not until R. A. Fisher
(1918) worked out a model of multilocus inheritance that the issue was
finally resolved.

The formal framework developed by Fisher was critical for resolving
nearly two decades of disagreement in the field, and an explicit quantita-
tive specification of assumptions was important. One of the chief propo-
nents of the anti-Mendelian biometrical school, Karl Pearson (1904), had
concluded that continuous variation was incompatible with Mendelian
inheritance because it predicted a resemblance between relatives that was
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lower than empirical observations. However, his models assumed com-
plete dominance and too few loci. The underlying difference in the conclu-
sions of Pearson and Fisher regarding one of the most fundamental con-
cepts in genetics, the quantitative mapping of continuous variation onto
Mendelian segregation, cannot be adequately evaluated except in light of
the clarity of the underlying assumptions—something possible only in the
context of an explicit mathematical model. This is a quantitative detail (the
dominance coefficient under Mendelian inheritance) rather than a qualita-
tive assertion. In the end, all models dealing with evolution depend on
quantitative details, such as the relative strength of processes such as se-
lection and mutation, and so must ultimately be quantitative in nature.
In contrast, most research in molecular biology has tended to be largely
qualitative, and so disputes about model applicability have in turn usu-
ally been successfully addressed using qualitative rather than quantitative
predictions.

Another example of the uneasy balance between verbal and quantitative
models in evolutionary biology is the controversy regarding the speciation
mechanisms that emerged in the mid-twentieth century. Following argu-
ments initiated by Ernst Mayr, a number of verbal models about the role
of small populations and genetic interactions in “founder effect” specia-
tion generated a great deal of debate that played out over the course of
nearly four decades (e.g., Mayr 1954; Carson and Templeton 1984). Un-
der Mayr’s verbal model, speciation was most likely to occur in peripheral
populations with a small number of founders because these populations
were more likely to generate unique combinations of strongly interacting
genes via random genetic drift. Mayr’s (1959) initial concern was that ex-
isting single-locus population genetic models as exemplified by the work
of Fisher (1922) and Haldane (1924) could not capture the complex in-
fluences of changes in population size, interactions between genes, and
changes in the pattern of selection under environmental shifts. Take the
standard equation for single locus change under natural selection:

(4.1) p'=pW, /W,

where p”is the frequency of allele A in the next generation, with marginal
fitness W, and an overall mean fitness in the population of W. In essence,
Mayr was asserting that although this model is internally consistent, it is
not entirely relevant to complex evolutionary scenarios because no organ-
ism exists as a single locus running around in nature, and thus the strength
and pattern of natural selection depend on all of the other genes simulta-
neously present within the organism.
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Mayr also relied on a second bit of quantitative modeling from Sewall
Wright, but this time in support of his verbal model. Wright (1931) ex-
panded on the deterministic model from eq. 4.1 to include the effects of
migration and, especially, genetic drift to identify the expected equilibrium
distribution of possible evolutionary outcomes under stochastic variation
in allele frequencies:

(4.2) (D(q) ae4qum q4N(mqm+v)—1 (1 _ q)4N[m(1—qm )+ul-1 ,

where N is population size, s is the strength of selection, m is the migration
rate, u and v are mutation rates, and ¢, is the average allele frequency across
all subpopulations experiencing migration. Wright (1932) built upon this
specific analytical approach for one and two loci to create what he viewed
as a more general model (his shifting balance theory) that posited that ge-
netic drift could occasionally, albeit rarely, move a population to a genetic
state in which novel gene combinations could rise sufficiently high in fre-
quency so as to be favored by natural selection in a new environment even
if they had been selected against in the original population because of an
incompatible genetic background. Here the important point for Mayr was
that unique evolutionary outcomes are possible when genetic drift is in-
cluded in the general selectionist framework and that the influence of ge-
netic drift will be enhanced in small peripheral isolate populations, which
is where Mayr (1954) thought the initial steps of speciation occurred. For
Mayr, Wright's movement from a simple quantitative model to an intuitive
verbal model that encompassed the entire shifting-balance process was not
a problem (Coyne et al. 1997; Whitlock and Phillips 2000).

Countering the arguments of Mayr and others (Carson and Templeton
1984), theoreticians who were bringing more rigorous models to the study
of speciation genetics asserted that the details of those verbal models were
too vague to formally evaluate, much less allow one theory to be clearly
distinguished from another (Barton and Charlesworth 1984). In reality,
speciation is likely to be complex and idiosyncratic, although this does not
mean that many pieces of the process cannot be mathematically modeled
(Coyne and Orr 2004; Poisot, chap. 12; Edwards et al., chap. 15). More re-
cent quantitative models that have tried to more fully capture the intent of
verbal models have concluded that the processes envisioned by Mayr can
indeed occur under certain circumstances (Gavrilets and Hastings 1996;
Gavrilets 2004).

The debate over mechanisms of speciation illustrates one of the chief
values in moving from verbal to quantitative models: explicit enumeration
of the biological conditions and assumptions underlying the process under
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study. Without this, many disagreements in evolutionary biology become
highly semantic. To theoreticians the worst outcome is a “slippery balance
theory” in which a debate emerges around the meaning of specific terms
used in a verbal model and whether two researchers are really talking about
the same thing (e.g., “species,” Nathan and Cracraft, chap. 6). Better to be
quantitatively precise in what you mean by writing it down as an equation,
they would say. However, as exemplified by his statement in the epigraph
to this chapter, Mayr would likely counter that quantitative models can
give a false sense of certainty as well. Although assumptions can be clearly
stated, whether or not they are appropriate from a biological standpoint is
an empirical question. And saying that something is an empirical question
does not necessarily mean that it is possible to resolve via a reasonable set
of measurements in actual populations—some model parameters are dif-
ficult to measure and some processes are so deeply historical that critical
characteristics that might be needed to properly parameterize a model may
have been irrevocably lost in time (Jablonski, chap. 17).

So at no point in the debate on the role of founder effects in speciation
was there a sense that the models would be used to actually analyze data
of real species, other than to see if the baseline conditions of gene inter-
actions and variable population sizes exist in nature. There was no attempt
to specify a set of parameters that could be precisely measured within a
given group of species in order to “test” the theory of founder effect specia-
tion. Here both qualitative and quantitative models were primarily used to
define the scope of the problem, including which evolutionary forces need
to be investigated, and to explore how the relationship among those evo-
lutionary forces might influence the outcome of the process. In this way,
most evolutionary models have been used primarily to formalize the con-
ceptual structure of the theory being tested and, at least during the first few
decades of research in evolutionary genetics, were unlikely to be used to
examine specific empirical examples.

During the initial creation of modern evolutionary theory, the primary
problems addressed by modelers were the definition and characterization
of the factors that can influence evolutionary change (e.g., mutation, popu-
lation size, recombination, inbreeding, selection, migration), followed by
an exploration of how these factors interact with one another (Provine
1971; Lewontin 1974). Although there were intermittent attempts to apply
these models to explain evolution within natural populations (Millstein
2007), in reality there were simply not the tools available to generate the
data necessary to relate the parameters specified in those models to what
was actually going on within natural populations. Thus, while there was
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certainly a large number of empirical studies being conducted in the first
half of the twentieth century, the role of models in supporting those stud-
ies was largely to guide the conceptual framework in which the data was in-
terpreted, rather than to test specific hypotheses generated by these models.
Most of the development of evolutionary models during the foundational
period of modern evolutionary biology has been pragmatic in approach
(Mindell and Scheiner, chap. 1), with a strong focus on underlying consti-
tutive theories within a loose alignment of the fundamental principles of
evolution itself. Part of what the preceding examples help to illustrate is
the difficulty of translating general theoretical precepts, such as those out-
lined in this book, into specific actionable predictions that have sufficient
quantitative detail so as to be useful in either testing specific evolutionary
hypotheses or estimating underlying evolutionary parameters.

Overall then, the primary role of models during the beginnings of evo-
lutionary theory was to resolve ambiguities in verbal arguments about evo-
lutionary processes by making assumptions and quantitative outcomes ex-
plicit. In the process of doing so, those models helped to clearly define the
set of evolutionary forces that should come to bear under any particular
circumstance. Repeated conflicts due to a lack of specificity in qualitative
models, as well as an ever increasing sophistication of quantitative models,
have led to a strong shift in expectations within the field such that “model”
now means “quantitative model with an explicit set of assumptions.” In
turn, these quantitative models have helped to specify what properties of
biological systems should be measured and when one should measure
them, although the transition from conceptual foundations to more pre-
cise empirical estimates is a relatively recent development.

Models versus Analysis

It can scarcely be denied that the supreme goal of all theory is to make the irre-
ducible basic elements as simple and as few as possible without having to surren-
der the adequate representation of a single datum of experience.

Usually quoted as: Everything should be made as simple as possible, but no simpler.

—Albert Einstein (1934, 165)

One of the interesting consequences of the strong reliance of evolutionary
biology on explicit quantitative models is that “theory paper” has come to
mean almost any study that uses mathematical approaches not involving
the statistical analysis of data. Although some type of model is usually the
starting point for this kind of analysis, the scientific output of the analytical
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process can be very different depending on how the model is analyzed. In
particular, some approaches are more likely to yield general insights into a
model, while others may be more useful for specific applications to actual
data. In this regard, it is useful to make a distinction between approxima-
tion, calculation, simulation, and estimation.

Consider models of multiple interacting loci involving multiple evo-
lutionary forces, which are some of the most challenging in evolutionary
biology such that general solutions are not possible in most instances. It
is not particularly difficult to write down the transition equations for each
separate step in the evolutionary process (mutation, natural selection, ge-
netic recombination, migration, genetic drift, and so forth), but pulling
those processes together tends to create a complete mess. For instance, a
two-locus model of mutation-selection balance with epistatic interactions
between the loci results in an equation with more than eighty terms (Phil-
lips and Johnson 1998). Nonetheless, this final (very long) equation is an
exactly correct representation of the full set of assumptions that go into
the model. It can therefore be used for calculation of the behavior of the
model. Given a set of initial conditions and parameter values, the future
trajectory of the population can be calculated exactly in an iterative fashion.
While every analytical model uses some kind of computational approach, 1
use the term “calculation” here to indicate that the result is repeatable and
exact, as in “the dynamics of this model can be precisely calculated.”

Such calculations can be used to explore sets of parameter values, but
because an exhaustive search of all parameter combinations is usually
impossible, it is often difficult to feel confident that one is deriving gen-
eral insights about system behavior from calculations alone. Theoreticians
therefore often attempt to find an approximation that captures the essen-
tial quantitative and qualitative properties of the models in as few terms as
possible (in Einstein’s sense of “few”). For certain types of epistatic interac-
tions in the two-locus model, it is possible to approximate the eighty-term
equation with a single result involving only a few fundamental parameters,
resulting in a much simplified equation that clearly illustrates how epista-
sis can structure mutation-selection balance (Phillips and Johnson 1998).
The incomprehensible full equation reduces to a more manageable

(4.3) X =

~
-
+

t‘
“w

for the case of complete epistatic coverage of one locus with another, where
x is the frequency of the gamete that carries the epistatic deleterious al-
leles, p is the mutation rate, r is the recombination rate between the loci,
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and s is the strength of selection against the negative epistatic combination.
The advantage of an approximation like this is that one can more readily
see both the complex interchange between the genetic and evolutionary
processes (mutation, recombination, natural selection) and a connection
to the standard single-locus mutation-selection result for completely reces-
sive, deleterious alleles: g = \/T . When linkage between loci is not too
tight, the two-locus result is approximately the square root of the single-
locus result.

The term “approximation” as used here is very context specific. In a
sense, every model is an approximation of reality, so here approximation
simply means that the essence of the model itself can be captured using a
simplified representation (i.e., it is not an exact representation of the un-
derlying model assumptions). Thus, a given result may be a good approxi-
mation of the model but still a poor approximation of nature.

In many cases the goal might be not to describe any particular evolu-
tionary trajectory, but instead to set bounds on the behavior of a model
(e.g., under what conditions will the model result in a stable equilibrium).
Here approximations can be used in a very different manner to simplify
the model sufficiently so that local stability analysis can be applied (Otto
and Day 2007). Such boundary analyses have long been an important part
of theoretical physics but only recently have been an increasing focus for
evolutionary models (de Vladar and Barton 2011), particularly within the
subfield of adaptive dynamics (Doebeli and Ispolatov 2014).

Because every aspect of the evolutionary process is at least partially sto-
chastic (Mindell and Scheiner, chap. 1, principle 6, table 1.3), single out-
comes are possible only for models that assume that these processes do
not result in a probability distribution. The inclusion of random processes
is usually achieved using two different approaches. The first is to assume
(or calculate) the distribution of possible outcomes, as is done for instance
through the use of a diffusion equation (Kimura 1983). The second is to
simulate a process by using a random number generator to determine the
outcome of any particular realization of that process. Such simulations are
often used to explore (or verify) the consequences of the assumptions that
underlie purely equation-based descriptions of a model.

There is something of a moral hierarchy within evolutionary theory as
to how these different approaches work together. Following Einstein’s dic-
tum, the ideal is to have a simple approximation that captures the essential
features of the model in a way that readily yields insights into the biologi-
cal process being modeled. Calculations can be used to show that the ap-
proximation actually captures the model as formulated, while simulations
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can be used to see if the model as a whole adequately captures the finer
details of actual biology. If approximations are not possible, then calcula-
tions can be used to explore the parameter space, even if it may be difficult
to articulate general rules from the resulting output. At the lowest level, the
entire process can be simulated and the myriad of outcomes explored.

There are three reasons why simulations are generally a weak way of
evaluating a model. First, it may be difficult to adequately explore the pa-
rameter space and/or perform an adequate number of replicates to be sure
that consequences of the model are properly understood. The problem
here is that what is “adequate” is usually unknowable a priori. Second, it
is usually difficult to create simple rules that describe simulation results,
unlike approximations. This difficulty tends to restrict simulations studies
to the specifics of the conditions being simulated. The final problem with
simulations is more pernicious. Because simulations are often complex
and implemented via computer programing, unknown biases (“bugs”)
may be introduced by the way that the simulation was implemented, even
if they were not explicitly stated. Although in principle it should be pos-
sible to examine the computer code itself to detect such errors, in practice
such problems are likely to remain hidden until the results are found to
be incompatible with some other form of analysis. In the best of worlds,
all three approaches—calculation, approximation, and simulation—yield
similar results such that one is confident that a model is both general
and valid.

A final category of analysis comes about when actual data is analyzed
in the context of a model. Because of variation inherent in biological sys-
tems, using a model to describe a particular dataset and/or using data to
test a given model depends on estimating model parameters. This entails
layering statistical sampling on top of the other processes described by the
model. The estimation process thus follows the same hierarchy described
above. Sometimes it is possible to articulate an exact solution to an es-
timation problem, for instance the maximum likelihood estimator of an
allele frequency (Excoffier and Slatkin 1995). Often, however, calculations
can be quite complex, and it is increasingly common for simulations to be
used to calculate the likelihood of observing the data, assuming a particu-
lar underlying evolutionary model (Bouckaert et al. 2014; Raj et al. 2014).
Modern approaches to phylogenetics are great examples of how underlying
evolutionary models can be mapped onto complex datasets using proba-
bilistic approaches (Yang and Rannala 2012; Kearney, chap. 7). In general,
evolutionary models developed primarily during the first half of the twen-
tieth century have undergone serious restructuring at the beginning of the
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twenty-first century. Whereas the goal of the early models was to articulate
the general processes that influence evolutionary change, the current goal,
at least for models aimed at genetic data, is to use what is now known
about those processes to make more specific inferences regarding their
interaction and the magnitude of their parameters.

The Structure of Evolutionary Models

At their heart, models are idealized structures used to represent specific sys-
tems within the real world (Giere 1988). Why do some models end up
having a very broad impact within a field while others do not? What fea-
tures of evolutionary models have allowed them to retain their relevance
for such a long period of time? I briefly explore this question as a means
of illustrating some of the essential elements of models of evolutionary
change.

The question of whether a model is generally useful is exemplified by
that quote from Einstein: can the model be simple enough to be general,
yet still capture sufficient quantitative detail to be useful (see also Levins
1966, 1993). Somewhat surprisingly, most meaningful models in evolu-
tionary biology have been based on a fairly simple set of assumptions/
rules. Complexity usually arises from interpreting the full consequences of
those rules, especially interactions between parameters (e.g., selection and
genetic drift). Within ecology, there have been multiple periods during the
development of formal theory in which debate has emerged as to whether
it is actually possible to capture any realistic ecological circumstance using
“simple” (as opposed to “systems”) models (Odenbaugh 2006). In con-
trast, from the very beginning, models in evolutionary biology have tended
to be as simple as possible. It is only recently that increasingly more com-
plex models have been developed for application to more specific evolu-
tionary scenarios and empirical datasets.

Although simplicity may facilitate applicability, the key to broad use
of a model is that it be built upon general principles that can be applied
across a wide variety of conditions actually found in nature. Broad appli-
cation depends on whether the real-world elements upon which a model
depends are shared across as wide a set of target objects as possible. So,
for instance, the fact that every physical entity in the universe has mass
and momentum and is made of atoms allows the laws of physics to be
applied from stars to gecko toes. Similarly, one reason that evolutionary
models have tended to be so successful is that they are built upon fea-
tures that are broadly shared across organisms, with DNA being primary
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among these. Any system possessing the three basic tenets of evolution
by natural selection—heritability, variability, and differential survival and
reproduction—will necessarily experience evolutionary change (Frank and
Fox, chap. 9). If every species had its own mode of inheritance and some
unusual form of reproduction (imagine complex forms of budding rather
than the usual production of gametes), they would all still evolve, but ap-
plication of a small set of coherent evolutionary models that captured each
special case would be much more difficult. The fairly limited forms of re-
production and genetic transmission observed in natural systems allow for
a small set of evolutionary models to be applied quite broadly.

The chapters in section 2 explore the theoretical consequences of the
coupling of genetics and evolutionary processes. Here, 1 briefly highlight
one approach that was adopted early in the construction of evolutionary
models—the analysis of relative frequencies—as an exemplar of how mod-
els have been structured to maximize generality.

Relative Measures of Competition between Types

Most models of evolutionary change via natural selection use the most triv-
ial ecological model possible, exponential growth:

(4.4) N;(t+1) = NN (1),

where N; (t) is the number of individuals of type i in the population at
time ¢, and A, is the number of type i individuals produced within a given
time interval (Fox and Scheiner, chap. 11, eq. 11.1). For asexual reproduc-
tion, the time interval can be taken as the generation time. For sexual repro-
duction, the time interval represents changes within a generation, since the
transition to the next generation is strongly influenced by the complications
of genetic transmission (Frank and Fox, chap. 9). This general definition of
population growth can be readily expanded to include continuous repro-
duction, overlapping generations, and so forth, but the basic idea remains
the same that natural selection is generated via direct competition through
differences in reproductive rates (Tuljapurkar and Orzack 1980; B. Charles-
worth 1994). At first glance using this approach seems ridiculous; we know
that this model must in general be false because any species obeying ex-
ponential growth would either rapidly fill the universe with its numbers
(if \; > 1) or be quickly consigned to oblivion (if A\; < 1). However, a slight
change in viewpoint allows this approach to be approximately correct, even
under complex demographic conditions. First, if one divides the number
of individuals of a given class by the total number of individuals within a
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defined population, then one can track the frequency of a type rather than
its absolute numbers. Thus whether the population as a whole is growing
or shrinking is immaterial, as it is the change in relative frequencies that
determines the evolutionary outcome, as in eq. 4.1. This naturally leads to
the frequency-change-based definition of evolution so abhorred by Mayr
(Shermer and Sulloway 2000). The significance of focusing on relative fre-
quencies, as in the earliest formulations of population genetics, cannot be
overstated. In particular, it allows population genetic models to be correct
to a first-order approximation even when ecological circumstances might
be wreaking havoc with the actual demography of a given population.

Because moving to frequencies involves dividing by the total popula-
tion size, the second consequence of this change in viewpoint is that differ-
ences in reproductive output among types also naturally convert to relative
amounts (i.e., relative fitnesses), because it is only the ratio of fitnesses that
becomes relevant when the ratio of population sizes is calculated (eq. 4.1).
Thus it is only the increase or loss of fitness of a given type relative to the
average fitness in the population that is responsible for determining fre-
quency dynamics. This normalization allows frequency-based models to
be approximately correct under a wide variety of circumstances because the
change in frequency of any particular type tends to have a relatively small
effect on the mean fitness of a population, even if differences in reproduc-
tive output are fairly large.

Naturally there are a number of complications that make this simple
approach fail, most notably any frequency or density dependence that
might arise from the interaction of different classes of individuals. Some
models try to allow more explicit demography and ecology to be included
(Coulson et al. 2010). One class of models, exemplified by the adaptive dy-
namics approach, are particularly geared toward the analysis of frequency-
dependent events, such as those expected under more complex models of
competition among individuals (Parvinen et al. 2003). Those models ex-
plicitly take density dependence into account in order to examine how di-
versity can arise as a consequence of competition (Dieckmann and Doebeli
1999). For the most part, however, those models ignore most of the trou-
blesome complications caused by sex and genetic variation within popula-
tions (Orive, chap. 14), so they are currently poor general descriptors of
evolutionary change (Waxman and Gavrilets 2005).

Overall, then, the vast majority of evolutionary models are built upon
a relative frequency (and thereby relative fitness) approach, which allows
evolutionary change to be predicted as a local perturbation of the current
state of the population (Frank and Fox, chap. 9). That this approach works
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so well is perhaps the primary reason that simple evolutionary models
have found such wide applicability.

Reintegration of Demography into Evolutionary Genetics

Part of the motivation for working in frequency space was to create a set
of conceptual models that would be generally applicable across a wide set
of circumstances, independent of demography. In finite populations not
all frequency states are possible, since frequency must adhere to quantum
changes in the single unit of inheritance (usually taken to be the “allele”).
This leads to discrete frequency classes in units of 1/N (for haploids) or
1/2N (for diploids). Under these circumstances, Kimura (1983) showed
that in many cases the relevant parameters are not the individual evolu-
tionary forces (selection, mutation, migration) but the product of those
parameters with population size. To disentangle population size from
those parameters, recent models of molecular evolution are increasingly
likely to include an explicit description of demography, including direct
estimates of changes in actual population sizes (e.g., Pickrell and Reich
2014). Spurred by an explosion in the availability of DNA sequence data,
it appears likely that evolutionary models will eventually move away from
the general frequency approaches that have been the core of evolutionary
modeling for a century toward more explicit ecological models as exempli-
fied by eq. 4.4. Thus, while the core concepts of evolutionary theory have
been largely illuminated using more simplified models, the application of
those models to actual genetic data has become more and more dependent
on their integration with models that more accurately reflect the popula-
tion biology of the species in question.

Testing Evolutionary Models

While progress in molecular biology has consisted both of learning how things
actually are in nature (the double-helical nature of DNA) and in finding methods
for asking such questions (how to sequence DNA), the discoveries, both theo-
retical and experimental, that have had the most impact on population genetics
are not those that revealed a particular fact about the world, but those that have
provided methodologies for answering particular questions when desired. That
is why theoretical investigations have played such a central role in population

genetics as opposed to any other branch of biology.

—Richard Lewontin (2000, 20)
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Of course, [population genetics] also needs accurate numerical data, and these
do not yet exist, except in a very few cases. . . . One of the important functions of
beanbag genetics is to show what kind of numerical data are needed. Their collec-

tion will be expensive.

—J. B. S. Haldane (1964)

Applying evolutionary models to specific real-world circumstances can be
challenging. During the development of formal evolutionary theory, many
empirical studies were largely consistency arguments that helped to serve
as exemplars for a given part of the overall conceptual framework. Part of
the difficulty in bringing evolutionary models more directly to bear on em-
pirical data has been the empirical (in)sufficiency of the data itself. This
(in)sufficiency takes two forms. First, the data must actually measure the
target system that is the subject of the model. In population genetics, this
has always meant being able to measure the frequency of segregating al-
leles within a population, as well as the change in the frequency of those
alleles over time. Even though a focus on allele frequencies has been the
foundation of all models in population genetics since the 1920s, it was not
until the late 1960s that data on allelic variation could be systematically
collected at the level of proteins (Lewontin and Hubby 1966), and not un-
til the late 1980s that this could be done with DNA (Kreitman 1983). Tell-
ingly, nearly all of the core conceptual structure for the quantitative theory
of evolutionary biology was developed before the material basis of inheri-
tance was fully understood. The fact that the basic models in evolutionary
genetics are largely independent of molecular details highlights that these
models are used to understand the conceptual structure of the population
genetic processes that lead to evolutionary change, rather than to describe
the evolution of any specific system.

More recent population genetic models, particularly those examining
molecular evolution, require much greater detail about the molecular pro-
cesses that they are meant to represent (e.g., the difference in transition
versus transversion mutation rates; McInerney, chap. 5), but in many cases
some of this information is just beginning to come to light now that we are
able to obtain DNA sequence in an unbiased fashion from a large number
of individuals. For example, models in both population and quantitative
genetics depend on the rate and distribution of effects of new mutations,
yet the characteristics of new mutations are still only crudely known—
certainly not at a level necessary for the precise parameterization of most of
these models (Eyre-Walker and Keightley 2007; Keightley and Eyre-Walker
2010). Models in population genetics existed for nearly one hundred years
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before sufficient information about their target systems became widely
available. Data needed for other models in evolutionary biology, for in-
stance regarding details of the genotype-phenotype map (Hallgrimsson
et al. 2014), still await accurate measurement.

The case of the estimation of mutational parameters helps to illustrate
a second major issue with empirical sufficiency. Mutations are rare and
therefore difficult to study without samples of very large size. In general,
even when the information needed to help estimate model parameters is
actually measurable, few evolutionary studies have been conducted at a
size sufficient to critically evaluate a given evolutionary hypothesis. Evo-
lutionary quantitative genetics is a fine example of this issue (Barton and
Turelli 1989; Hersch and Phillips 2004; Phillips 2005). It has long been
known that very large samples are needed to adequately estimate quantita-
tive genetic parameters within natural populations (Klein 1974; M. Lynch
1988), yet most studies in evolutionary quantitative genetics have been
conducted using experimental designs that are at least an order of magni-
tude too small to allow meaningful estimates. The reason for this is clear:
an individual investigator can only do so much during the course of a given
study. It is only now with the investment in human genetics involving hun-
dreds of thousands to millions of samples that one begins to get a glimpse
of how potentially difficult this problem can actually be (Visscher et al.
2012). Similarly, the new availability of high-throughput sequencing ap-
proaches is for the first time allowing sufficient information on DNA varia-
tion to be collected to test specific models of molecular evolution, such as
those attempting to separate the effects of variable demography and mi-
gration from the effects of natural selection (Cutter and Payseur 2013). In
phylogenetic studies, whole genome approaches are clearly showing that
the evolutionary history of genes and species can be distinct and complex
(Pease et al. 2016; Kearney, chap. 7). We are only now at the cusp of being
able to rigorously evaluate evolutionary models using a scale of data that
is sufficient to the task, and even here, this is only for a small subset of the
many long-standing questions in evolutionary biology.

Limits to Model Inference

An essential feature of the question of empirical sufficiency is the historical
nature of the processes being described in evolutionary models. Although
all scientific fields rely on precise measurements to some extent, there is a
long history in many fields of biology of being able to adequately rely on
qualitative or categorical outcomes for causal inference, largely because the
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majority of these fields were built upon a paradigm of using experimen-
tal manipulations to test hypotheses (Platt 1964 ). Such manipulations are
often selected so as to produce an effect of “sufficient” size that statistical
analysis of quantitative variation is often beside the point. For instance, for
most of the history of genetics a mutation that did not lead to an obvious
phenotypic effect could not be detected, much less subjected to detailed
functional analysis. The advent of genomics, reverse genetics, and systems
biology is beginning to reverse this trend to some extent within molecular
biology, but there is still an emphasis in this and related fields on limiting
experimental tests to cases in which highly repeatable experimental manip-
ulations can be conducted against a backdrop of very limited background
variation. In contrast, because the objects of study in evolutionary biology
are usually natural systems, effect sizes are precisely those supplied by nat-
ural variation, be they large or small. Most important, natural systems dis-
play inherent (irreducible) variability for many reasons, including genetic
differences among individuals, macro- and microenvironmental variation,
and the complex ecological circumstances in which these systems exist.
This variability has led evolutionary biologists to become highly reliant on
statistical analyses for most of their work. Indeed, regression analysis (Gal-
ton 1886), correlation (Pearson 1886), analysis of variance (Fisher 1918),
and path analysis (Wright 1921) were all invented to address questions re-
garding natural variation or the analysis of quantitative genetic data.

Most conceptualizations of science are built upon the idea of testing a
hypothesis, usually via experimentation. The central idea of an experiment
is that one can change one or a small number of factors at a time while
keeping all other things constant (ceretis paribus). This allows any change in
the condition of the experimental observations to be ascribed to the factor
that was varied. In the absence of an experimental effect, both treatment
conditions are expected to be identical to one another, with this identity
usually taken as the null hypothesis. When using observations from natu-
ral systems, there is no such thing as “keeping all other factors constant” or
“varying only one element at a time.” Causation can never be inferred from
an observed difference; it can only be consistent with an expected outcome
under certain assumptions. The null hypothesis of “no difference” is al-
ways false. For example, if one wants to ascribe the difference in genome
structure between bacteria and mammals to differences in population size,
it is possible to construct models that yield this pattern as an expected out-
come, or perhaps more properly, the pattern is impossible to distinguish
from an appropriate null model (M. Lynch and Conery 2003). However,
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it will always be formally impossible to demonstrate that the difference in
population size was the cause.

To some extent, this overall statistical framework is the direction in
which models in evolutionary theory have tended to migrate over the past
forty years. Although the idea of using population genetic models to gener-
ate an adequate null hypothesis for natural observations has been around
from the beginning (Wright 1931), it is the application of Kimura’s elegant
mathematical models to the analysis of emerging data about molecular
variation that drove the null hypothesis approach forward (see also Lande
[1977] and M. Lynch [1990] for similar approaches in quantitative genet-
ics). Overall, this has been a very beneficial development for the applica-
tion of evolutionary models to data. However, because they are used to
analyze natural systems, there can be issues with naively applying these
models as a null hypothesis. For example, if natural selection is in fact
pervasive across the genome, then patterns of change generated by link-
age among loci are likely to dominate most patterns of variation, whereas
strictly neutral null models assume that loci are independent and that non-
selective demographic factors apply equally at all sites across the genome
(Hahn 2008; Kern and Hahn 2018).

This gap between model assumptions and nature is one of the essen-
tial problems with the statistical null approach. We know that any null hy-
pothesis involving two populations, species, or other taxonomic units is
false because the assumption of “all else being equal” must necessarily be
incorrect; any two natural samples will differ in myriad ways unrelated to
the hypothesis under test. One way of addressing this problem is to fo-
cus more on parameter estimation than hypothesis testing per se (Hahn
2008). Even here, estimating parameters based on false assumptions will
yield biased estimates. The strength of quantitative models in evolution-
ary biology is that they make their underlying assumptions explicit. The
peril of empirical data from natural populations is that they do not tell you
which assumptions are valid in a given circumstance. Testing assumptions
using additional modeling generates something of a Russian doll of nested
assumptions. Ultimately, the validity of any given set of models is neces-
sarily based on the consistency of their explanatory power across multiple
natural systems because it is impossible to be certain that the model is per-
fectly applicable to any given case. Experimental evolution is an emerg-
ing paradigm that seeks to address this specific deficiency through the use
of repeated, controlled experiments with well-defined initial conditions
(Kawecki et al. 2012; Teoténio et al. 2017). This approach allows models—
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and their associated hypotheses—to be tested using a more conventional
framework. However, such experiments tend to be of limited spatial and
temporal extent relative to evolutionary change within natural populations.

Evolutionary Models and the Development
of Evolution as a Science

There are two possible explanations for why evolutionary theory has tran-
sitioned from general conceptual models during the foundational stages to
a more recent emphasis on statistical models geared toward data analysis.
Either this transition was driven by the need to initially enumerate and
establish a general understanding of evolutionary forces before moving to
more specific models applicable to actual data, or it was driven by the fact
that evolutionary biologists simply did not have the appropriate data at
their disposal in the first place. Conceptual models were all that were pos-
sible until such data became available. There is probably truth to both ex-
planations, although it is impossible to read most theoretical arguments in
evolutionary biology without the impression that they are formed within a
vacuum generated by an absence of applicable data. It is the virtuous cycle
of theory, data to evaluate theory, and new empirical discoveries leading
to new theory that helps to generate meaningful progress within the field.
The transition from models that attempt to answer “what is possible”
to models that attempt to infer “what has occurred” is therefore a sign of
a healthy science. However, different subfields within evolutionary biology
are at different points on this continuum (compare Orive, chap. 14, and
Edwards et al., chap. 15, for instance). There is also the danger that the
onslaught of genomic data that is finally providing the information needed
to refine and test more sophisticated models within population genetics
will serve as such a strong distraction that it will stunt the development of
other areas of evolutionary theory or—worse still—allow us to forget the
importance of other long-standing questions (Lewontin 1991). It is very
unlikely that we have articulated all of the necessary components of a com-
plete evolutionary theory (e.g., the properties of systems of complex inter-
actions among functional components, Phillips 2008). Further, while ge-
nomic analyses will be an essential component of any complete framework
of evolutionary models, genomic data by itself is insufficient to address
the most important questions in evolutionary biology, which stem directly
from the interaction of complex phenotypes with the environment.
Without question, over the last hundred years, quantitative models have
developed an unassailable role within evolutionary theory. Indeed, they
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have come to define what “evolutionary theory” actually means in much
the same way that quantitative models are now synonymous with the con-
ceptual structure of modern physics (although see Mindell and Scheiner,
chap. 1, table 1.2, for a more extensive treatment of the relationship be-
tween models and theories per se). The next hundred years are likely to
witness increasing specialization and sophistication in the application of
these models to specific empirical questions. The real mystery is whether or
not there remain major conceptual breakthroughs in evolutionary theory
that are as yet unrecognized and therefore remain unrepresented in exist-
ing models. The history of science in general suggests that this is likely to
be the case.
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Traits and Homology

JAMES O. MCINERNEY

In this chapter I give a brief historical overview of the concept of homol-
ogy, why it has been a contentious idea, and why it has so long occupied
evolutionary biologists. I present a set of ideas that have been developed
to help understand homologous relationships and place these ideas in the
context of other evolutionary biology theories.

The term homology is derived from two Greek roots: homos meaning
similar and logos meaning discourse, investigation, concept, or doctrine.
The concept of homology was first used in geometry (Spemann 1915). If
two diagrams or figures had similar angles or corners, then those angles
were considered homologous. Since then, the term has been used in many
diverse disciplines including philosophy, mathematics, chemistry, and
linguistics (Voigt 1973) and has different meanings in each field. In the
biology literature there have been several uses of homology, both evolu-
tionary and nonevolutionary, spanning areas of investigation as diverse as
developmental biology and morphological analysis (G. P. Wagner 1989),
molecular evolution (Reeck et al. 1987; Fitch 2000), and behavior (Hall
2013). In this chapter I detail the ways in which homology is interpreted
today, starting with a brief account of the history of this idea, then dis-
tinguishing modern interpretations of homology in different contexts, and
finally outlining some of the routes that can be taken to identify and inter-
pret homologies.

Two hundred or so years ago, when organs or parts of organs in dif-
ferent organisms were found to be in the same position, they were not la-
beled homologous but (rather confusingly today) “analogous” (Hossfeld
and Olsson 2005). The first documented use of “analogies” in the field of
comparative anatomy is attributed to Camper (1784, 1785), who studied
orangutan morphology. In 1825, there was another progression in the use
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of homology terms when Geoffroy St. Hilaire wrote: “when the develop-
ment of organs is analogous, they are called homologous” (Hossfeld and
Olsson 2005, 247). In 1848, Richard Owen, the anatomist, naturalist, and
first director of the British Museum of Natural History, wrote the first ma-
jor work on the notion of homology, attempting to clarify it and to show
how this idea could be used to document differences in vertebrate skel-
etons. The title of the book—On the Archetype and Homologies of the Verte-
brate Skeleton—provides an insight into the fact that Owen did not have an
evolutionary concept for homology. At the time, the varieties of forms that
were observed in nature were considered to be imperfect versions of an
“archetype,” an idealized organ or organism.

Owen hoped that there might one day be a “systematic Nomenclature
of Anatomy,” but until there was a degree of standardization, such a no-
menclature would not be realized. Owen’s overriding ambition, therefore,
was to establish a formal system of identifying corresponding organs in
humans and “lower animals.” He argued that among scientists, there was
a general sense of what kinds of organs could profitably be compared with
one another: “No anatomist, for example troubles himself with the ques-
tion of the amount of resemblance to a crow’s or other bird’s beak in the
‘coracoid’ bone of a reptile, or with the want of likeness of the kangaroo’s
coccyx to the beak of a cuckoo” (Owen 1848, 2-3). He concluded that it
was desirable to establish for all animals “the relation in the part of the
lower animal to its namesake or homologue in man” (3), defining “homo-
logues” as “[t]he corresponding parts in different animals being thus made
namesakes” (5).

In his book, Owen described three main kinds of homologies—general,
special, and serial homologies—though only one of these, special homol-
ogy (“The correspondency of a part or organ, determined by its relative po-
sition and connections, with a part or organ in a different animal,” 7), is in
common use today. Owen used the phrase “general homology” to mean a
broader class of what he also called “homologs.” For instance, when a par-
ticular bone is thought to be central to the overall structure of a vertebrate,
then even though it might be a different bone in different animals, Owen
called these general homologs. “Serial homologs” were repeated structures
on an individual, such as hairs on the leg of an insect.

Owen’s homology definitions were purely formal and did not refer to
evolution as the causal agent for this similarity. In contrast, Haeckel (1866)
set about defining the “phylum” and ascribing an evolutionary cause to the
similarity between organs. This was transformational and moved homol-
ogy away from the purely geometric “type” to the evolutionary “phylum.”
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The former was completely unconcerned with how homologs came to be,
and indeed polyphyletic groups could be put together quite comfortably,
while the latter was an evolutionary explanation and was tightly linked
with monophyly (Hossfeld and Olsson 2005).

Some twenty-two years after Owen published his treatise, Lankester
(1870) defined the word analogy to indicate morphological characters with
superficial similarities. In the past hundred fifty years or so, there have been
numerous efforts to succinctly characterize the ideas relating to homology,
but it has not been without trouble. Voigt (1973) reported that by 1965,
there were taxonomies of homology that had described 65 different kinds
of homology and analogy. Wake (2003, 193) suggested that “the homol-
ogy debate is the result of biologists attempting to save an ancient, vague
concept.” Tautz (1998, 17) has quoted John Maynard Smith as having said
that homology has “become a word ripe for burning.”

Homology as a concept needs clarification largely because there are dif-
ferent kinds of homologs and indeed clarification of homology concepts
and models also requires discussion of analogy and homoplasy (common
character states that were independently derived), as well as the routes that
are taken to illuminate these ideas. The advent of developmental and mo-
lecular biology has brought to our attention new evolutionary processes
that can give rise to complex kinds of evolutionary relationships, and con-
sequently new types of homologies have been identified, interpreted, and
described. Homology is fundamental for phylogenetic inference and the
analysis of character evolution, speciation, and development. In particular,
the accuracy of homolog identification underpins evolutionary interpre-
tations. Unless we are interested in analogies and convergences, perhaps
driven by selection, any attempted evolutionary comparison between non-
homologous traits is meaningless. The first part of phylogenetic inference
involves the identification of homologies; the second part involves under-
standing change or stasis in these homologies.

Homology as a Concept

In its current usage in evolutionary biology, homology is a concept that
relates evolving entities to one another. However, the relationship of evolv-
ing entities to one another is a complex issue. On the one hand, there are
evolving entities that are directly related to one another; these have been
called replicators (G. P. Wagner 1989). On the other hand, there are evolv-
ing entities that are built anew with each generation. In the first case, we
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include genome sequences and also proteins that are transcribed and trans-
lated from these genomes directly. In the second case, we include charac-
ters that are built—often using the interactions of several genes and exter-
nal stimuli—fresh in each generation and are therefore inherited indirectly,
rather than directly. In the case of replicators, there is a direct line of inheri-
tance through a molecule that is replicated by semiconservative replication,
whereas in the second case, the homologous organs are constructed during
development. In the first case (sometimes called “historical homology”),
two evolving entities are said to be homologous if they are descended from
a common ancestor. In the second case (usually called “biological homol-
ogy”), two entities are said to be homologous if they “share a set of devel-
opmental constraints, caused by locally acting self-regulatory mechanisms
of organ differentiation. These structures are developmentally individual-
ized parts of the phenotype” (G. P. Wagner 1989, 62).

The biological homology concept is restricted to the description of de-
velopmental processes or morphological traits and was developed in order
to include “iterative homology” (e.g., hairs on a primate’s forearm, petals
and sepals in flowering plants), while not excluding homologs that fit well
into the historical homology concept. The impetus behind the develop-
ment of the biological homology concept was to deal with issues such as
the development of features that are clearly homologous but in different
organisms; for example, they originate from different kinds of cells or are
under the control of different genes. In addition, characters such as teeth,
hair, petals, and so forth are serial homologs or iterative homologs that
arise from very similar starting points. Clearly, such features would be
problematic to interpret under the historical homology concept; hairs and
teeth are not duplicates of one another, nor do they arise one from the
other. Each individual originates from complex interactions of the same or
very similar sets of genes in different places on the body, yet each tooth and
each hair is quite clearly a separate organ.

An issue that is related to, but different from, the issue of very similar
morphological characters newly built at each generation has been pointed
out by Roth (1988). She showed that “genetic piracy” could take place,
where genetic elements are coopted to control the development of a fea-
ture over time so that two homologous morphological or developmen-
tal traits would be controlled by entirely different sets of genetic material
(Love, chap. 8).

In contrast to Richard Owen's original exposition, historical and biolog-
ical homology concepts implicitly contain an evolutionary interpretation
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for the similarity of evolving entities. However, although from an ontologi-
cal perspective there is agreement that homology should mean “descended
from a common ancestor,” from an epistemological perspective there is
a surprising amount of discord, mostly due to the fact that evolutionary
histories tend to be complex. For example, morphological characters can
be interpreted under both the biological and the historical homology con-
cepts, though again this connection is not always straightforward.

Characters and Character States

Patterson (1988) opined that homology should relate only to two objects
that are recognizably “the same thing.” In this interpretation, either char-
acters are homologous or they are not. He gave the example of the cochlea
of mammals, of which there are two kinds—spiral cochlea in therians and
curved cochlea in monotremes. Patterson, opposed the idea that these two
kinds of cochlea would be considered different “character states” of the
same homologous character. Instead, he advocated a view that these were
in fact two different homologous characters and felt that homology could
be “framed at any level.”

The opposite and arguably the more popular view is that spiral and
curved cochlea are homologous and represent two different forms of the
same character. This view advocates that each character, irrespective of
whether it is a morphological trait or a nucleotide position in an align-
ment, can have one or more character states, while it is the organ or nucle-
otide position itself that is the homolog (Fitch 2000). In this view, evolv-
ing objects related through common ancestry are considered homologous
characters and the different forms of this character are considered different
character states. This perspective sees homology as a more inclusive idea
and the challenge is first to identify homologs and then to accurately en-
code the different character states for analysis.

In the viewpoint advocated by Patterson, nucleotides in DNA sequences
or amino acids in proteins would be homologous only if they were the
same. This would mean that only the identical parts of sequences would be
considered homologous or perhaps that two sequences would be consid-
ered homologous only if they were exactly identical. Under the more com-
mon viewpoint, sections of molecular sequences that can be traced back
to a common ancestral sequence would be considered homologous, even
if they are not very similar (Haggerty et al. 2014). Each viewpoint has its
challenges, and disentangling the relationships between similarity and ho-
mology is more difficult than it might seem at first.
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The Relationship between Similarity and Homology

All explanations for similarity between two evolving entities appeal to ei-
ther homology or analogy. Homologous similarity is similarity that is due
to common ancestry; analogous similarity is similarity due to convergence
from a different evolutionary starting point. For the most part, evolution-
ary analyses tend to focus on homologous similarities, though, depending
on the research question, analogies might be interesting as well (Mclner-
ney et al. 2011). The study of homology, therefore, is the study of what is
conserved through evolution. However, while the nonrandom similarity of
two structures or sequences might seem, from the last few sentences, like a
prerequisite for inference of homology, there is not such a simple relation-
ship. Consider, for instance, two DNA sequences or two protein structures
that were derived from a common ancestor. If they evolved rapidly or for
a long period of time, a comparison might show that their level of similar-
ity is no greater than the random similarity of two unrelated sequences
or structures. In this case, inference of homology based solely on nonran-
dom similarity would not be effective. The corollary of this situation is that
two structures might display nonrandom similarity of sequence or struc-
ture but have arisen independently, i.e., they manifest analogous similarity.
For example, convergences have been noted in the independent origins of
fibroin-like protein motifs in several protein families (Gatesy et al. 2001)
and in the evolution of protease active sites (Buller and Townsend 2013).

It is important to make the distinction between the convergence of
traits that are completely unrelated and the convergence of the states of
the same character, though both are different kinds of homoplastic event.
In the first instance, there is homoplastic convergence from two nonho-
mologous starting points to two end points where the characters appear to
have significant similarity. In the second instance, we speak about different
states of the same homologous character and the independent evolution
of the same character states in different lineages. This second situation is
caused by repeated change of the states of the same character, otherwise
known as superimposed character substitution. Analogy and homoplasy
are nonsynonymous terms: analogy is the independent evolution of simi-
lar traits from nonhomologous structures or sequences, while homoplasy
is a more general idea and covers both analogy and the independent evolu-
tion of character states.

Homoplastic convergences and parallelisms in morphological charac-
ters are often quite complicated. The study of closely related taxa and the
underlying genetics involved in the homoplastic evolution of the same
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phenotype has often uncovered that the phenotype has evolved indepen-
dently via different genetic mechanisms. A specific example is seen in the
Mc1r gene, where a point mutation causes light coloration of the coat of
American Gulf Coast beach mice, but the same phenotype is caused by a
different mutation in Atlantic beach mice (Hoekstra et al. 2006). Clearly,
the same phenotype can arise by different pathways. This suggests that for
many morphological characters we might expect to see complex relation-
ships between convergences and parallelisms. Indeed, it has been sug-
gested that rather than distinguishing between convergence and parallel-
ism, when it comes to morphological characters, it is sufficient simply to
use the word “convergent” (Arendt and Reznick 2008).

Figure 5.1 illustrates the different kinds of evolutionary events that
might be seen for a homologous molecular character. Figure 5.1A depicts
a series of mutations where none are homoplastic. The ancestral character
state for this character was an A nucleotide that in one lineage changed to
a C nucleotide and in the other lineage changed to a T nucleotide. There
are no other evolutionary changes, and the C character state for taxa 1, 2,
and 3 is a synapomorphy for that group (a shared, derived state), while the
T character state is a synapomorphy for taxa 4 and 5.

In contrast, all three of the other examples demonstrate homoplasy.
Figure 5.1B provides an example of a convergence. In this case, the ances-
tral A nucleotide changed to a C nucleotide in one lineage, but a subse-
quent change in the lineage leading to taxon 1 converted the C to a T. On
the other side of the tree, there was a change from an A nucleotide to a
T nucleotide in the lineage leading to taxon 5. The net result is that taxa
1 and 5 now have the same character state, which has the effect of making
it seem as if taxa 1 and 5 are more closely related to one another than they
really are. What defines this kind of homoplastic change as a convergence
is the fact that the two mutations that resulted in homoplastic similarity
were different kinds of mutation. In one case, the mutation converted a C
to a T nucleotide, whereas in the other the mutation converted an A to a
T nucleotide. The hallmark of a convergent substitution is that change from
two different starting points goes to the same end point.

Figure 5.1C depicts a parallelism where the same character state trans-
formation occurs independently in two lineages. The ancestral A nucleo-
tide changed into a T nucleotide in the lineage leading to taxon 1, and the
exact same character-state transformation occurred in the branch leading
to taxon 5. Because these are the only two contemporary taxa in the dataset
with a T nucleotide, while all others possess an A nucleotide, again this
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Figure 5.1. Evolutionary scenarios that demonstrate the different kinds
of evolutionary transitions in molecular sequence data.

kind of homoplastic event is potentially misleading evidence of a close re-
lationship between taxons 1 and 5 in the absence of other evidence.

Figure 5.1D depicts the last of the different kinds of homoplastic events,
a reversal. In this case, the ancestral A nucleotide changed to a C nucleotide
in one lineage and then subsequently in the lineage leading to taxon 1 re-
verted to its previous character-state. Again, this can provide misleading evi-
dence of relationships, making taxon 1 appear more similar to taxa 4 and 5.

Homology Models

There are multiple kinds of homology relationships. First, we have homo-
logs nested within homologs. Hands and paws of mammals, for instance,
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are homologs and they are all found on forelimbs, which are also homolo-
gous. For molecular sequences, we might consider, for instance, a set of
ribosomal proteins that are found in several different species and, judg-
ing by their sequence similarity, are clearly homologous to one another
at the overall sequence level. When we align these sequences, we consider
the various nucleotides or amino acids embedded within them also to be
homologs of one another. At another level, we might consider the structure
of the ribosomes in these species and we might conclude that these ribo-
somes are also homologous. Uncertainty arises when particular characters
are inserted in or deleted from DNA or protein sequences, or when organs
or organelles have more or fewer components—as can be seen by the varia-
tion in protein content across the breadth of ribosomes (Wolfe et al. 1992).

Presence and absence of parts of a sequence or trait can result in con-
flicting views on homology. From the preceding example of ribosomal pro-
teins, most would agree on the homology of the individual nucleotides,
of the entire sequences, and of the entire ribosomes. However, some have
sought to employ a different kind of model. Song et al. (2008, 3) put for-
ward a homology model that sought to “distinguish multidomain [pro-
tein] homologs from unrelated pairs [of proteins] that share a domain.” In
their model, they consider two proteins that share a single domain not to
be homologous at all but simply to “share a domain,” whereas, other pro-
teins that are homologous for most of their length, though perhaps with a
domain inserted somewhere along the sequence, are indeed homologous.
In their model, homology is both a concept and a quantity. Sequences
are viewed as homologous if most of their sequence is homologous, but
unrelated if they only share a domain. As an example, “chromosomal re-
gions enriched with homologous gene pairs are likely to be homologous
themselves. In contrast, enrichment with homologous domains does not
support the inference that a pair of chromosomal regions is homologous.”
This model employs quantitative measures for homology and departs from
the standard notion that homology is qualitative and should mean de-
scended from a common ancestor and no more. Song et al. (2008) advo-
cate that because some domains are promiscuous, it is acceptable to infer
that the genes that contain those domains are not homologs. Genes are to
be considered homologous to one another only if a sufficient quantity of
the gene manifests homology.

For molecular sequence data, we additionally identify orthologs, epak-
tologs, ohnologs, synologs, and paralogs that are further divided into in-
paralogs and outparalogs. Short descriptions of these different kinds of
homologs are given in table 5.1. Figure 5.2 illustrates the interplay of gene
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Table 5.1. A Short Dictionary of Some of the Most Important Concepts in Homology

Homology: A relationship between molecular, morphological, or developmental characters
based on common descent.

Historical homologs: Homologous characters due to common descent and inherited by repli-
cation (Fitch 1970).

Biological homologs: Biological characters whose development is regulated or constrained in
the same way (G. P. Wagner 1989).

Orthologs: Genes that trace their most recent common ancestor to a speciation event (Reeck
etal. 1987).

Paralogs: Genes that trace their most recent common ancestor to a gene duplication event
(Reeck et al. 1987).

Inparalogs: Paralogs that reside in the same species (Sonnhammer and Koonin 2002).

Outparalogs: Paralogs that are found in different species (Sonnhammer and Koonin 2002;
Nagy et al. 2011).

Epaktologs: Genes or proteins that have arisen by remodeling, such that two sequences appear
to have the same homologous structures, but their histories are completely different and
replete with domain swapping or other forms of remodeling (Nagy et al. 2011).

Synologs: Homologs that are in the same genome but may not have arisen by duplication or
horizontal gene transfer (Lerat et al. 2005).

Ohnologs: Paralogs that have arisen as a consequence of a whole genome duplication event
(a special case of homology) (Wolfe 2001).

Partial homologs: Two evolving entities (usually molecular sequences) that do not manifest
homology along their entire length but instead share regions of homology (Hillis 1994).

duplication events and speciation events that can give rise to complex pat-
terns of orthology and paralogy.

Homologs Are Not Always Natural Kinds

The Stanford Encyclopedia of Philosophy defines “natural kinds” thus: “To say
that a kind is natural is to say that it corresponds to a grouping that re-
flects the structure of the natural world rather than the interests and ac-
tions of human beings” (http://plato.stanford.edu/entries/natural-kinds/;
see also Nathan and Cracraft, chap. 6). Atomic elements, such as hydrogen
or carbon, are considered to be natural kinds. If gene families or morpho-
logical characters were natural kinds, then the identification of homologs
would be relatively simple and the partitioning of molecular sequences
into gene or protein families would be uncontroversial. However, morpho-
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Figure 5.2. The evolution of a gene family. In this diagram, an ancestral gene has
been duplicated into multiple copies through two rounds of speciation events and
two gene duplication events. Duplication events create paralogous genes, and specia-
tion events create orthologous genes. For instance, genes Y”, and Y”}, are paralogs of
one another because they can trace their most recent common ancestor to a gene
duplication event, while both genes are orthologs of X" because they can trace their
common ancestor to a speciation event. X” is paralogous to both X" and Y’, though
in the former it is an inparalog, because the paralogs are in the same genome, and in
the latter it is an outparalog, because they are found in different genomes (Sonn-
hammer and Koonin 2002). Relationships between genes are reflexive (e.g., if X" is
a paralog of Y’ then Y’ is a paralog of X”). However, relationships are not transitive
(e.g., Y", is a paralog of Y and X" is a paralog of Y’, but Y”, is not a paralog of X").

logical characters can be constructed during development by overlapping
sets of gene products and environmental stimuli, which makes the task of
homologizing these characters quite difficult. If two proteins interact with
each other in the same way in two different tissues, this is still not reason
enough to consider those tissues to be homologous. Instead, the likeli-
hood that similar gene expression or protein interaction networks indicate
homology is related to how likely we expect such networks by chance. All
cells have ribosomes, but this is not sufficient for us to identify morpholog-
ical homologies as this is simply a feature of all cells (G. P. Wagner 2014).
On the basis of sequence similarity levels that are significantly higher
than would be expected by chance, genes can be put into groups. How-
ever, problems arise if distant homologs are missed because they are too
divergent, or conversely if in convergent evolution nonhomologous se-
quences are mistakenly identified as homologs. Additionally, placing genes
into discrete gene families is not a simple task because of nonhomologous
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recombination, in which molecular sequence data tend to form large, con-
nected sequence similarity networks (fig. 5.3). Promiscuous domains are
those found in a large number of otherwise unrelated sequences (Basu
et al. 2008), and these contribute disproportionately to cluster joining.
Clusters in a graph are sets of nodes that are more highly connected to
each other than expected (Enright et al. 2002). For many algorithms or
approaches to making gene families, the task has been to identify where
to “carve the network at its joints” (with apologies to Plato). The observed
clustering in homology graphs has been used as the basis for partition-
ing evolving sequences into “gene families” (Tatusov et al. 2000; Enright
et al. 2002). However, while this approach is popular and quite commonly
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Figure 5.3. In the network in the upper panel, two unrelated gene families (COG1123
and COG0842) have undergone a merging event, and three sequences can be found that
are composed of sequences that are homologous to these otherwise unrelated families.
The lower panel illustrates how this kind of event might look on a network; techni-
cally, it is no longer a tree, because of the merging of branches at node . The dashed
lines symbolize the fact that in many cases, it is not possible to see homologies, though
we know that because of the diverging nature of mutations, such homologies exist.
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used, it must be remembered that to cut this network into discrete groups
is equivalent to denying the researcher the chance of analyzing weaker ho-
mologous relationships such as those involving only part of a gene or pro-
tein (Haggerty et al. 2014). Bearing this limitation in mind, a great deal
can still be achieved by partitioning sequences into easily manageable and
easily studied groups.

The most common approach to defining gene families involves the use
of the TRIBE-MCL algorithm (Enright et al. 2002). This algorithm has the
advantage of being fast in execution, and given the requirement for defined
run-time parameters, the results are reproducible between research groups.
The algorithm employs a graph-cutting approach that is not informed by
biology. Instead, the user makes decisions about input parameters, and
these have the effect of cutting the graph into large numbers of small clus-
ters or smaller numbers of larger clusters (Enright et al. 2002). The choice
of parameters can be somewhat arbitrary; however, the approach produces
groups of genes that are usually quite amenable to further analysis. The
approach identifies the between-cluster linkages and cuts them. This proce-
dure, by necessity, removes statements of homology (i.e., evolutionary re-
lationships), and these can no longer be seen in any downstream analysis.

It has been pointed out that this approach is problematic if genes have
been extensively remodeled (Haggerty et al. 2014). In such cases, the clus-
ters will share nodes that consist of fusion sequences (fig. 5.3). This pres-
ents us with a problem if we wish to say that a fusion gene belongs to only
one family. In reality, fusion genes belong to both fusion-progenitor fami-
lies and discretizing families. When we require a gene to be a member of
only one family, we discard valid, useful evolutionary information. Similar
problems have been noted for hybrid organisms, where reticulate evolution
is ignored if only one evolutionary history is displayed (Mindell 1992).

To overcome the problems of analyzing genes or proteins with com-
pound histories, it has been proposed that we should use “N-rooted fusion
graphs” (Haggerty et al. 2014; Coleman et al. 2015), which are a kind of
network with multiple root nodes and one or more special fusion nodes
(fig. 5.4). Usually on a phylogenetic tree internal nodes have an in-degree
of one (one ancestor) and an out-degree of two or more (two or more de-
scendants) (Kearney, chap. 7). However, a fusion node has an in-degree of
two (two ancestors) and an out-degree of one (a single merged sequence).
The node with an in-degree of two reflects the flow of genetic sequence
from two nonhomologous sequences into a single composite sequence.
Recognizing composite sequences or taxa requires precise identification of
homologies, particularly partial homologies (Haggerty et al. 2014).
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Figure 5.4. A hypothetical evolutionary history of a set of proteins that consists
of several combinations of two fundamental domains. The letter “M” indicates a
merger of evolving entities and the letter “S” indicates a splitting of the sequences.
This evolutionary scenario is quite pervasive in all kinds of evolving entities.

Homology Networks

The analysis of sequence similarity networks has shown us that, contrary
to a somewhat essentialist viewpoint (e.g., that homologs are natural
kinds that form discrete groups), a network of homologies between genes
and proteins underpins life on this planet. Sequence similarity networks
are composed of nodes that represent genes or proteins, and edges con-
necting these nodes are simply statements of complete or partial homol-
ogy. Tatusov et al. (2000) used network structures on a dataset of 17,967
proteins from seven genomes in order to define gene families. More re-
cently network structures have been used in order to either analyze the
nonrandom network of homologies (Enright and Ouzounis 2001), detect
distant homologs (Bolten et al. 2001), or display relationships (Frickey
and Lupas 2004; Halary et al. 2010). Halary et al. (2010) showed that the
global structure homology relationships embedded in genomic data was
highly connected, though with very clear breaks—which they termed “Ge-
netic Worlds.” Dagan and Martin (2007) carried out a cluster analysis of
genome networks of prokaryotes and detected massive levels of horizontal
gene transfer that were not restricted to particular kinds of gene or genome.
Alvarez-Ponce et al. (2013) showed that the analysis of sequence similarity
networks can be used to identify motifs that can falsify hypotheses of rela-
tionships between genomes. Bapteste et al. (2012) have formally described
network motifs and what they might mean in evolutionary biology, and
Dagan and Martin (2009) have described networks as more complete and
accurate pictures of genome evolution. Most recently, sequence similarity
networks have been used to show that some of the standard approaches
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in molecular evolutionary biology have shortcomings. In particular, stan-
dard analysis approaches tend not to address the merging of unrelated se-
quences into composite sequences, or the nonhomologous replacement of
sections of chromosomes or genes (Haggerty et al. 2014).

This network viewpoint on the relationships of DNA and protein se-
quences challenges the idea of “related through common ancestry” and
has promoted a view that a concept of “family resemblance” also should
be adopted (Haggerty et al. 2014). The family resemblance idea was formu-
lated by Wittgenstein (1922) and used to describe the similarities of games
to one another. In the context of the shuffling of genes, protein domains,
chromosomes, and even genomes (e.g., reassortment in viruses), we find
that discretizing evolving objects and placing them into a single category
or family often leads to denying their relationship to another grouping and
leads to the problem of where to “carve nature at its joints.”

Partial homology has sometimes been treated as an add-on to the con-
cept of homology (Hillis 1994). However, partial homology is so com-
monplace that homology is properly viewed as a multilevel concept, with
additional epistemic complications. We can, for instance, consider that two
human chromosomes are homologs. However, in the event of replication
slippage, or slipped-strand mispairing (Levinson and Gutman 1987), one
chromosome has a section that is not homologous to any region of the
other chromosome. This does not make those chromosomes nonhomolo-
gous, but it means that they are not homologous for their entire length.

The remodeling of genes results in partial homology relationships, and
these relationships can often be quite extensive. When a sequence simi-
larity network is generated, where the nodes represent discrete genes and
the edges are statements of homology between these genes, we usually see
in large datasets that a giant connected component emerges. A connected
component is a portion of a graph where there is a path connecting every
node in the connected component to every other node. A graph consists of
one or more connected components. Giant connected components emerge
because gene sequences are quite often partially homologous with other
genes that are not themselves homologous to one another. Indeed, as the
dataset increases in size, the graph tends to coalesce into a single connected
component. Such a connected component (e.g., Halary et al. 2010, fig. 1)
contains all of the sequences in the data that have a “homology path” link-
ing them. Two nodes are said to be neighbors in the graph if they are di-
rectly connected to one another (i.e., they share some region of homology).
If two nodes are indirectly connected through another node, that suggests
sequence shuffling or remodeling, with the intermediate sequences mani-
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festing partial homology. A geodesic path is the shortest walk that can be
taken to connect two sequences. For large datasets, the length of this path
is usually not very long, typically not more than six edges. However, this
means that sequences can be connected via partial homology to hundreds
of thousands of other sequences with which they share no direct homol-
ogy, as long as the networks are accurate and not confounded by homo-
plasy. Precisely because of this remodeling, homology in molecular se-
quence data must be viewed as a multilevel phenomenon.

Character Identity Networks

A completely separate kind of network has been proposed as a general
framework for identifying developmental and morphological homolo-
gies, the character identity network (G. P. Wagner 2007), which is similar
to the model of the “kernel” proposed by Davidson and Erwin (2006). In
this model, there are three tiers of developmental roles for genes. One tier
specifies the positional information for the character; a middle tier that is
the character identity network activates specific developmental programs;
and finally the third tier involves the actual genes and protein products
that make the morphological trait. The genes in this last tier—the “realizer”
genes—are responsible for the different character states.

It is not sufficient to use gene interactions as indicators of homology.
The interaction of two genes might be a shared, ancestral state (e.g., ribo-
somal proteins forming a ribosome). Additionally, gene duplications can
result in interactions between duplicates. Therefore, the assignment of ho-
mology on the basis of gene interactions can be somewhat complex.

Homology Must Be Placed in Context

In some cases identifying homologs is trivial. For example, two 1 Kb nucleo-
tide sequences that differ by one mutation can be easily said to be homolo-
gous. The hands of humans and chimpanzees are obviously homologous
by any reasonable definition of homology. However, in a large number
of cases, we run into problems and we must contextualize homology. We
must specify what kind of homology we are dealing with.

An interesting situation has arisen from the study of transcription fac-
tors. The transcription factors distal-less, engrailed, and orthodenticle are all
developmental regulatory genes, containing a homeodomain. In echino-
derm evolution, the orthologs of these genes display very different patterns
of expression, resulting in their involvement in several new roles in echino-
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derms and the loss of other roles that are conserved in arthropods and ver-
tebrates (Lowe and Wray 1997). It is arguable that the genes are homologs,
but their functions are not.

If we compare the flight of birds, bats, and butterflies, we can see that
the organ for flight in butterflies is completely different from the organs
used by birds and bats, and so this is a convergence in function and these
organs are analogous. Comparing the forelimbs of bats and birds, we can
see that similar suites of genes are responsible for the development of these
organs and therefore they are homologous. However, birds and bats do not
share a common ancestor that separates them from nonflying vertebrates
(i.e., flight is not a monophyletic trait); therefore while the forelimbs are
homologous, flight in these vertebrates is analogous.

Building phylogenetic trees from alignments of molecular sequences
using standard approaches such as maximum likelihood or Bayesian infer-
ence requires a dataset of carefully aligned homologous sequences, usually
derived from a cluster of sequences that are embedded in a sequence simi-
larity network. These sequences would all be considered members of the
same family. However, experience has told us that some of these sequences
might have extra domains, and the normal way of treating these extra parts
is to remove them, even though methods have been developed to analyze
partial homologies (Song et al. 2008; Haggerty et al. 2014). Ignoring un-
common additional domains is perfectly acceptable, but it is an analysis
of homologies in a particular context. Halary et al. (2010) chose not to
carry out that particular kind of analysis and instead sought to broadly an-
alyze all the homologies. At the opposite end of the scale is the analysis by
Song et al. (2008), who consider genes to be homologs if they differ only
slightly in domain content, but not homologous if they share only small
promiscuous domains. Both kinds of study are analyses of homologies,
but in different contexts.

Conclusion

Homology is an overarching concept in evolutionary biology, important
for theories in developmental biology, population genetics, macroevolu-
tion, and phylogenetics. Phylogenetic relationships (Kearney, chap. 7), for
instance, can be reconstructed only by the two-step process of first iden-
tifying homologies and then making inferences about changes in char-
acter states between different homologs. Homology is difficult to define
with precision. Phrases such as “having an evolutionary link,” “descended
with modification,” and even “shares a common history with” are all open
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to interpretation. The solution is to place the inferences of homology
for any study into their appropriate context. In general, there are at least
three things to consider when analyzing homologs. First, because genes,
proteins, and even morphological and developmental characters are not
always discrete entities forming unambiguous discrete relationships, each
study needs clarity in what it considers to be homologous to what. Second,
homology can be seen at many different levels—the individual nucleotide,
the protein domain, the entire chromosome, the organ, or the trait. There-
fore, the level at which homology is being assessed needs to be defined.
Third, homology must have an evolutionary interpretation where entities
are “related through common ancestry.” If the traits or organs or sequences
under consideration are not related through common ancestry in some
way, they are not homologs.
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The Nature of Species in Evolution

MARCO J. NATHAN AND JOEL CRACRAFT

Much has been written about the “species problem”—the task of providing
a functional species concept. Yet, to date, no consensus has been achieved
on the individuation and definition of species, or whether a unique so-
lution to the species problem exists. Some have even questioned whether
contemporary biology requires a species concept at all. The goal of this
chapter is to shed light on the sources of the disagreement. We begin by
drawing attention to two distinct, and often incompatible, ways species fig-
ure in biology, namely, as units of classification and as units of evolution.
Next, we introduce the species problem and discuss a variety of ontological
issues that pertain to the nature and role of species in evolutionary theory.
In the final sections, we explore the interface between philosophical reflec-
tion and biological practice.

Units of Classification or Units of Evolution?

One source of misunderstanding in species debates concerns whether
species should be conceived as units of classification or as units of evolution
(Dupré 1994). Both views are prominent within contemporary system-
atics. Historically, species as units of classification long preceded species
as units of evolution. Linnaeus saw his system as a means of categorizing
nature, and the categories (ranks) of his system (e.g., class, order, family,
genus, species, subspecies) were intended as hierarchically nested abstract
concepts. These “invented” devices (in the words of Winsor 2006) are not
entities out there to be discovered but conceptual tools that purport to fa-
cilitate a scientific understanding of nature. Taxa, in contrast, are scientific
hypotheses about the boundaries of evolutionarily related groups—species
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or groups of species—and thus are widely considered to be discoverable
natural entities.

Understanding that taxa of a given rank are not anointed with some
equivalence has empirical consequences. For example, many studies about
biological diversity enumerate taxa ranked at the level of family or genus
(e.g., Hominidae, Asteraceae). Although those groups may be discrete his-
torical entities, they have no comparative equivalence merely because they
are classified as families or genera. Each is simply a clade of species identi-
fied with a taxon name that happens to have a Linnaean rank. These taxa
could just as easily have been ranked as a genus, tribe, or subfamily by an-
other taxonomist. Categorical ranks have meaning only in relation to one
another, hierarchically within a group. Although this distinction between
taxa and ranks is widely recognized, it is frequently ignored.

Once the idea of natural classification, in which groupings represent
things that exist in the world irrespective of the process that might have
produced them, became more common in the nineteenth century, classifi-
cation took on a larger intellectual role in debates about species (Wilkins
and Ebach 2013). Darwin provided a rationale for seeing species and
groups of species as the result of an evolutionary process, as historical enti-
ties (Kearney, chap. 7). Yet, the idea of using classification to impose order
on our exponentially increasing knowledge of living and fossil diversity
also set the stage for confusion over species themselves. Many taxonomic
philosophies were being applied to ranking through the nineteenth and
into the twentieth century, and this was amplified with the “modern syn-
thesis” (Smocovitis, chap. 2). Arguably, evolutionary taxonomy fostered
the breakdown of the recognition of “natural” groups, including species.
The science of using taxonomy and classification to represent natural order
became infused with the art of ranking that was designed to determine the
Linnaean category into which the taxon should be placed. As G. G. Simp-
son (1961, 222-23) described it, “The eventual rank of the taxon thus initi-
ated is usually proportional to the degree of distinction of the [adaptive]
zone entered, hence the amount of basic divergence involved.”

Looking at the literature in systematics, one might form the impres-
sion of chaos over what species are and how to classify them (Mayden
1997). Yet this apparent chaos seems due more to linguistic parsing than
substantive differences. First, most known biodiversity was discovered and
described prior to the past forty years. Contemporary arguments about spe-
cies have had a marginal effect on current knowledge about global diver-
sity, of which more than 95 percent includes arthropods and other highly
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speciose invertebrate groups. Second, much of that diversity was described
using a basic operational idea: if a specimen is morphologically different
from other described species taxa, it generally represents a new species.
This emphasis on phenotype becomes less surprising when one realizes
that most species are known from a relatively small number of specimens
with restricted geographic distributions.

So why all the fuss? Contemporary debates concerning the nature of
species often reflect different thinking about the speciation process, which
influences how species are conceived or defined (Edwards et al., chap. 15).
An example is the conflation of the process of reproductive isolation and
speciation, on the one hand, and concepts of species, on the other hand,
which is also entangled with how taxa are classified and ranked. Finally,
views of species have been influenced by studies of particular kinds of or-
ganisms (animals versus plants versus bacteria) and investigators’ concep-
tions of whether they are biologically different or how they evolved.

In sum, contemporary views of species and the process of speciation
cannot be divorced from the historical imprint of classification. Different
species concepts imply different methodological approaches to speciation
and classification. Confusions over species-as-units-of-classification versus
units-of-evolution are still with us, leading to the “species problem.”

The Species Problem

Mayr (1996) argued that the “species problem” comprises two issues. The
first issue is how to circumscribe species-taxa, i.e., how to group popula-
tions relative to other taxa. Many definitions of species, Mayr claimed, in-
cluding the phylogenetic and cohesion species concepts, are “nothing but
a recipe for the demarcation of species taxa” (Mayr 1996, 267). The second
issue is how to rank taxa so that they fit the species category of the Lin-
naean hierarchy: “The species category is the class that contains all taxa
of species rank. It articulates the concept of the biological species and is
defined by the species definition. The principal use of the species definition
is to facilitate a decision on the ranking of species level populations” (Mayr
1996, 267). Mayr’s thinking does not address this problem because it fo-
cuses not on what species are, but on how to rank (classify) species given
his own view of species.

In order to assess species concepts, one must determine what kind of
entities fall under the concept(s). In short, the species problem has not
two, but three components:
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(i) Nature: What is the ontological nature of species? What kind(s) of entities
are they?

(ii) Definition: What is the conceptual framework for a definition of species?
Which concept(s) is (are) consistent with that framework?

(iii) Demarcation: How do we individuate species-taxa that fit the definition(s)?

In principle, the nature of species is independent of definitions and their
applications in practice. Still, many debates in both biology and philoso-
phy have intermingled these problems. Conflation of ontological and epis-
temological questions is common, leading scholars to talk past one an-
other. In an effort to parse out confusion and bring conceptual clarity, we
provide a philosophical analysis of various approaches to species. One role
for philosophy in the species debate—and within science generally—is to
scrutinize the commitments that concepts implicitly presuppose. In what
follows, we treat the expressions “species concept” and “species definition”
as synonyms, a simplification consistent with most relevant literature.

Species in Evolutionary Theory: Philosophical Issues

Species are not the only ontologically controversial evolutionary entities.
The nature of populations is also debated because under conventional spe-
ciation models, it is populations that become isolated and subsequently
differentiate into taxa. Similarly, in population genetics, whether or not
populations are treated as concrete individuals has consequences for the
analysis of processes such as selection and drift (Millstein 2009; Frank and
Fox, chap. 9). This section addresses issues that intersect ontological think-
ing about species, their origins, and their presumed participation in vari-
ous evolutionary processes.

Individuals versus Natural Kinds

Scholars writing on the species problem are divided by whether they treat
species as individuals or as natural kinds. What is at stake here is the “na-
ture” component of the species problem: What kind of entities are spe-
cies? Are they spatiotemporally bounded objects or are they categories of
things? The crucial issue thus becomes: what makes a species an individual
or a kind?

Authors seldom presuppose the same definitions, making the main
claim difficult to assess. To illustrate, Ghiselin (1997, 37-49) proposes
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five necessary and jointly sufficient criteria for individuality: (i) It is pos-
sible for a class, but not for an individual, to have instances; (ii) Classes are
spatiotemporally unrestricted, whereas individuals are spatiotemporally re-
stricted; (iii) Individuals are concrete, as opposed to abstract; (iv) Individu-
als have no defining properties; (v) An individual is logically prior to being
the member of any class, i.e., an individual is not an individual by virtue
of its membership in some class. Contrast this with Rieppel’s (2007, 376)
characterization of individuality: “To consider species as individuals is to
reject the idea that parts of species, i.e., the individual organisms that ‘be-
long to’ the species, share universal properties.” Evidently, the individuality
thesis bears very different burdens for these authors. For Ghiselin, individu-
ality is a demanding ontological thesis that entails an outright denial that
species have instances or defining properties, an explicit commitment to
their physical concreteness and spatiotemporal restrictedness. In contrast,
Rieppel’s commitment to individuality basically amounts to a rejection of
essentialism, the discredited thesis that all and only members of a species
share a set of universal properties.

These considerations illustrate a general point. Authors who debate
broad metaphysical positions, such as individuality, often have very dif-
ferent concepts, definitions, and commitments in mind. These are not nit-
picky differences in terminology. Without some provisional agreement on
these foundational matters, consensus or even meaningful debate is hard
to obtain.

Concrete versus Abstract

Given these difficulties underlying individuality, the basic ontological
question underlying the species problem might stem from a different, less
theoretical issue, namely, whether species are concrete or abstract entities.
This distinction might be orthogonal to the individuals-versus-kinds one
(Ghiselin’s multifaceted definition of individuality includes concreteness
as a necessary condition). Yet concreteness is less theoretically loaded than
individuality.

Most biologists, if asked whether species are concrete, would answer
affirmatively. Yet, this does not necessarily imply any deep philosophical
commitment. Still, some contemporary biologists take ontology seriously
(Mayr 1996; Ghiselin 1997; Wheeler and Meier 2000; Hey et al. 2003).
Here, the commitment to the concreteness of species and its metaphysical
implications is not a by-product of technical jargon, but the result of con-
scious theoretical reflection: “The term ‘species’ refers to a concrete phe-
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nomenon of nature and this fact severely constrains the number and kinds
of possible definitions” (Mayr 1996, 263).

The concreteness of species derives from the impression that what sys-
tematists count, organize, and classify are physical, natural entities. Sure,
one cannot directly observe species like organisms or rocks. Still, the ex-
istence of species seems to many as clear as the existence of hydrogen at-
oms. This intuition seems directly opposed to the view that species can be
conceptualized as abstract types, that is, objects that lack spatiotemporal
dimensions, such as sets, numbers, properties, and other mathematical
constructions.

Whether species are concrete or abstract is an ontological question that
underlies much debate over the nature of species, evident, for instance, in
the above discussion of individuals and kinds. There is, however, a wide-
spread tendency, among both philosophers and biologists, to label the con-
creteness of species “realism” (Claridge 2010; Gourbiere and Mallet 2010;
Mishler 2010). This is a mistake. The reality and the concreteness of species
are independent theses and should not be conflated. We suggest the intro-
duction of a term of art, “concretism,” to capture the very idea that species
are physical objects, as opposed to being abstractions, while avoiding the
quagmire of philosophical disputes between realism and antirealism.

In sum, real, physical, and natural are distinct predicates. There are myr-
iad examples of entities, like tables and cars, that are perfectly real but not
natural the way quartz crystals are. Likewise, fictional characters (Sherlock
Holmes) and musical pieces (Beethoven's Ninth Symphony) are neither
natural objects, sensu Mayr, nor physical. Hardly anything hinges on the
reality of species, for virtually anything can be dubbed as real, in one sense
or another. Hence, the claim that species are abstract entities should not
be contrasted with “realism.” It is “concretism” that underlies the species
problem. Many biologists seem to agree (Hey 2001). Yet, we argue below,
many entities designated to be species under some influential conceptions
may be interpreted as being neither natural nor concrete.

Species Monism

Species monism is the thesis that there is a single correct species concept
and that the job of systematists is to discover and apply it. This position is
widespread. Advocates of influential species concepts, including the bio-
logical, phylogenetic, and evolutionary ones, typically believe that their
very own definition provides the one true path to grouping organisms into
species (Wiley and Mayden 2000b, 73; de Queiroz 2005, 6601).
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At first glance, monism goes well together with concretism. Unsur-
prisingly, the two tenets are often conflated. If species are concrete, then
shouldn’t we be able to find a general way to characterize all of them un-
ambiguously? Things are not that simple. The concreteness of an entity
does not entail the existence of defining or diagnostic properties. For one,
monism can also be reconciled with an abstract conception of species. Pro-
viding a set of conditions for organisms to belong to species, construed as
kinds, one would thereby obtain a monistic definition of abstract species.
Also, some pluralists have endorsed concretism (Ereshefsky 1992, 1999).
Without entering into the details of the dispute, we can say that monism
is independent of whether species are concrete or abstract. Consequently,
these theses should not be conflated.

The monistic intuition is strong. However, a burning question remains:
why are there so many concepts and why does no single concept cover
them all (Wilkins 2003)? The large number of competing definitions, to-
gether with the failure of the biological community to reach consensus on
which is better or more fundamental, has undermined faith in the exis-
tence of a single correct species concept in favor of an apparently less dog-
matic pluralism.

Pluralism versus Heterogeneity

The puzzling nature of species is reflected in their multifarious definitions.
Can any particular definition capture them all? Could there be different
and equally legitimate kinds of species and, therefore, no way of encom-
passing all of them under a single overarching concept? Or, perhaps, what
counts as a species cannot be captured independently of the particular in-
quiry or scientific goal at hand. This thinking leads to pluralism, the thesis
that one needs multiple species concepts and definitions to individuate all
kinds of taxa. Pluralism has thrived over the last few decades as an alter-
native to the monistic orthodoxy (Mishler and Donoghue 1982; Kitcher
1984, 1989; Dupré 1995; Boyd 1999; Mishler 1999; Hey et al. 2003; Riep-
pel 2007).

Biologists and philosophers alike have discussed species pluralism, of-
ten with different meanings and contexts. Hence, some caution is required
in presenting the idea, which evolved along two related but distinct strands
(Boyd 1999; Hey 2006). Species pluralism is often identified with the
thesis that different kinds of species can be found in nature, and, conse-
quently, different species concepts are required to account for this diversity.
If birds evolve by different processes than bacteria, the argument goes, dif-
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ferent concepts need to be adopted when studying these groups of organ-
isms. We call this thesis “heterogeneity”:

Heterogeneity: Different speciation processes may produce different kinds of
species, making species-taxa heterogeneous. The individuation of species

thus requires different concepts to accommodate this diversity.

Biologists often conflate heterogeneity with pluralism. This is problem-
atic because it obliterates the distinction between heterogeneity—the de-
nial of species universalism (Hull 1997, 1999a)—and a stronger thesis that
is independent of whether prokaryotes and eukaryotes can be clustered
in the same kinds of species. This latter is the claim that assignments of
species-level taxa are always relative to a particular scientific theory, aim, or
classificatory purpose (Dupré 1981; Kitcher 1984; Ereshefsky 1992; Dupré
1995; Boyd 1999). We dub this “pluralism” to distinguish it from hetero-
geneity as defined above.

Pluralism: There is no single correct species concept. Assignments of species-
level taxa are always relative to the organisms and processes studied and the
explanatory target at hand.

The general idea is the following. Suppose that species concept A indi-
viduates organisms x and y as conspecific, whereas concept B treats x and y
as belonging to different species. Monists are committed to the claim that
(at least) one of these incompatible hypotheses must be erroneous. Plural-
ists, however, can argue that both are equally correct since they are relativ-
ized to different concepts. If species are inquiry-dependent, they do not
exist independently of the underlying theory and no concept is more fun-
damental than any other. From this standpoint, it makes no sense to ask
whether the biological species concept or the evolutionary species concept
is “better” tout court. The two concepts can be assessed only relative to, say,
a given theory of origins. You specify your explanatory target, the pluralist
claims, and I'll tell you which species concepts work better.

Unveiling the philosophical commitments of pluralism requires dis-
pelling some common misunderstandings. First, from a methodological
perspective, pluralism is more radical than heterogeneity. Whereas hetero-
geneity is consistent with the existence of a single correct way of cluster-
ing groups of organisms into species, pluralism overtly rejects this idea be-
cause, in principle, there is no single correct standard for uniting organisms
or populations as members of a species. According to the pluralist, two
incompatible groupings of organisms or populations into species can be
equally correct, when relativized to different goals or theories.
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Second, pluralism is sometimes criticized on the grounds that it fails
to “settle” the species problem. Hey (2006, 448) laments, “Even if one
commits to pluralism, there are still many ways of being philosophically
pluralistic about species. . . . In short, species-concepts pluralism can be
seductive, but it might not actually help to settle anything.” Hey is correct
that there is a “pluralism of pluralisms” in the literature. Yet this line of
thought fuels a misunderstanding. Pluralism does not offer an easy answer
to which species concept is better. Pluralism purports to offer a sketch of
an explanation of why there cannot be, in principle, a single best definition
of species. In short, monism and pluralism are not solutions to the species
problem. They are frameworks within which to (we hope) find a solution.
We should not expect either philosophical stance to settle anything.

Third, although some come close to endorsing the position that any
grouping of species is acceptable or that clustering of populations into spe-
cies is arbitrary (Dupré 1995), pluralism per se does not imply that any-
thing goes. Relativizing species concepts and definitions to biological goals
need not forgo objectivity. There might be independent reasons to prefer
some theoretical goals over others, leading one to adopt the concepts pos-
ited in such frameworks (Kitcher 1989).

Finally, pluralism is commonly taken to be a form of philosophical
antirealism. Hull (1999a), for instance, argues that whereas the realism-
monism and the pluralism-antirealism combinations are rather natural,
the association of monism with antirealism or of pluralism with realism
would be weird. Nonetheless, a pluralistic conception that does not deny
the reality of species has been articulated by various authors (e.g., Kitcher
1984; Dupré 1995; Boyd 1999; Dupré 1999; Wilkins 2003; M. H. Slater
2013). Specifically, if pluralism is intended as heterogeneity, then it is in
tension with neither realism nor concretism. The claim that no single spe-
cies concept applies to all organisms is compatible with both the reality and
the spatiotemporality of species; at most, it amounts to a rejection of radi-
cal monism. In rejecting the realism-pluralism combination, we surmise,
Hull refers to a stronger reading of pluralism, related to our reformulation
above. Indeed, the simultaneous correctness of conflicting or incompatible
species concepts is more problematic to reconcile with concretism (Cracraft
1983, but see Boyd 1999; Hull 1999a; R. A. Wilson 1999). According to the
pluralist, species are inquiry-dependent; there is no such thing as a species
independent of a theory that clarifies the intended meaning.

It should now be clear why we have insisted on keeping realism and
concretism distinct: it helps avoid misunderstandings and reveals the likely
source of disagreement. Hull sets up the wrong opposition. It is concre-
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tism, not realism, that is in tension with pluralism. Full-blooded pluralism
(as opposed to heterogeneity) is a form of nominalism or conventionalism
that goes well with the idea that species are sets or other abstract entities,
but not with the idea that there are competing species concepts, all of which
involve equally concrete entities. Some authors have understood and made
explicit this antifoundational dimension according to which there are no
bedrock entities that are theory-independent and thus constitute the foun-
dation of a clustering of organisms into species taxa (Kitcher 1984; Dupré
1999). In contrast, other authors have attempted to promote a more ecu-
menical pluralism that retains the concreteness of species (Rieppel 2007).
Such views, we maintain, have not (yet) solved the tension underlying the
species problem. It is questionable whether a pluralistic view of species is
compatible with their status as concrete natural objects.

In conclusion, both monism and pluralism are viable approaches to the
species problem. But each comes at a cost. While monism can be straight-
forwardly reconciled with concretism, it faces the difficulty of explaining
the plethora of competing species concepts and the sources of the disagree-
ment. If there is a single adequate species concept, what's wrong with all
the others? Pluralism accommodates this diversity. However, it contrasts
with concretism, an assumption that many scholars—biologists in partic-
ular—do not find negotiable. The fundamental issue boils down to: if spe-
cies are concrete evolutionary taxa, do we really need multiple concepts?

Species in Evolutionary Theory: Biological Issues

This section explores the interface between philosophical considerations
and the biological world, including the theory, methodology, and data im-
pinging on how species are conceived and used by biologists. This is not
an idle exercise. As Ghiselin (1989, 65) pointed out, perhaps with a bit of
overstatement, “The philosophy of biology . . . should be an effort to come
to grips with, and solve, problems in both branches of knowledge.” Our
discussion mirrors that viewpoint, which is why we suggest that many dif-
ferences among species concepts derive less from data or theory and more
from different ways of seeing the nature of species entities and conceptu-
ally organizing those observations.

Individuality, Lineages, and the Boundaries of Species Taxa

How are we to interpret the alleged concreteness of species in relation to
their role in evolutionary theory? For instance, how, exactly, should we

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



112 / Chapter 6: The Nature of Species in Evolution

conceive of spatiotemporal restriction as a species’ boundary, which has
clear implications for understanding and evaluating species concepts? Phy-
logenetic trees, as abstract representations of history, have branches (edges)
that imply relative relationships among terminal concrete taxa, whether ex-
tant or fossil (Kearney, chap. 7). In a multidimensional tree-representation
framework, Hennig (1966) depicted species branches as populational en-
velopes that have a temporal lower bound in their origin via speciation (a
branching event) and then later in time, when they themselves are sub-
divided into taxa or became extinct. This depiction is arguably the most
intuitive way to think about the temporal component, but not the only
one. Many paleontologists, for example, have interpreted stratigraphic se-
quences of specimens as a species transforming in situ over time into an-
other species without branching (speciation by anagenesis).

This way of representing the speciation process over time raises philo-
sophical and scientific issues. For instance, it calls for an ontological posi-
tion regarding lineages (Haber 2012), a term that has been applied to virtu-
ally anything having a history, from cells to people to stars, and is part of the
general principles of the theory of evolution (Mindell and Scheiner, chap. 1,
table 1.3). In the Hennigian view, lineages might be taken to be the popu-
lational envelopes (within branches), the species themselves (an individual
branch), and also monophyletic groups of species. In some sense, these
branches can be interpreted as abstract concepts. If we say that branches
represent an individual, continuously evolving species, this might imply
that all but terminal branches are a series of ancestral species. Yet specifying
their ancestral status is nontrivial, both conceptually and methodologically.
Given that these putative species end at a branching event whose subdivi-
sion is reconstructed, not directly observed, the “ancestral species” does not
give rise to anything other than allopatric subpopulations. Those popula-
tions may or may not subsequently differentiate, and unless they do, there
is no speciation, only population fragmentation. Today many, perhaps
most, species are composed of populations that are fragmented across the
landscape. Typically, there is interconnectivity among them over time, but
a portion may be strongly isolated by a barrier that allows those popula-
tions to have an independent evolutionary trajectory. In a temporal context,
therefore, the nature of a species would seem to be dependent on substan-
tial theoretical preconceptions, and the notion of “ancestral species” is also
ambiguous from an ontological perspective (Cracraft 1983).

The spatial component of spatiotemporality is, likewise, problematic.
In the neontological world of extant species, distributions are fuzzy and
indeterminate. Consequently, at best we might draw a boundary around
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all of the recorded observations, perhaps incorporating environmental in-
formation and modeling, and call that the distribution. As concrete enti-
ties, species exist in a place, but we cannot specify it in a precise manner.
Distributions in the paleontological world entail if anything even more
uncertainties.

Alternative species concepts rely on different criteria to individuate spe-
cies boundaries. All concepts must and do have a notion of populational
(intrapopulational or interpopulational) cohesion because none of them
would place males and females, or life-stages, in separate species. This is
a well-known observation. Still, some have argued against particular spe-
cies concepts using the spurious claim that those concepts are not popula-
tional. Thus, interbreeding is universally seen as a cohesive process, which,
in some sense, would seem to entail a boundary. Systematists have tradi-
tionally proposed shared phenotypes (e.g., diagnostic characters, behav-
iors) as indicative of boundaries, and in the fossil record the phenotype is
all one has. Those shared phenotypes are often taken as evidence for the
cohesive unity of populations into taxa, and differences among popula-
tions are interpreted as lack of cohesion across space.

One flip side of cohesion, of course, is reproductive isolation (Edwards
et al., chap. 15). This is perhaps the most frequently invoked idea for a
species boundary, as it is the cornerstone of the widely used biological spe-
cies concept, where it has been invoked as the basis for individuating spe-
cies (Mayr 1992). It would be a misreading of history to believe that the
introduction of the biological species concept and reproductive isolation
changed our worldview from one of seeing species as classes to one of see-
ing them as concrete entities. Moreover, reproductive isolation as a bench-
mark of species boundaries is fraught with difficulties and carries a steep
burden as an arbiter of individuality or concreteness.

Species, Subspecies, and the Nature of Speciation

We now return to the influence of classificatory units on the evolutionary
origin of species. In particular, we explore the ontological status of sub-
species (or any infraspecific taxon) because they have long played a role
in classification, evolutionary theory, and the species debate. Interestingly,
subspecies taxa are used to characterize the taxonomy of only a small por-
tion of Earth’s biodiversity. Subspecies are most commonly applied to
birds, mammals, some butterflies, and a few other groups in which at-
tempts have been made to describe fine-grained geographic variation. Sub-
species are used sparingly (when used at all) in most of the diverse groups
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of invertebrates. Formal infraspecific taxa, such as varieties, are relatively
common in plant groups. But it is in birds and mammals that subspecies
have played a large role in species concepts and evolutionary theory.

Subspecies have been said to give rise to species (Mayr 1942, 154-55;
G. G. Simpson 1953b, 280-81), and like species, they could be judged to
be concrete entities. Both Simpson and Mayr, like a host of systematic bi-
ologists after them, were conflicted over the ontological status of subspe-
cies. Mayr (1969, 193), perhaps more than Simpson, saw subspecies as a
concept of classification rather than of evolution. Yet both saw subspecies
as things that often have something to do with the generation of species.
Their ambiguity over subspecies characterizes much of the history of spe-
ciation analysis, namely, as a progression of differentiation from small dif-
ferences (subspecies) to bigger differences (species) that are inferred to be
sufficient to result in isolation. This view, and the conflicts it raises, is alive
and well in various biological disciplines (Haig and Winker 2010).

These considerations raise important ontological issues. If one thinks
of subspecies as units that can encompass any arbitrary set of organisms,
or as part of a continuum, then how do we determine their boundaries? If
subspecies are generated by a biological process of “subspeciation” (Philli-
more 2010), or if subspecies can be actors in evolutionary processes, giving
rise to species (Simpson, Mayr), they cannot be mere conveniences or ar-
tifacts of classification but must be concrete. But if subspecies are concrete
entities with diagnostic morphological characters, what is the ontological
difference between them and species? Are they different from species only
in their degree of distinctness?

In deconstructing the process of “speciation,” the main issue is perhaps
not the species, in all its definitional guises, but the taxon. Indeed, ranking
is getting in the way of thinking about the origin of taxonomic diversity
(de Queiroz 2011). Would our ontology of the evolutionary process change
if instead of speaking of the “origin of species” we were speaking about the
“origin of evolutionary taxa”? As de Queiroz notes, Darwin himself was
influenced by species-as-ranks, but by seeing branching as key, as did Hen-
nig, he pointed to a different way of recasting the process: (1) conceptual-
izing a cohesive lineage of populations through time that becomes spa-
tially isolated, and then (2) recognizing those isolates as having become
differentiated to the point of being recognizable (diagnostic) as “evolu-
tionary taxa.” Effectively, recognizing two taxa that are each other’s closest
relatives with reference to a third is evidence that branching has occurred.
Perhaps the concern about what rank they are becomes immaterial relative
to envisioning them as markers of a branching history. Cartoons of the
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historical process, especially paleontological cartoons, tend to obscure and
constrain our vision, which must be based on evidence provided by indi-
vidual organisms and the similarities and differences among them. If one
does not have an ontological commitment to taxa as concrete entities, then
all bets are off.

In conclusion, a dissection of the ontological status of subspecies versus
species creates problems for evolutionists who tie themselves to classifica-
tion systems that treat subspecies taxa as if they were evolutionarily rel-
evant rather than artifacts that systematists created at one time to deal with
gradations in geographic variation. It is difficult to maintain that subspe-
cies are not concrete and yet name them, or that they are discrete entities
and yet equate them to species with respect to the processes that produce
them (isolation and differentiation). This conceptual conflict has arisen
from the long-term entanglement of classification and species biology, and
it has served neither well.

A Hierarchy of Species Concepts

Extensive taxonomies of species concepts have been proposed (Mayden
1997; de Queiroz 1998). Yet minute differences among definitions and
strategies for individuating species have inflated the rhetoric and obscured
similarities while preventing discussion about their ontological implica-
tions. Our goal is to parse out some of the ontological underpinnings of
four widely used groups of species concepts. Although this list is not ex-
haustive, most current definitions fall into one of these families. Advocates
of these four concepts tend to see species as concrete units, as individuals
out there in nature. The central differences lie in how they circumscribe the
boundaries of those entities. Thus, an ontological understanding of alter-
native concepts stipulates whether they individuate the world differently—
cut nature at the same or different joints. On this latter point, it is essential
to understand that we are talking about the boundaries of taxa as distinct
from populations. Systematists agree that a cluster of monophyletic spe-
cies, a clade, is also a concrete historical unit. Species concepts must specify
how those two concrete things are different, although some do not do so.
Various species concepts have been advanced as primary because they
are theoretically based, as opposed to secondary ones, which are supposed
to be more methodologically prescriptive, or diagnostic. This distinction is
suspect as all species concepts entail some theoretical assumptions as well
as other criteria noted above. Since the inception of contemporary biology,
the fundamental function of species concepts has been to aid the discov-
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ery and recognition of diversity, not to convey a foundational, theoretical
understanding of species, and this is still largely true today.

Evolutionary Species Concept (ESC)

The evolutionary species concept (ESC) was originally proposed by G. G.
Simpson (1951, 1961), and further developed by Wiley (1978, 1981) and
Wiley and Mayden (2000Db, a):

|A species is| an entity composed of organisms which maintains its identity
from other such entities through time and over space, and which has its own
independent evolutionary fate and historical tendencies. (Wiley and Mayden
2000b, 73)

It is avowedly a theoretical lineage concept, with “maintains its identity”
signifying individuality and “independent evolutionary fate and historical
tendencies” signifying divergence from other lineages as evidenced by char-
acter analysis (Wiley and Mayden 2000b, 75). Wiley and Mayden (2000b)
argue for an ontological distinctness between species taxa and supraspecific
taxa (two or more species-level taxa). Under their ontological distinction,
parts of species (individuals, populations) have ancestor-descendant rela-
tionships, and, as lineages, species give rise to other species, but supraspe-
cific taxa do none of these things. Despite its popularity and evolutionary
context, the ESC raises some ontological quandaries. First, the boundaries
of the entities specified by the ESC are ambiguous. The above definition
does little to distinguish species from monophyletic clusters of taxa, which
also have separate identities and histories as historical individuals. More-
over, independent evolutionary fates and tendencies, to the extent that they
can be empirical descriptors, are not unique to species entities. For exam-
ple, populations can maintain their identity over space and time, which
is why they too can be considered individual entities (Millstein 2009).
Populations can also split into subpopulations, suggesting that popula-
tions can have independence, leaving the distinction between population
and taxon up in the air. Although applying the ESC must depend on char-
acter evidence to establish the population-taxon boundary, the definition
itself entails a fuzzy ontology. Wiley and Mayden (2000b) endorse Hen-
nig’s (1966) idea of recognizing the “joints” of species at lineage branching
events as clear theoretical boundaries for the beginning and end of a spe-
cies taxon, but it must be made explicit whether a boundary splits popula-
tions or taxa.

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



Marco J. Nathan and Joel Cracraft / 117

General Metapopulation Lineage Concept (GMLC)

De Queiroz (1998) introduced the general lineage species concept as a sim-
plifying solution to the species problem. He argued that entities identified or
implied as species under the available species concepts, despite definitional
differences over criteria for delimiting species taxa, are consistent with his
lineage concept, which was subsequently renamed the “general metapopu-
lation lineage concept” (GMLC, de Queiroz 2005). While a formal concept
or definition has not been stated, the general idea is rather clear:

I do not mean to say that there are no conceptual differences among the
diverse contemporary species definitions but rather that the differences in
question do not reflect differences in the general concept of what kind of
entity is designated by the term species. All modern species definitions either
explicitly or implicitly equate species with segments of population-level evo-
lutionary lineages. I will hereafter refer to this widely accepted view as the

general lineage concept of species. (de Queiroz 1998, 59-60)

Claiming all species concepts are consonant with a general lineage con-
cept of species is little more than a tautology, given that species must neces-
sarily be composed of population lineages, individual organisms, and so
on. Moreover, the GMLC prompts the question: if two or more of those
species concepts actually individuate species taxa differently, then why do
those conflicting hypotheses of species suddenly become consonant under
a general lineage concept? In short, the GMLC leaves us wondering how
many species there are and, most important, what they are.

De Queiroz (1999, 63) proposes, “there is only one necessary property
of species—being a segment of a population level lineage.” Still, popula-
tion histories can be expected to involve repeated splitting and coalescing
over time, and the mere fact that they do sometimes split does not consti-
tute a necessary and sufficient framework for species boundaries, theoreti-
cally or empirically. Under the GMLC, the boundary between an evolving
population and an evolved taxon is not marked by anything other than a
split, which makes it difficult to understand the boundary between popula-
tion and species:

[M]etapopulation lineages do not have to be phenetically distinguishable,
or diagnosable, or monophyletic, or reproductively isolated, or ecologically
divergent, to be species. They only have to be evolving separately from other
such lineages. (de Queiroz 2005, 6005)
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Phylogenetic Species Concept (PSC)

|A species is| the smallest diagnosable cluster of individual organisms within

which there is a parental pattern of ancestry and descent. (Cracraft 1983, 170)

|A species is| the smallest aggregation of (sexual) populations or (asexual) lin-
eages diagnosable by a unique combination of character states. (Wheeler and
Platnick 2000, 58)

A species is the least inclusive taxon recognized in a formal phylogenetic classifi-
cation. (Mishler and Theriot 2000, 46-47)

At first glance, these species concepts share similarities in acknowledging
the theoretical distinction between populations (or population lineages)
and taxa by stipulating the diagnosability of the latter. Thus, the concept
of diagnosability (or detectable, character support) is critical for the no-
tion of species units to be concrete. These definitions also set a boundary
between a single taxon and a cluster of taxa by stipulating that species are
the smallest taxonomic unit, which increases the objectivity of species in
the sense that it eliminates infraspecific taxonomic units and any related
ranking quandary. Thus, none of these concepts would admit subspecies to
be concrete entities.

Over the years there have been substantial arguments among advo-
cates of this species concept including whether phylogenetic species can
and should be described as being monophyletic. The term “diagnostic”
has taken on different meanings among investigators. None of these de-
bates, however, seemingly creates a critical ontological divide over what
species are.

Biological Species Concept (BSC)

Species is a dynamic rather than a static entity, and the essential feature of the
process of species differentiation is the formation of discrete groups of individu-
als which are prevented from interbreeding with other similar groups by one or

more isolating mechanisms.

—Theodosius Dobzhansky (1937a, 419)

Species are groups of interbreeding natural populations that are reproductively

isolated from other such groups.

—Ernst Mayr (1969, 26)
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The BSC is favored by many evolutionary biologists working on sexually
reproducing organisms, but it has received substantial critical analysis from
systematic biologists and philosophers (Kitcher 1989; Velasco 2008). Its
theoretical lynchpin is the idea of reproductive isolation of populations,
which is used to establish boundaries between taxonomic units (Edwards
et al., chap. 15). However, it is well known that in many groups of organ-
isms taxa that are phylogenetically and temporally deep can fail to develop
reproductive isolation. This presents the first problem for the BSC, as it
often cannot establish the appropriate boundaries among evolutionary
units. The second problem is the ranking conundrum discussed earlier in
which evolutionarily distinct taxa, sometimes not closely related, can be
combined into a single biological species if it is known or suspected that
their members might interbreed. Consequently, in many biological spe-
cies, their boundaries belie the notion of the BSC as individuating a single
concrete entity. And even when all the taxa combined in a single biological
species are discrete evolutionary units, that biological species is acting as a
higher taxon. There are many cases in which biological species are mono-
typic and thus can be taken as unitary concrete entities, but at the same
time virtually all other concepts would also recognize them as such. Yet
because the ontological status of biological species is ambiguous, its role
in understanding speciation has been misunderstood. As noted, all species
concepts include assumptions about reproductively cohesive populations.

Is There a Hierarchy of Species
Concepts? Second-Order Pluralism

Some biologists, such as Mayden and de Queiroz, have attempted to recon-
cile the tension between concretism and pluralism by advancing a second-
order pluralism with respect to species concepts. Roughly speaking, if the
various competing species concepts are organized and visualized in a ma-
plike structure, then they can all be equally correct, thus reducing all dif-
ferences to an epistemological level, while maintaining both the monistic
and the concretist intuition at the level of ontology. Let’s assume that the
dispute between species monism and pluralism is tied to the multiplicity
of processes producing species-taxa. Thus, we might have agamospecies—a
group of asexually reproducing organisms—on the one hand, and every-
thing else on the other. One might argue in this case that there are two
different kinds of species; hence the need for two definitions and a prima
facie vindication of the heterogeneity thesis discussed above. But then,
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would instances of sympatric speciation or speciation through hybridiza-
tion require different concepts? Even in a group dominated by allopatric
speciation? But what if we expect that the evolutionary process, despite
all the mechanisms that cause evolutionary change, always produces evo-
lutionary taxa that have boundaries and can be distinguished from each
other? Is that a (partial) solution to the species problem? Does it vindicate
the existence of a single, general species concept?

One way or another, we need to be less prescriptive about how processes
or products of evolution are imagined to be different across life. We cannot
build a comparative framework for biology if nature is incompletely or er-
roneously partitioned into different kinds of species, for then regularities
or patterns could be difficult to discern. So thinking and arguing about
what is out there—not the semantics of a definition—will remain an im-
portant issue.

Regardless of the ecumenical effort to justify and give a role to several
competing species concepts, both Mayden and de Queiroz turn out to be
monists and, presumably, concretists with respect to the nature of species.
Differences between competing species definitions are said to be mostly
pragmatic or epistemological. Mayden and de Queiroz appear to claim that
several species concepts can coexist at the level of individuation, but that is
an attempt to reconcile monistic metaphysics, which treats species as con-
crete entities in nature, with a pluralistic idea that there is no single correct
way of individuating them. However, this second-order pluralism does not
do justice to pluralism because their frameworks do not agree with either
of the two dimensions of pluralism discussed above.

Concluding Remarks

This chapter has attempted to uncover some philosophical issues that under-
lie the debate over the nature of species and, more generally, questions
about the ontology of biological entities. Concretism and pluralism are
both compelling assumptions, and yet they are hard to reconcile. The spe-
cies problem thus confronts us with a dilemma. Concretism pins down the
pretheoretical status of species but encounters the problem that no spe-
cies definition may be comprehensive enough. Pluralism, in turn, acknowl-
edges the difficulty of finding a single correct species concept and explains
it by appealing to the fact that the notion of species is theory-dependent
or inquiry-dependent. Recent attempts to reconcile the two intuitions such
as those advanced by Mayden and de Queiroz do not resolve that tension.
The evidence for the existence of species seems to be independent of
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any particular theoretical framework in biology. Although different views
about the process of speciation might imply different species definitions
or concepts, that organisms are organized into species seems independent
of any particular view of speciation. Indeed, the evidence led biologists to
postulate the existence of species long before the post-Darwinian evolu-
tionary framework. It could be argued that Aristotle had a notion of species
that was not fundamentally distinct from some contemporary concepts,
and deeply essentialist taxonomic systems such as that of Linnaeus were
not radically modified by the evolutionary worldview. What profoundly
changed with the work of Darwin and Wallace was our understanding of
the origin and history of these entities, not the evidence that we have for
believing that organisms in nature are clustered into species.

The idea that species-level entities are concrete and natural would seem
to suggest that they are actors in one or more processes in nature. After all,
if species were inert bystanders, how would we justify their prominence
within biology? But what exactly do species do? Many evolutionary biolo-
gists think that species are active participants in multiple processes in na-
ture. For example, species are said to speciate or go extinct, compete or
predate, occupy niches or adaptive zones, interact with their environment
and disperse. Species likely do none of these things (Holsinger 1984; Cra-
craft 1989; M. B. Williams 1989). Rather, these are all things that individu-
als or populations do. Species do little, or more likely, nothing. That is,
they do not participate as actors in processes. Even assuming the lineage-
through-time idea of “ancestral species” discussed earlier, individually iso-
lated populations are the entities that differentiate and can be said to turn
into species (i.e., speciate, in the context of allopatric speciation models).
Therefore, even notions of “species as evolvers” (M. B. Williams 1989)
might need to be revisited.

Our view of species-as-actors opens the door to thinking more mecha-
nistically about many processes in nature and conceptualizing causation
at a more appropriate hierarchical level, usually that of individual organ-
isms, but there may be an argument for proposed selective processes of
and among species within macroevolutionary theory (Jablonski, chap. 17).
This view of species and their participation in causal processes should not
be taken to mean that species are not crucially important for biology. They
are the fundamental currency, along with individuals and populations, of
evolutionary and environmental science. As we note, since the dawn of hu-
manity there has been the clear idea that the living world around us is
structured into different clusters of organisms with different characteristics.
Knowing about this diversity has been the basis for human well-being, and
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over time knowledge about those “things” has become increasingly more
sophisticated and fine-grained.

This chapter argues that debates about species entail deep ontological
conceptions of the entities of nature that transcend conventional allegiance
to a given species concept. Species entities are fundamentally important be-
cause they largely determine how we describe pattern in nature and think
about causation, from describing and mapping diversity and building the
tree of life (McInerney, chap. 5; Kearney, chap. 7; Edwards et al., chap. 15),
to deciphering selection of natural units (Frank and Fox, chap. 9; Good-
night, chap. 10; Fox and Scheiner, chap. 11; Poisot, chap. 12; Scheiner,
chap. 13; Orive, chap. 14), and describing geographic variation and specia-
tion (Gillespie, chap. 16; Jablonski, chap. 17). Moreover, the structure of
most environmental science is based on views about nature’s entities, with
species usually being the most important. With so many people, scientists
and nonscientists alike, having such a long-standing stake in the intellec-
tual debate about species, this is a game that is likely not to end anytime
soon—and may very well never end.
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The Tree of Life and the Episodic
Evolutionary Synthesis

MAUREEN KEARNEY

The Stars Are Indifferent to Astronomy

—Peter Caws (used as an album title by Nada Surf, 2012)

The tree of life is the commonly accepted metaphorical representation used
to depict the phylogenetic relationships of all organismal species lineages.
It is grounded in phylogenetic theory—the theory that all species share a
genealogical history as a result of the evolutionary process of descent with
modification from common ancestors (table 1.3, proposition 3). And it is
grounded in the theory of natural selection—the theory that evolutionary
change over time is due to differential survival and reproduction of indi-
viduals and changes in variable traits (table 1.3, proposition 6). Phyloge-
netic theory and natural selection theory are closely related. Their inter-
connectedness was, in fact, foundational for the development of a general
theory of evolution, as evidenced throughout On the Origin of Species (Dar-
win 1859).

Darwin (1859, 99) on phylogenetic theory: “The affinities of all the be-
ings of the same class have sometimes been represented by a great tree. I
believe this simile largely speaks the truth. The green and budding twigs
may represent existing species; and those produced during former years
may represent the long succession of extinct species. . . . As buds give rise
by growth to fresh buds, and these, if vigorous, branch out and overtop
on all sides many a feebler branch, so by generation I believe it has been
with the great Tree of Life, which fills with its dead and broken branches
the crust of the earth, and covers the surface with its ever-branching and
beautiful ramifications.”

Darwin (1859, 50) on natural selection theory: “As many more indi-
viduals of each species are born than can possibly survive; and as, con-
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sequently, there is a frequently recurring struggle for existence, it follows
that any being, if it vary however slightly in any manner profitable to itself,
under the complex and sometimes varying conditions of life, will have a
better chance of surviving, and thus be naturally selected. From the strong
principle of inheritance, any selected variety will tend to propagate its new
and modified form. . . . I have called this principle, by which each slight
variation, if useful, is preserved, by the term of Natural Selection.”

A vast literature on Darwinism revolves primarily around the theory of
evolution through natural selection, but Darwin’s theory of phylogeny is
just as prominent in the Origin. As Sober (2011, 9) notes: “The two big
ideas in Darwin’s theory are common ancestry and natural selection.” The
boundaries of these theories are fuzzy, yet logically distinct. If very differ-
ent living species connect back to a common ancestor, then within-lineage
changes must also have occurred in order for their distinctive features to
have accumulated over time. Common ancestry of species, plus descent
with modification occurring over time within species lineages, formed a
holistic theory of evolution.

Darwin'’s theory of phylogeny was first visually captured in his iconic
“I think” tree-like diagram in Notebook B, “The Transmutation of Spe-
cies” (1837, fig. 58). Later, Darwin (1859, 411) wrote: “From the first dawn
of life, all organic beings are found to resemble each other in descending
degrees, so that they can be classed in groups under groups. This classifi-
cation is evidently not arbitrary like the grouping of the stars in constel-
lations.” This is the first clear conceptualization of a theory of common
descent of all species, which formed the basis for the nested hierarchy of
species depicted in the tree of life. Darwin’s “groups within groups” is an
example of an inclusive hierarchy. Inclusive hierarchies contain nested en-
tities, with each entity a subset of higher entities within the hierarchy. In
Darwin'’s case, an inclusive hierarchy of all species resulting from common
ancestry is most efficiently depicted by a nesting diagram such as a genea-
logical tree—a structure that intentionally, and importantly, represents taxa
as having a part-whole relationship: “Thus, between A&B immense gap of
relation, C&B the finest gradation, B&D rather greater distinction. Thus
genera would be formed.—bearing relation to ancient types with several
extinct forms” (Darwin 1859, 37).

Whereas inclusive hierarchies (e.g., species lineages, languages, cultures,
families) are naturally represented by branching, tree-like structures or
nested subset diagrams, exclusive hierarchies (e.g., military ranks, func-
tions, or the Scala Natura) are typically represented by lists or ranks and the
entities within such hierarchies do not exhibit a part-whole relationship.
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Darwin was quite clear about his use of a tree diagram and what it could
convey. His use of the term “simile” (“The affinities of all the beings of the
same class have sometimes been represented by a great tree. I believe this
simile largely speaks the truth” [Darwin 1859, 99]) and the broader context
of his text illustrate that his tree of life was intended not as a literal portrayal
of the evolutionary process leading to speciation and extinction but as a
metaphor for the shared genealogy of species. This is an important point
because recent challenges to the tree of life described later in this chapter
are often based on observations of nondivergent genetic processes and do
not make the distinction between a tree of life pattern of organismal-level
genealogy and evolutionary processes.

At least as early as Darwin, then, we observe the mutualism between
phylogenetic theory, natural selection theory, and a general theory of evo-
lution. The modern evolutionary synthesis of the early twentieth century
(Huxley 1942) profoundly expanded this evolutionary paradigm through
the integrative work of diverse natural scientists. Building on Darwinism,
the modern evolutionary synthesis unified theoretical and empirical results
from previously disconnected disciplines into a working consensus about
how evolution operates (Smocovitis, chap. 2). It also facilitated a new
understanding of how much evolution explains about the natural world—
the explanatory power of evolutionary theory was found to be expansive
across the natural sciences. As Ernst Mayr (1963, 1) remarked: “The the-
ory of evolution is quite rightly called the greatest unifying theory in bi-
ology.” Indeed, the modern evolutionary synthesis gave birth to the new
and general discipline of evolutionary biology, which integrated many sub-
disciplines. Evolutionary biology continues to grow and become refined as
new organismal, genetic, ecological, systematic, and geological knowledge
accrues. The discovery of DNA, plate tectonics, unique fossil forms, and
ecological-evolutionary processes have contributed to an evolving evolu-
tionary synthesis.

This growing evolutionary synthesis is not a smooth and linear pro-
cess; instead it is characterized by periodic disruptions and reintegrations.
Over time, new technologies or new fields of study emerge that are so in-
tensely rich in data collection and/or research potential that synthesis is
interrupted for a period of time while specialized studies rapidly advance.
Recent examples of the latter include developmental biology and molecu-
lar biology. During the latter part of the twentieth century, as molecular
biology and knowledge of the molecular basis of genetic change grew ex-
ponentially, a division between organismal biology and molecular biology
emerged. Architects of the modern evolutionary synthesis such as Ernst
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Mayr and G. G. Simpson remained prominent defenders of organismal
and evolutionary biology and argued strongly against the reduction of evo-
lutionary and organismal biology to genetics. Their arguments were rooted
in the inherent complexity of organismal biology; evolutionary biology
could not be reduced to genes, molecules, physics, or chemistry owing to
emergent properties of complex biological systems. Mayr (1959) described
population geneticists’ view of evolution as “bean-bag genetics” and reiter-
ated the importance of macroevolutionary issues such as transformation of
species and of unified research approaches.

Today, a rich explosion of new data and process knowledge about or-
ganismal genomes is exponentially accumulating. Genomics is a powerful
new tool that has contributed to major new discoveries about biodiversity,
ecology, and the processes of genetic change. For example, the prevalence
of lateral gene transfer—the movement of genetic material between organ-
isms other than by parent-offspring vertical transmission—is remarkable
in some taxonomic groups. This discovery has stimulated a dramatic con-
temporary debate that is challenging Darwin’s tree of life itself. Some evo-
lutionary biologists contend that a tree of life does not exist, citing genetic
processes such as lateral gene transfer to claim that a tree-like pattern of
species cannot be accurate (see “The Anti-Tree Argument” below). This de-
bate has also attracted the attention of philosophers of biology since the
subject matter intersects with many philosophical issues in evolutionary
biology—the historical nature of organisms, species, lineages, and phy-
logeny, as well as more general issues regarding theoretical consilience
versus pluralism. If the anti-tree arguments are correct, this would mark
a profound turning point in the history of evolutionary biology because,
as explained below, the tree of life has become utterly foundational in all
of modern comparative biology. It would also require reconciliation with
results from the continuing evolutionary synthesis of the last 150 years,
which extends over many natural science disciplines (Smocovitis, chap. 2).

In this chapter, I review the growth of phylogenetics and the profound
influence of the tree of life on all of biology. I summarize the current anti-
tree-of-life argument, from both biological and philosophical perspectives,
and suggest questions for further investigation in both those areas. I also
consider the tree of life debate in terms of the future of the evolutionary
synthesis. I argue that this recent challenge to the tree of life is a symptom
of a reductive, gene-centric interpretation of organisms, species, and phy-
logeny. Further it is reflective of a current disconnection between several
subdisciplines of evolutionary biology. Many contemporary evolutionary
biologists are focused on the burgeoning power of genomics, but genomics
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has not yet fully integrated with other fields of biology such as paleontol-
ogy, ecology, and morphology. I conclude that a resynthesis in evolution-
ary biology including new integrative approaches and conceptual work
will lead to a more complete theoretical foundation. In the face of rapidly
advancing knowledge gains and technology, there remains much exciting
work to do toward a unified theory of the organism (from gene to form),
species, and phylogeny across all forms of life.

The Growth and Influence of Phylogenetic Biology
The Development of Systematics

Aristotle (384-322 BCE) held an essentialist view of species as eternal
and immutable and characterized features of organisms accordingly. This
typological view of nature persisted for centuries and is reflected in early
biological classifications that were based on logical divisions rather than
inclusive hierarchies. Linnaeus’s (1758) system of classification was fun-
damentally based on the Aristotelian tradition of logical dichotomization
and became formalized under the familiar binomial system of taxonomic
nomenclature, although that system is undergoing an evolutionary chal-
lenge today (de Queiroz 1988; de Queiroz and Gauthier 1994). It was Dar-
win’s (1859) evolutionary theory that laid the groundwork for rejection of
an essentialist notion of species and their classification, emphasizing the
variability that must exist in order for natural selection to occur. Following
on that, Ernst Mayr’s (1942) seminal work on population variability ver-
sus typology became a cornerstone of the modern evolutionary synthesis
(e.g., Dobzhansky 1937b; Mayr 1942; G. G. Simpson 1944b; Mayr 1964)
and greatly influenced the field of systematics. The last half of the twen-
tieth century witnessed several methodological revolutions in systematics
(Kearney 2008), while at the same time the prominence of systematics
within the broader field of biology grew steadily (O'Hara 1997; Baum and
Smith 2013). Systematics has experienced some extraordinary paradigm
shifts in its theoretical and methodological approaches. Looking back, we
can see that each new approach in systematics contributed something im-
portant to the discipline as it is practiced today (see also Hull 1988).
Evolutionary taxonomy (e.g., G. G. Simpson 1961; Mayr 1969) made
heavy use of Darwinian evolutionary theory and organismal expertise to
classify organisms and assess the degree of evolutionary change within
and between lineages. In contrast to pre-Darwinian taxonomic endeavors,
evolutionary taxonomists built explicitly evolutionary trees rather than
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Linnaean classifications—a significant conceptual leap in systematics prac-
tice. The variability required for natural selection to occur refutes typology,
and therefore evolutionary taxonomists rejected prior typological classifi-
cation methods.

Later, the numerical taxonomists advocated an approach to systemat-
ics that used computer-assisted, quantitative, explicit methods to analyze
overall similarity of features of organisms (e.g., Sneath and Sokal 1973).
To some extent, phenetics combined with the burgeoning application of
computer science to biology may be viewed as a backlash against what
were perceived as the subjective and unrepeatable methods of evolutionary
taxonomy. But numerical taxonomy came under criticism for many rea-
sons, including the fact that overall similarity is not a biologically mean-
ingful basis for grouping organisms (Mayr 1964; Farris 1983). Further, its
explicitly theory-free approach—described as the “look, see, code, cluster”
method by Hull (1970, 31)—eventually contributed to its demise. Numeri-
cal taxonomy can be credited, however, for introducing quantitative ap-
proaches to phylogenetic analysis that still permeate the discipline today.

Hennig (1950) argued that taxonomy should reflect phylogeny, that
genealogical relationships among species should be inferred from “spe-
cial similarity” or shared derived characters, and that these relationships
should be arranged in a hierarchical manner to reflect the theory of descent
with modification. The critical distinction between monophyletic groups
(groups of organisms consisting of a most recent common ancestor and all
of its descendants, such as Mammalia), paraphyletic groups (groups of or-
ganisms consisting of a common ancestor and some, but not all, of its de-
scendants, such as Reptilia), and polyphyletic groups (groups of organisms
that do not include the common ancestor of all members of the group,
such as Agnatha) is one of Hennig's most enduring legacies. Shortly after
the translation of Hennig's book into English (Hennig 1966), systemat-
ics underwent another revolution with the development of cladistics (e.g.,
Kluge and Farris 1969; Eldredge and Cracraft 1980; Nelson and Platnick
1981). Expanding on Hennig's views, cladists argued against both evolu-
tionary taxonomy and phenetics, the former considered not sufficiently
objective and the latter considered flawed based on the use of overall
similarity rather than homology to identify monophyletic groups. Cladists
also introduced the philosophical principle of parsimony into systematics
(Farris 1977; Wiley 1981) and later operationalized it into a parsimony
method that minimizes hypotheses of homoplasy (Mclnerney, chap. 5) in
phylogenetic analyses (e.g., Farris 1983). The use of parsimony was justi-
fied with appeals to explanatory power (most parsimonious phylogenetic
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hypotheses were said to explain as much of the available data as possible
as homology, thereby avoiding ad hoc explanations of homoplasy [Farris
1983]), and later with appeals to Popperian falsificationism (Siddall and
Kluge 1997; Kluge 2001). The latter justification was criticized by many
(Sober 1994; Rieppel and Kearney 2002; de Queiroz and Poe 2003; Kear-
ney and Rieppel 2006; Rieppel and Kearney 2007), but perhaps most ef-
fectively by Hull (1999b).

Felsenstein (1978) identified the conditions under which parsimony
methods might be statistically inconsistent and thereby laid the founda-
tion for the use of maximume-likelihood statistical methods in phylogenet-
ics. The rise of those methods coincided with the increasing use of DNA
sequence data in systematics and a concomitant interest in developing
statistical models of nucleotide evolution for use in phylogenetic analyses
(McInerney, chap. 5). Most recently, Bayesian inference methods have been
applied to phylogenetics (Huelsenbeck et al. 2001) and continue to be the
most prevalent method used in contemporary phylogenetics. Methodolog-
ical debates regarding tree-building approaches in systematics have waned
dramatically over the past two decades, while great progress in reconstruct-
ing phylogenies for many organismal groups has been realized. Over the
same time period, understanding of the importance of phylogeny to all of
comparative biology has grown immensely. “Tree-thinking” (Baum et al.
2005; Baum and Smith 2013) is now a common phrase in biology owing
to the realization that we must account for the historical relatedness of spe-
cies in any hypothesis-testing that is related to species or their parts.

Phylogeny Matters

Over a century after the general acceptance of Darwin’s theory that all or-
ganisms and their lineages are linked through a history of common de-
scent, biologists began to recognize that our studies of evolutionary and
ecological processes all depend, to some extent, on species relatedness and
clade placement in the tree of life. Phylogenetic legacies (both constraints
and drivers) on genetic and phenotypic evolution, organismal develop-
ment, assembly of ecological communities, patterns of biodiversity, ecosys-
tem structure, and microevolutionary processes are now widely acknowl-
edged. The classic work of Felsenstein (1985) greatly influenced this shift
and arguably created a generation of phylogenetic comparative biologists.
Felsenstein (1985) articulated that species, owing to their coexistence as
part of the tree of life, are not independent entities and that this noninde-
pendence must be accounted for in all comparative studies by taking phy-
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logeny into consideration. One way to account for phylogenetic noninde-
pendence is with the use of phylogenetic comparative methods (Felsenstein
1985; Harvey and Pagel 1991). Phylogenetic comparative biology contin-
ues to pervade many areas of science. A special issue of the journal Ecology
(July 2006) devoted to the influence of phylogeny on ecological processes
demonstrated new approaches that recognize that the community ecology
of species cannot be understood without consideration of species” history
(Webb et al. 2006). Such a foundational phylogenetic perspective does not
stop with ecology. Contemporary studies of molecular evolution, trait evo-
lution, speciation and extinction rates, development, physiology, medicine,
disease, environmental change, and the causes and consequences of pat-
terns of biodiversity are commonly conducted now within a phylogenetic
framework (Cavender-Bares et al. 2009; Losos et al. 2013). And phyloge-
netic comparative methods themselves continue to evolve, an indicator of
their high demand (Pennell and Harmon 2013).

“Tree-thinking” is not only common among biological researchers
but also increasingly seen as a critical gap to be filled in science educa-
tion (Baum et al. 2005; Baum and Offner 2008), and it is now included
in biology textbooks. Undergraduate and graduate biology students often
do not sufficiently grasp modern evolutionary concepts. Tree-thinking can
uniquely correct several common misconceptions that students harbor
about evolutionary patterns and processes, such as the errors regarding di-
rectional evolution or the intricacies of ancestor-descendant relationships.

Trees in Demand and the Phylogenomics Era

With the growing reliance on tree-thinking and the increasing use of tree-
based analyses in many fields, the need to quickly reconstruct bigger and
more highly resolved phylogenies for all groups of organisms increased.
Biologists urgently needed to “treeify” life in order to formulate and test
hypotheses. White papers and major funding efforts encouraged efforts to-
ward a complete tree of life for all species (e.g., Systematics Agenda 2000;
the US National Science Foundation’s Assembling the Tree of Life funding
program). The demand for phylogenetic trees contributed to the already
growing shift from traditional, time-consuming methods of coding mor-
phological traits for phylogenetic analyses to rapid, large-scale, and more
automated DNA-based phylogenetic analyses. While contributing to major
phylogenetic progress for many groups, this shift also increased the exist-
ing schism between DNA-based and phenotype-based phylogeneticists and
between neontologists and paleontologists. Paleontologists also need to
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build and use phylogenetic trees for extinct groups in order to study eco-
logical and evolutionary processes across the vast history of life (Jablonski,
chap. 17). Given that over 99 percent of all species that ever lived are now
extinct, paleontological systematics remains an enormous and critical en-
deavor, but support and funding for paleontology- and morphology-based
systematics decreased precipitously during this time period. A concomitant
steep decline in the training of morphologists and whole-organism biolo-
gists also occurred, and biologists are only now beginning to grapple with
the magnitude of this legacy of declining expertise in organismal biology.
In spite of such disciplinary divisions, many authors continue to stress
the importance of including fossil taxa and/or morphological data in phylo-
genetic analyses for a number of reasons. Wiens (2004) noted that we need
to include morphological data in order to realize a complete tree of life, to
comprehensively characterize living taxa, and to identify areas in the tree
of life where molecular results may be misleading. G. J. Slater et al. (2012)
used simulations to show that including fossil data improves models of
trait evolution in macroevolutionary studies. Quental and Marshall (2010)
demonstrated that tree-based studies of evolutionary diversification are seri-
ously inaccurate when extinct lineages are absent from phylogenies. These
arguments point to a troubling vacuum of extinct biodiversity in modern
approaches and the need to continue to include fossil taxa and organismal
traits in phylogenetic studies. In order to do so, however, we will need to
code morphological characters in addition to using DNA sequence data,
and we will need to integrate these data sets using mixed analytical models.
This will require un-siloing molecular and morphological systematists, re-
viving support for the development of morphological and whole organism
expertise, and working more on integrative phylogenetic models. Clades
that contain significant numbers of both extinct and extant forms are partic-
ularly challenging to analyze in today’s phylogenetic paradigm owing to the
lack of mixed models for molecular and morphological analyses, although
some advances have begun (e.g., Zhang et al. 2016 and references therein).
It is also important to understand the evolution of gene histories in
relation to the evolution of population and species histories. In a piv-
otal paper, Maddison (1997) described the relationship between species
trees and the gene trees they contain. This relationship continues to be
the foundation of important investigations and methodological develop-
ments in phylogenetics (S. V. Edwards 2009; Knowles and Kubatko 2011;
Nakhleh 2013). The fact that different loci in the same organism can have
gene histories that differ from the overall history of that organism some-
times makes phylogenetic analyses based on sequence data challenging.
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Gene-tree/species-tree discordance can be caused by a number of pro-
cesses, such as incomplete lineage sorting, gene duplication, and reticula-
tion. The latter may be caused by lateral gene transfer, introgression, or lin-
eage fusion. Any single gene tree can mismatch with its containing species
tree depending on which gene copies happen to have been sampled. And
even with all gene copies sampled, there could be a mismatch between the
species tree and the sum of all gene trees. Perhaps the most common as-
sumption made when gene-tree/species-tree discordance is observed is the
occurrence of lateral gene transfer—genes that moved horizontally across
species lineages.

Knowledge of lateral gene transfer grew significantly through the work
of prominent microbiologists. By the end of the 1970s, universally con-
served nucleic acid sequences, especially from the small subunit rRNA
gene, had become widely used for similarity-based phylogenetic analyses of
prokaryotes (Woese and Fox 1977). These studies had enormous impacts,
including the discovery of three domains of life: Bacteria, Archaea, and Eu-
karyotes. Equally important, ribosomal RNA trees demonstrated the huge
and largely ignored diversity of prokaryotic lineages (e.g., Woese and Fox
1977; Woese et al. 1990; Pace 1997, 2004 ). While early systematics studies
of prokaryotes were largely based on a single gene sequence, complete ge-
nome sequences soon became more numerous and available, resulting in
huge gains in reconstructing the tree of life for many groups using phyloge-
nomic methods. The availability of complete genomes also highlighted the
prevalence of lateral gene transfer and caused some to question whether
genes are transferred so rampantly between prokaryotic lineages as to ren-
der the concept of a tree of life for prokaryotic species meaningless. For
example, Doolittle (1999, 2125) rejected the notion of a universal tree of
life that includes microbes, “If instances of [lateral gene transfer] can no
longer be dismissed as ‘exceptions that prove the rule, it must be admitted
(i) that it is not logical to equate phylogeny and organismal phylogeny and
(ii) that, unless organisms are construed as either less or more than the
sum of their genes, there is no unique organismal phylogeny.” This marks
the genesis of the anti-tree-of-life argument.

The Anti-Tree Argument: Biological and
Philosophical Perspectives

The recent challenges to the veracity of the tree of life attracted the atten-
tion of the scientific press and of philosophers of science, leading to some
provocative and sensational headlines, e.g., “Why Darwin Was Wrong
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about the Tree of Life” (Lawton 2009), “Is It Time to Uproot the Tree of
Life?” (Pennisi 1999), “Beyond the Tree of Life” (O’Malley and Boucher
2011). Such headlines were doubtless influenced by the sociopolitical in-
centives of critiquing something as high profile as Darwin and the tree of
life. But at the same time, they disrupted conventional wisdom and fueled
rich new discussions and investigations in both evolutionary biology and
the philosophy of biology.

The Argument from Biology and Questions Raised

Following the discovery of widespread lateral gene transfer in prokaryotes,
some microbiologists began to suggest that the tree of life is an errone-
ous metaphor for prokaryotic evolution and that the history of life cannot
be conceptualized as a simple branching tree (Bapteste et al. 2004; Bap-
teste and Boucher 2008; Bapteste et al. 2009). As Doolittle (2000, 2125)
summarizes: “Thus, there is a problem with the very conceptual basis of
phylogenetic classification” and “If, however, different genes give different
trees, and there is no fair way to suppress this disagreement, then a species
(or phylum) can ‘belong’ to many genera (or kingdoms) at the same time:
There really can be no universal phylogenetic trees of organisms based on
such a reduction of genes.” Going further, Morrison (2014, 635) made
the case for using reticulate networks rather than trees as genealogical
metaphors: “but I contend that if a set of gene trees is incompatible (i.e.,
the genes have different histories), then the associated species genealogy
should be seen as a network, not a tree.”

Morrison’s comment demonstrates that the arguments against the tree
of life actually apply to both the tree of life itself and the species that make
up the tree of life. Several authors have argued that molecular mosaicism
amongst prokaryotic lineages is so pervasive that distinguishable prokary-
otic lineages simply do not exist (e.g., Zhaxybayeva et al. 2004). These re-
jections of prokaryotic species and prokaryotic phylogeny raise the interest-
ing question of whether species and their genealogies are nothing more
than the sum of their genes and the sum of all gene trees, respectively. Is
there such a thing as an organism from this perspective? And should the
tree of life be understood as the tree of lineages or the tree of (genetic)
parts of those lineages? Certainly, Darwin’s vision of the tree of life, which
was conceived as a metaphor to depict the inclusive hierarchy of species
lineages due to common ancestry relationships, differs significantly from
the view of these authors.

Although it is common in the microbiology literature, not every micro-
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biologist agrees with the anti-tree-of-life argument. While none seem to
doubt the significance of genomic flux affecting prokaryotes, some argue
for a core genome tree of life that aligns well with previous prokaryotic
trees constructed with rRNA, thus protecting the possibility of a stable phy-
logenetic tree of life for all of life (Daubin et al. 2002; Ochman et al. 2005;
House 2009; Andam and Gogarten 2013). These counterarguments rest on
the premise that the vertical descent of genes is more common than the lat-
eral transfer of genes and that the vertical signal is sufficient to overwhelm
the noise of various lateral transfer events given sufficiently rigorous phy-
logenetic methods. That is a premise requiring further investigation, as are
many other recent conjectures, some of which follow here.

First, from the perspective of phylogenetic effects, successful lateral
gene transfer requires not just transferred gene(s) but incorporation of the
transferred genes into the receiving genome and their subsequent persis-
tence over evolutionary time. Further research is required to demonstrate
whether gene transfer events between distantly related lineages are more
likely to be successfully incorporated and passed on or more commonly
lost via lineage sorting. A related question is whether transferred genes are
never, sometimes, or always functionally beneficial to the receiving taxon.
We also do not yet know how much of the total genome is potentially af-
fected by lateral gene transfer. Operationally, if a transferred portion of
DNA succeeds in becoming fixed in a new population, we do not know
the likelihood that one affected gene tree will obscure the pattern of the
dominant tree (the tree applying to most of the genome). When should we
ascribe gene discordance to lateral gene transfer rather than to any number
of other possible evolutionary processes (e.g., incomplete lineage sorting,
gene duplication), or even simply to which gene copies have been sampled
and included in the analysis? Importantly, if discordant gene trees are to
be taken as evidence that there is no organismal tree of life and no real-
ity of species, then what is the template against which we should contrast
gene trees in order to conclude that they are discordant when using current
species tree methods? In order for genes to be laterally transferred, they
must be transferred between something and something. Most species tree
methods rest on inferring the species phylogeny from multiple gene trees
and then contrasting and reconciling the gene trees with the species tree in
order to study the evolutionary processes occurring in the genome. Such an
approach implicitly assumes the reality of organisms, species, and a tree of
life. If the latter concepts are to be rejected, then these methods are intel-
lectually inconsistent.

At its core, this debate rests significantly on species concepts, the most
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contentious issue in systematics throughout its history (Nathan and Cra-
craft, chap. 6). One might even argue that the central tenet of the lateral-
gene-transfer-based argument against prokaryotic species is fundamentally
a genetic species concept, and yet species concepts have not yet been ad-
dressed within the context of this debate. Whether lateral gene transfer is
predominantly a population-level phenomenon—similar to introgres-
sion—or whether it occurs pervasively between evolutionarily stable lin-
eages is still largely unknown. If the former, we can ask whether lateral
gene transfer is really an issue for population genetics rather than species-
level phylogeny reconstruction. In that case, we might also infer that reticu-
lation events do not preclude the existence of a tree of life because these
two phenomena are not mutually exclusive.

Finally, we must address the predictions raised by the assumption of
a highly reticulate genomic tree of life: What does it predict we will find
when we examine other lines of organismal evidence, such as geological
or phenotypic data? Prokaryotic microfossils with stable and recogniz-
able phenotypes and lineages persist in the fossil record for extraordinary
timespans (House 2009). If those stable lineages have been rampantly ex-
changing genes with other prokaryotic lineages, it has evidently not pre-
vented their long-term persistence at a higher level of organization. What
does that mean about connections between the genome and the phenome
in prokaryotes? If prokaryotic lineages that are very genomically unstable
are capable of remaining quite phenotypically stable over long periods of
time, that is a very interesting area to explore and again has not yet been
addressed within the context of this debate.

Ensuing Philosophical Arguments and More Questions Raised

As is often the case with biological controversies, recent attacks on the tree
of life have attracted the interest of philosophers of science. O’Malley and
Dupré, for example, organized a group of microbiologists and philoso-
phers of science in order to “question the Tree of Life,” and a special issue
of Biology and Philosophy was devoted to this topic (O'Malley et al. 2010).
These activities began the work on the metaphysics of the anti-tree-of-life
debate, and they raised many possibilities for future inquiry. O’'Malley et al.
(2010) begin by stating that evolution is now increasingly understood in
terms of the descent of genes and that lateral gene transfer has forced evo-
lutionary biologists to question the existence of a tree of life. As with the
biological arguments, it is important to note that these philosophical argu-
ments are, at least for the time being, largely gene-centric and prokaryotic-
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centric, and yet they draw wide-ranging conclusions about the reality of
the tree of life. Also similar to the biological arguments about lateral gene
transfer, the philosophical arguments sometimes blur population-level ge-
netic processes with genealogical patterns of lineage diversification. For ex-
ample, in Velasco’s (2012) discussion of “nontreeness in systematics,” he
argues: “The empirical evidence is clear; there are a great many nontreelike
processes that produce nontreelike genealogical patterns in nature. The re-
alist is forced to become a realist about networks rather than trees” (628)
and “On the smaller scale, it is obvious that forcing the history of Darwin's
finches or human populations into a tree structure ignores information
about migration and introgression between populations, which is essential
to understanding their history” (632). However, migration and introgres-
sion are population-level phenomena, and these statements conflate popu-
lation genetic processes with phylogenetic patterns of lineage history.

While caution is necessary when approaching these arguments owing to
their gene- and prokaryote-centric limitations, it is clear that there is now
fertile ground to explore related to the tree of life and the philosophy of
biology. Some of the recent philosophical arguments regarding the nature
of the tree of life closely mirror previous philosophical debates regarding
the nature of species and historical individuality (Nathan and Cracraft,
chap. 6; Hey 2001; Rieppel 2007; Ereshefsky 2010, 2011). For many years,
we have debated the ontological status of species. Should they be defined
by their evolutionary relationships (historical individuals resulting from
speciation) or by the possession of certain traits or properties (kinds with
membership criteria)? If species are identified by their genealogical history,
as many contemporary biologists and philosophers of biology have argued
(e.g., Ghiselin 1974b; Hull 1978; de Queiroz 1998, 1999, 2005, 2011),
then no genotypic or phenotypic property can define a species. Instead,
species are historical individuals bounded by time, space, and some type
of homeostatic clustering process that allows a degree of coherence over
some period of time (Boyd 1999). In other words, they exist as particular
spatiotemporal lineages in the tree of life. A species is a species by virtue of
its place in the single, unique history of life’s genealogy.

In a post-tree-of-life worldview, are genes, organisms, and lineages still
to be considered historical individuals? It would seem not, if the conten-
tion is that a certain percentage of lateral gene transfer is sufficient to eradi-
cate lineages that were once historically individualized—but this question
has not been addressed in the context of the current debate. If genes within
an organism have different histories, does this signify that the organism
has no history of its own? If so, what is the threshold number of relocated

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Maureen Kearney / 137

genes necessary to erase organismal history? And do we now require a new
theory of the organism? These are far from novel philosophical questions
at their core, but they are resurrected in a post-tree-of-life context. Through-
out the history of philosophical thought, such questions of identity and
sameness resurface in many different forms. For example, Theseus’s Para-
dox asks whether something that has all its parts replaced over time re-
mains the same thing. Does a ship that has all of its parts replaced sequen-
tially over time in order to remain functional remain the same ship, even
in the absence of any of its original components? Similarly, Heraclitus
asked whether one can step in the same river twice given that all of the
water in the river has changed by the time of the second step. The move-
ment of genes across historically individuated lineage boundaries raises
the question of whether a lineage retains its identity in the face of changing
some of its parts. For decades, systematists have argued that at the level of
evolutionary organismal lineages, there is only one history. Current tree
of life discussions suggest that many philosophers may now disagree with
this. It will be of great interest to observe this discussion expand as its focus
broadens beyond the genome and to all taxonomic groups, including all of
extinct life.

The debate has also exposed the inadequacy of our current theories of
organism and form. The logical extension of the current argument predicts
that an organism should be conceptualized solely as the sum of its genes,
but no specific theory supporting organisms as simply the sum of their ge-
nomes has been articulated. Do organisms (even the most phenotypically
simple microorganisms) have any emergent reality beyond their genomes?
This question extends as well to the nature of species and phylogeny. Cur-
rent anti-tree-of-life arguments implicitly or explicitly define phylogeny as
nothing more than the summation of all the gene histories of all organ-
isms that have ever lived. If we are to interpret a phylogeny of all species
as simply the graph along which genetic information has been passed and
nothing more, then a specific and new theory of phylogeny (the genetic
theory of phylogeny?) must be articulated to support that.

But perhaps a unified theory of organisms, lineages, and phylogeny is
simply not philosophically attainable for all of life. This is an interesting
possibility and brings us full circle to very early debates regarding unity/
disunity of the natural sciences (Dupré 1995). One idea is that we must
adopt a pluralistic approach to species and to the tree of life in order to
accommodate all of life. O’'Malley et al. (2010, 442) suggest: “Foremost
among the challenges of building a universal tree are the implications of
[lateral gene transfer|, a prominent and ineliminable feature of any ade-
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quate representation of prokaryote evolution.” However, if we will re-
quire two approaches to phylogeny—one for prokaryotes and another
for eukaryotes—then we will also require two theories of life’s evolution.
Here is an alternative conclusion: the essence of the problem is contained
in a currently disconnected evolutionary biology that is itself in need of
reunification.

The Tree of Life Reconsidered and the Need
for Continuing Evolutionary Synthesis

For most of the last hundred fifty years, the tree of life has been understood
to depict phylogenetic relatedness of species lineages. If one is attempting
to depict phylogenetic relationships of species, and if our theory of phy-
logeny is one of common ancestry and descent with modification, then
the logical way to depict those relationships is via an inclusive genealogi-
cal hierarchy illustrating the part-whole relationships of species lineages.
To be sure, processes that ensure the coherence of lineages and their dis-
tinctness from other lineages vary amongst the vast array of life forms and
are subject to myriad selective pressures. But fuzzy species boundaries are
to be expected, predicted even, from an evolutionary perspective, as is the
varying nature of that fuzziness across the entire tree of life. For example,
most would agree that lineage boundaries are more permeable to genetic
exchange in some organisms than in others. The species boundary may be
thought of as a constraint on the evolution of its component parts owing
to causal integration of those parts—genes, traits, development, organisms,
and so forth. The degree of constraint will naturally vary across organisms
along with varying degrees of organismal complexity and integration. We
would predict species boundaries to be more indistinct when there are
fewer constraints to change, e.g., in simple, unicellular organisms unbur-
dened by constraints of complexly integrated development and morphol-
ogy. Time is also a factor—evolutionary theory predicts that species bound-
aries will be fuzzier closer to the time of species divergence from common
ancestors (Edwards et al., chap. 15).

Evolutionary theory also does not preclude that reconstructing the gene-
alogy of life based on genomic data will be messy and challenging. In fact,
given the tenets of evolutionary process theories (see chaps. 9-17), such
a challenge is predictable using any data source. But the reality of the tree
of life is not dependent on impermeable species boundaries or on simple
divergent genetic processes or on imperfect methodological approaches.
(The epigraph to this chapter suggests the question: are species and phy-
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logeny indifferent to biology?) In fact, not only is the tree of life capable of
conceptually accommodating underlying genetic processes such as lateral
gene transfer, it is an indispensable prerequisite in revealing them. How
can we infer that such processes occur across lineage boundaries if we do
not accept that lineages exist? This points back to the critical importance of
tree-thinking and the centrality of the tree of life in enabling all of compar-
ative biology—including, but not limited to, the study of genetic processes
such as lateral gene transfer.

A Holistic Phylogenetics

If lateral gene transfer and other processes cause investigators to question
whether treeness exists for certain groups of organisms, it is now time to
test this hypothesis with as much diverse data as possible. This will be chal-
lenging because evolutionary biologists are once again working in isola-
tion from each other today. Neontologists and paleontologists are espe-
cially divided in today’s systematics. However, only new synthetic work will
enable these questions to be answered rigorously. For example, evidence
of prokaryotic lineages persisting for billions of years in the fossil record
(House 2009), and presumably living under the same conditions of lat-
eral gene transfer as those affecting prokaryotic organisms today, must be
explained—unless lateral gene transfer processes are assumed to have be-
gun only recently. If well-preserved microfossils persist with stable mor-
phologies for billions of years, we should be asking why organismal lin-
eages persist despite potentially significant levels of genetic exchange. Such
questions require interdisciplinary approaches.

Testing alternative phylogenetic hypotheses using different data sets is
also critical, but more and more rare owing to fragmented disciplines in
systematics. Genetic data is currently privileged in phylogenetic analyses,
and it is increasingly uncommon to include data from morphology, fossil
taxa, or any organismal data. In the rare cases when separate analyses of di-
verse data sets are pursued, instances of strongly conflicting tree topologies
between DNA-only trees and those including morphology and fossils for
the same taxa continue to be discovered (e.g., Gauthier et al. 2012; Wiens
et al. 2012), and we have yet to fully explain them. Such extreme incongru-
ence indicates either implausible degrees of morphological homoplasy or
interesting problems with molecular or morphological evolution in certain
groups (Losos et al. 2012). And conflicts between molecular phylogenies
and those derived from morphological and fossil data are not restricted to
tree topology, but extend to incongruent rates of diversification, the dating
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of speciation events, and other tree-based inferences (G. J. Slater et al.
2012). It is well-known that the inclusion of fossils improves estimates of
phylogeny, estimates of trait evolution, and estimates of divergence dat-
ing, yet the use of fossils continues to diminish. More generally, the overall
utility of phylogenetic comparative methods for macroevolutionary studies
depends on the inclusion of fossil taxa and phenotypic traits (G. J. Slater
and Harmon 2013). As Quental and Marshall (2010, 440) stated, “We need
the fossil record if we are to understand all but the simplest features of the
biodiversity dynamics that have led to the living biota.” If biologists seek a
unified theory of phylogeny, we will need to pursue better integrative mod-
els and use more complete data sets across the entirety of life.

Reunification and the Critical Role of Theory in Unifying

Periodic disunity and unity of the natural sciences is a recurring theme
(Smocovitis 1992). Belief in a general unity of knowledge extends back at
least as far as Plato, and a strong call for a unified biology emerged during
the Enlightenment after long periods of time when disunity was the norm.
Post-Enlightenment, the unity of science was a central principle of the Vi-
enna Circle philosophers as they observed numerous “biological sciences”
rather than a single unified biological science. The modern evolutionary
synthesis and the unifying potential of evolutionary theory represented a
tectonic shift. Biology itself was fundamentally realigned by the modern
evolutionary synthesis, with evolution as its central principle. The social
structure and culture of science does not necessarily incentivize integrative
work, generally giving preference to siloed disciplines over interdisciplin-
ary work. Important knowledge gains within different fields can remain
disconnected, as they did prior to the modern evolutionary synthesis, un-
til the need to integrate specialized results and develop unifying theories
across disciplines becomes sufficiently stark that it stimulates the break-
down of disciplinary barriers. A new emphasis on the importance of con-
vergence research is promising.

As theoretical frameworks continue to evolve (see chaps. 1, 9-17), they
stimulate connections between subdisciplines because they help scientists
identify links between their own work and other fields of science. As this
pattern continues over time, errors of reductionism are mitigated. Theoreti-
cal work sometimes takes a subsidiary role during periods of intense tech-
nological advances, such as our new transformative advances in DNA se-
quencing, genomics, and computing. These areas are advancing so quickly
in current biology that they are overtaking our ability to conceptually pro-
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cess the meaning of the resulting data. The current disruptive challenge to
the tree of life signals that this may be a profitable time to engage in a new
synthesis across systematics and other natural sciences. Such an extended
synthesis will require new conceptual and theoretical work, not just big
aggregated data sets.

Arguments between reductionist and systems approaches are a com-
mon occurrence in the history of most sciences. Both reductionist and sys-
tems approaches are profitable and, more important, they can be power-
fully synergistic if deployed strategically within a theoretically unified field.
Reductionism allows scientists to explain mechanisms and processes not
applicable at higher levels (e.g., lateral gene transfer), but reductionism
has serious limitations. In phylogenetics, genomics offers the possibility of
massive new data sets for the study of organisms, species, and phylogeny,
but such complex systems are not equivalent to the data we use in our ef-
forts to apprehend them. Such a conflation is not just genome-reductionist,
itis a classic error of operationalism—the error of defining a concept or en-
tity by the operations used to determine it. An emblematic statement from
Doolittle (1999, 2124) illustrates this problem: “in the words of Zucker-
landl and Pauling, ‘the essence of the organism’—not only do genes reveal
the phylogenetic pattern, they engender and embody it.” This statement
equates a complex system to its sampled constituent data parts (Sober
1994; Smolin 2006). Simply because we currently rely mainly on genetic
or genomic data to identify species and lineages in contemporary system-
atics does not mean that species are ontologically nothing more than the
sum of their genomes. In contrast, it is commonly thought that there ex-
ists a hierarchy of biological organization with increasing complexity (e.g.,
genes, genomes, transcriptomes, organisms, populations, species, clades).
Species lineages contain gene histories, but they also contain much more
(e.g., traits, complex interactions between traits, organisms, populations).
Constant empirical and theoretical reintegration is required to move past
these issues.

Conclusion

Charles Darwin’s major contributions to biology include both a theory of
natural selection and a theory of phylogeny. Both of these theories are cen-
tral to an overall theory of evolution. Phylogeny is a fundamental concep-
tual framework for understanding biology because every organism has par-
ticipated in the singular history of life. As a result, “tree thinking” (O'Hara
1988, 1997) has now transformed hypothesis-testing across many natural
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science disciplines. It has not yet pervaded all fields—for example, most
theories and models that involve natural selection (e.g., Frank and Fox,
chap. 9; Goodnight, chap. 10; and others in section 2) are ahistorical; tests
of those theories and models can be enriched by consideration of phyloge-
netic history.

The mission of systematics, which has a very long and rich history, is
to reconstruct and provide details on the tree of life so that comparative
biological studies can proceed. The discovery of lateral gene transfer and
reticulation has recently caused some to posit that the tree of life does not
exist. This notion has been fueled by the investigation of rich new genomic
data sets and major new discoveries regarding the behavior of genes. How-
ever, empirical research on lateral gene transfer is in its infancy, and the
narrowness of the focal organisms and data presents a cautionary tale re-
garding wide-ranging conclusions. A reticulate network diagram may be a
better representation of the relationship between genomes when genetic
reticulation occurs, but it is not a better representation of the relationship
between evolutionary lineages, unless lineages = genomes. In actuality, re-
ticulate network and tree diagrams are both informative, but they should
be specific and goal-dependent—it matters whether the goal is depicting
genetic evolutionary processes, depicting the history of individual genes, or
depicting the relationships of organismal lineages. Ideally, these processes
and patterns will be used to inform each other, recognizing that the discov-
ery of nontreelike genetic processes is an addition to Darwin’s tree of life,
not necessarily a negation of it.

The historically individual nature of species and phylogeny has long
been a theoretical underpinning of systematics. If species are defined by
their history, then no amount of lateral gene transfer and no degree of in-
tact ancestral genetic similarity are required to make them a species. Gene
flow between organisms is part of an organism’s genetic history, part of
its population history, and part of its species history. From a phylogenetic
viewpoint, to refer to an organism as Escherichia coli is to say not that E. coli
is a specific kind of organism, or that it has specific properties or traits, or
that it has X percent of its original genome intact, but that the E. coli organ-
ism is part of a larger, historical entity (the lineage of E. coli plus all other
subsuming lineages in the inclusive hierarchy of life). While the molecular
revolution in biology brought about great progress, it also occasioned an
eclipse of nongenetic organismal data and, consequently, a different way
of seeing organisms and the tree of life. As a result, phylogenetic lineages
are sometimes erroneously synonymized with genomic lineages. These two
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concepts will need to be decoupled if we wish species and the tree of life of
which they are a part to be conceptually unified for all of life.

Over seventy years after the modern synthesis and the emergence of evo-
lutionary biology as its own discipline, evolutionary biology requires ma-
jor resynthesis. Recent debates about the validity of species and the tree of
life in the face of genomic knowledge indicate that current subdisciplines
within evolutionary biology are incompletely merged and indeed operat-
ing largely independently. This represents a natural cycle in the history of
biology. We will always require continued integration across paleobiology,
genetics, development, morphology, systematics, evolution, organismal bi-
ology, and emerging new fields if we expect a unified evolutionary biology
to continue to grow. New synthetic theory development must also keep
pace with new empirical discoveries, the accumulation of big data, and
technological advances, because synthetic theories allow us to make sense
of diverse kinds of data and their implications. Darwin himself did just
that—synthesizing over morphology, development, biogeography, geology,
and more—to bring us phylogenetic theory and the tree of life.
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Situating Evolutionary Developmental
Biology in Evolutionary Theory

ALAN C. LOVE

Evolutionary developmental biology (evo-devo) is a complex array of re-
search programs with two main axes: (a) the evolution of development, or
inquiry into the pattern and processes of how ontogeny varies and changes
over time; and (b) the developmental basis of evolution, or inquiry into the
causal effect of ontogenetic processes on evolutionary trajectories, whether
to constrain or to facilitate them (Love 2015c). Prominent among these re-
search programs is the study of conserved genetic regulatory networks and
signaling pathways. Others include studies of phenotypic plasticity, experi-
mental embryology, and computational inquiry (e.g., simulations), as well
as disciplinary contributions from systematics and paleontology. Instead of
reviewing this heterogeneous landscape of empirical findings and theoreti-
cal commitments, the present chapter asks a different question: within the
body of knowledge referred to as evolutionary theory, where do you put
evo-devo? To answer this question, I limit my attention to investigations of
the origin of evolutionary novelty (see also Jablonski, chap. 17).

The place of evolutionary developmental biology (evo-devo) within
evolutionary theory is contested, especially with respect to the origin of
novelty. How did feathers or flowers originate in ancestral lineages lack-
ing these morphological structures? Evo-devo research aimed at explaining
novelties has been a locus for criticizing population genetic frameworks: “It
does not help much to say that there were one or two mutations that cre-
ated eyespots and that these alleles were selected” (G. P. Wagner 2000, 97).
This viewpoint feeds into claims that a standard outlook on evolutionary
theory does not incorporate the critical explanatory role of development:
“|evo-devo] emerged as a distinct field of research in the early 1980s to
address the profound neglect of development in the standard modern syn-
thesis framework of evolutionary theory, a deficiency that had caused dif-
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ficulties in explaining the origins of organismal form” (Miiller 2007, 943).
The problem of explaining the origin of novelty from a developmental per-
spective represents a signature feature of evo-devo that distinguishes it from
other strands of evolutionary research (G. P. Wagner et al. 2000; Moczek
2008; G. P. Wagner 2014). It appears regularly in descriptions of the na-
ture and scope of evo-devo (Moczek et al. 2015; Lesoway 2016) and con-
stitutes a recurring element in calls for an extended evolutionary synthesis
(Pigliucci and Miiller 2010b; Laland et al. 2015).

One interpretation of this line of criticism and the centrality of explain-
ing novelty to evo-devo is that there are two distinct explanatory agendas
within evolutionary biology. The first is associated with a perspective that
emphasizes populations and function. Evolutionary change from one
phenotype to another is explained via population processes such as natu-
ral selection, which sorts phenotypes, alters allele frequencies, and yields
outcomes that are frequently though not exclusively adaptive (Hoekstra
and Coyne 2007; M. Lynch 2007; see Frank and Fox, chap. 9). The second
agenda is associated with organisms and structure (G. P. Wagner 2014).
Evolutionary change from one ontogeny to another is explained by a vari-
ety of developmental genetic and epigenetic processes, which can be altered
in different ways to produce novel morphologies in organisms (Amundson
2005; Calcott 2009). Although this interpretation bolsters the rationale for
distinguishing evo-devo from evolutionary inquiry seen in population ge-
netics or behavioral ecology, it does little for the task of situating evo-devo
within evolutionary theory. For example, is the organism-structure explan-
atory agenda subsidiary to the population-function explanatory agenda, or
a prerequisite for it?

One additional difficulty for situating evo-devo is that its boundaries
are debated. Researchers from diverse disciplines that use an assortment
of methods and approaches see themselves as working within evo-devo,
sometimes to the exclusion of one another. Narrow depictions of evo-devo
revolve around the comparative developmental genetics of metazoans
(S. B. Carroll 2005a; De Robertis 2008), where the focus is on evolutionary
adjustments to gene network regulation with an emphasis on cis-regulatory
elements (Davidson 2006; S. B. Carroll 2008; Davidson and Peter 2015;
Rebeiz et al. 2015), especially for the origin of novelty (Gompel et al. 2005;
Davidson and Erwin 2006; Glassford et al. 2015). Broader depictions of
evo-devo include this but also draw attention to comparative embryology
and morphology, experimental investigations of epigenetic dynamics at
different levels of organization, studies of phenotypic plasticity, and com-
putational modeling or simulation-based inquiry (Hall 1999; Raff 2000;
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G. P. Wagner et al. 2000; Miiller 2007; Newman 2012; Love 2015b; Moczek
et al. 2015; Lesoway 2016). These depictions stress the significance of mul-
tiple disciplinary contributors and methodological approaches, including
the joint role of paleontology and systematics for supplying a necessary
historical-phylogenetic dimension (Telford and Budd 2003; Jablonski,
chap. 17; Raff 2007).

Given these divergent perspectives on the individuation of evo-devo,
and given its persistent attention to explaining something that evolu-
tionary inquiry anchored in populations and function purportedly does
not (i.e., the origin of novelty), it is not surprising that questions about
evo-devo’s place coalesce around its relationship to established models
from population biology and evolutionary genetics. For some evolution-
ary theorists, this is nonnegotiable: “The litmus test for any evolutionary
hypothesis must be its consistency with fundamental population genetic
principles . . . population genetics provides an essential framework for un-
derstanding how evolution occurs” (M. Lynch 2007, 8598). From this per-
spective, characterizing interspecific differences in developmental mecha-
nisms is not identifying the mechanisms of evolution because it ignores
the population-genetic processes “ultimately” responsible for evolution-
ary change. For others, the aim is to unify both evolutionary genetics and
evo-devo by appeal to organizing mechanisms such as genetic regulatory
networks (Laubichler 2009), concepts such as evolvability (Minelli 2010),
or a small set of central principles: “Evolutionary theory is not just a col-
lection of separately constructed models, but is a unified subject in which
all of the major results are related to a few basic biological and mathemati-
cal principles” (Rice 2004, xiii). Part of the contested ground pertains to
which kinds of “mechanisms” or “principles” are given precedence: should
these derive from population genetics or evo-devo? For still others, constel-
lations of disciplinary approaches in evo-devo are better characterized in
terms of the complex explanatory projects they concentrate on (Love 2008;
Brigandt 2010; Love 2010; Brigandt and Love 2012; Love 2013). This orien-
tation suggests that no single theoretical framework based on a particular
type of mechanism, small set of principles, or restricted suite of methods
will be fundamental and serve to coordinate or organize all of the others
within evolutionary theory, let alone evo-devo.

In light of these considerations, situating evo-devo within evolutionary
theory is a complicated task. However, two shared premises can be derived
from the above disagreements. First, evo-devo is distinguishable and dif-
ferent from what is typically associated with standard evolutionary theory
(e.g., population biology models). Whether this distinction is based on an
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emphasis on an ontology of organisms rather than genes (G. P. Wagner
2014), on structure rather than function (Love 2011), or on the generation
of variation rather than its differential preservation (Miiller and Newman
2003), there is a robust basis for differentiating evo-devo. Second, there is a
shared question about whether evo-devo should be hierarchically ordered
in relation to other evolutionary models. Answers to this question vary. It
would be helpful to have some notion of theory structure that facilitates
situating evo-devo so that its distinctiveness and hierarchical ordering (or
lack thereof) are explicated plainly. For example, a hierarchical ordering of
evo-devo will be more useful when accompanied by a characterization of
how or by what criteria that ordering operates.

The present chapter probes the value of a particular account of theory
structure (Scheiner 2010; Zamer and Scheiner 2014; Mindell and Scheiner,
chap. 1) for situating evo-devo within evolutionary theory. A necessary
prerequisite to this probative endeavor is to distinguish two approaches
for accomplishing the task: “abstract-structure first” and “concrete-practice
first.” After reviewing some findings from analyses employing the latter, I
describe the framework of Scheiner and colleagues, which exemplifies the
former. Using this framework, I situate evo-devo as an explanation of the
evolution of morphology, especially the origin of novelty, and show how
the framework respects evo-devo as a distinct area of inquiry, affirmatively
places evo-devo in a hierarchical order within evolutionary theory, and (to
some degree) supplies a characterization of how that ordering operates.
However, the payoff for accomplishing these tasks is less clear than what
might be expected. I derive two lessons from this unexpected result—one
methodological, one substantive—and conclude with reflections on differ-
ent strategies intended to advance scientific inquiry by explicating theoreti-
cal structure.

Approaches to Theory Structure

There are (at least) two distinguishable ways to approach the structure of
evolutionary theory. The first is to identify or articulate an account of scien-
tific theory structure abstractly and then ask how different areas of inquiry
associated with evolutionary research fit within it. One potential advantage
of this approach is the unification of different areas and an increased com-
prehension of the explanatory scope of theories. Another advantage could
be isolating previously unnoticed similarities in unrelated models when
comparing them within this abstract structure. A potential drawback is that
this structure risks obscuring how theory guides investigation and explains
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phenomena in vivo because it is often formulated separately from the prac-
tices of research. Similarly, success in placing a theory within this abstract
structure is no guarantee that there will be any payoft for ongoing inquiry.

The second strategy is to identify or articulate concrete theoretical
practices in use within scientific communities to ascertain how different
domains of evolutionary research are structured by these practices. One
potential advantage is a clarification of why lines of investigation are orga-
nized in specific ways. Another advantage is making explicit the criteria of
adequacy and related standards of evaluation; differences in these features
can be a source of controversy within and across disciplines. A potential
drawback is that this structure may apply to only one area of investiga-
tion and therefore cannot be leveraged to understand other areas of sci-
ence. Similarly, detailing these practices may not be illuminating if there
is a high degree of flux in the area under scrutiny, which makes it difficult
to separate significant theoretical structure from idiosyncratic differences
among individual researchers.

Neither of these strategies is perfect and each is better suited to achiev-
ing some goals than others. The first strategy (“abstract-structure first”)
seems apropos for epistemological endeavors that are one step removed
from the daily use of knowledge in specific sciences, such as identifying
relationships among disparate disciplines. The second strategy (“concrete-
practice first”) is germane when the aim is to understand why scientists do
what they do, such as reasoning in a particular fashion or finding a type of
explanation adequate. These two strategies are not mutually exclusive and
can be complementary, especially with respect to their potential drawbacks.
Importantly, they both focus on making theory explicit rather than leaving
it implicit in particular sciences (Scheiner 2010; Zamer and Scheiner 2014).
Abstract-structure-first strategies sometimes value distinctive epistemologi-
cal properties (e.g., single definitions of terms with necessary and sufficient
conditions) that appear beneficial at a distance but can act as obstacles to
fecund lines of investigation operating without this constraint (M. Wilson
2006). Concrete-practice-first strategies sometimes value the specificity of
local criteria of adequacy for research questions but lose sight of a bigger
picture of knowledge relations within and among cognate sciences.

Results from Concrete-Practice-First Analyses of Theory Structure

In previous work, I adopted a concrete-practice-first strategy to analyze evo-
devo theorizing and comprehend how it might fit into the broader con-
text of evolutionary theory (Love 2008; Brigandt 2010; Love 2010, 2013,
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2017b). Several key results emerged from these analyses. First, controver-
sies over definitions of concepts, such as evolutionary novelty (Moczek
2008), are best understood in terms of divergent criteria of explanatory
adequacy. Ernst Mayr defined novelty as “any newly acquired structure
or property which permits the assumption of a new function,” which fit
within the framework of the modern synthesis: “The problem of the emer-
gence of evolutionary novelties then consists in having to explain how a
sufficient number of small gene mutations can be accumulated until the
new structure has become sufficiently large to have selective value” (Mayr
1960, 357). In contrast, a different definition is found in most work in
evo-devo: “A morphological novelty is a structure that is neither homolo-
gous to any structure in the ancestral species or [serially homologous]| to
any other structure in the same organism” (Miiller and Wagner 1991, 243).
Instead of functional properties (“selective value”), morphology in a phy-
logenetic context is the focus (“non-homologous structures”); instead of
mutations in a gene pool, the developmental generation of qualitatively
new variation is in view. The growth of cladistic methods for phylogenetic
reconstruction and the emergence of molecular developmental genetics
gave this structure-oriented definition operational traction (Love 2015a),
especially in long-standing controversies like that of the origin of the chor-
date body axis (Gerhart 2000).

Although qualitative departures from an ancestral condition have been
emphasized in evo-devo (e.g., West-Eberhard 2003), a continuum between
qualitative difference and quantitative variant makes it difficult to distin-
guish novelty from nonnovelty in absolute terms. Biologists draw lines on
this continuum differently (Brigandt and Love 2012; Palmer 2012), and
there are typically precursors or homologous features at lower levels of or-
ganization for those structures deemed qualitatively novel (N. C. Shubin
et al. 2009; Hall and Kerney 2012). For example, ventral cement glands in
many larval anurans are a qualitative departure from the relevant ances-
tral condition (and thus novel), yet they share remarkable similarities with
the dorsal casquettes in some larval teleosts as paired organs that secrete
mucus, have mechanoreceptors, facilitate attachment, and arise via near-
identical patterns of regulatory gene expression despite occurring in dif-
ferent bodily locations (Pottin et al. 2010). An appeal to deep homology
could encourage seeing these traits as an exemplar of parallel evolution
responding to similar ecological pressures in early life history and there-
fore not genuine novelties. In light of these issues, there is value in shifting
attention away from identifying a single, correct definition of evolutionary
novelty (i.e., delineating the entities a term classifies or “categorizes”) and,
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instead, concentrating on characterizing the explanatory agenda associated
with the concept (Brigandt and Love 2012). Different meanings of the term
“novelty” indicate distinct explanatory expectations for the study of these
morphological features.

Focusing on characterizing the explanatory agenda foregrounds ques-
tions about adequate explanations for derived body parts that usually lack
homologous relations to structures in ancestral lineages and often possess
the potential for new functionality. However, to understand explanatory
expectations in different contexts, we need to ascertain how the concept
is structuring the problem space. This is often indicated by allied concepts
used with a specific definition of novelty. For example, discussions of nov-
elty as nonhomology have stressed the importance of distinguishing char-
acter identity (e.g., the forewing of insects) from character states (e.g., wing
blade versus protective cover) in order to clarify a particular sense of ho-
mology relevant to studying the developmental origin of new structures
(G. P. Wagner 2014; McInerney, chap. 5). Designating the hierarchical level
at which homology and novelty apply plays a role in dissecting how mech-
anisms of gene regulation have evolved to produce novel anatomical struc-
tures (N. C. Shubin et al. 2009). Linking novelty to evolvability accents
abstract mapping relations between genotype and phenotype (Pavlicev and
Widder 2015). Investigating the innovative ecological impact of a structural
novelty makes natural selection germane to the explanation (Erwin 2012;
Shirai et al. 2012).

A second result of the concrete-practice-first strategy is the identifica-
tion of problematic assumptions about the structure of evolutionary the-
ory that accompany attempts to situate evo-devo, especially in the context
of an extended evolutionary synthesis (Pigliucci and Miiller 2010b). One
of these is an assumption that there is a single evolutionary theory under
scrutiny. Spatial metaphors that presume a relatively cohesive unit are used
to describe how the modern synthesis must be “expanded” to increase its
content. This can be seen in the language used to contrast modern synthe-
sis assumptions from those of an extended evolutionary synthesis: “Inheri-
tance extends beyond genes to encompass (transgenerational) epigenetic
inheritance, physiological inheritance, ecological inheritance, social (be-
havioural) transmission and cultural inheritance” (Laland et al. 2015, 2).
It also can be observed in pictorial representations of this expansion and
extension that use a Venn diagram structure to depict spatial increase
within evolutionary theory. A related assumption, connected to the use of
spatial metaphors, is that evolutionary theory has a relatively uncompli-
cated structure with a central “core” (Love 2013, 2017b). Often this core
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is equated with the apparatus of evolutionary genetics that undergirds an
understanding of how genotypic and phenotypic changes occur in popula-
tions owing to natural selection, mutation, migration, and drift: “popu-
lation genetics provides the fundamental theory of [evolution]|” (Ridley
1993, vii).

Both of these assumptions are problematic in a variety of ways. First,
if there are questions about how evo-devo is individuated, then these will
not be discernable in a spatial container structure where evo-devo is as-
sumed to be one cohesive part of evolutionary theory. Questions of indi-
viduation are relevant to how evo-devo is situated (Love 2017b). For exam-
ple, it is plausible that different problem agendas rather than whole areas
like evo-devo are pertinent parts of evolutionary theory (Love 2010). This
yields distinct structures for evolutionary theory depending on how local
criteria of adequacy are coordinated (Love 2008; Brigandt 2010). Second,
biologists typically work with models or theory presentations rather than
with an entire theory (Griesemer 1984), which means they idealize away
from some elements to make others salient (Love 2013). Presumptions
about what evolutionary theory is and how it is structured are guided by
those elements salient to particular communities of research. Third, many
researchers adhere to claims about the centrality of evolutionary genetics
when discussing the structure of evolutionary theory: “If you can character-
ize formal population genetics, then you have characterized the ‘guts’ or
‘core’ of evolutionary theory” (E. A. Lloyd 1988, 8). This has led to a sys-
tematic neglect of the diversity of research that might be categorized within
evolutionary theory (Love 2010).

The purpose of reviewing these results from earlier concrete-practice-
first analyses is to establish a contrast class for the alternative strategy. In
order to evaluate the virtues of an abstract-structure-first account, it is ben-
eficial to see what has been learned by its complement. At the same time,
since each strategy is suited to achieving some conceptual goals and ill
equipped to address others, the contrast class also should make apparent
the distinctive advantages that accrue under the aegis of a strategy prioritiz-
ing abstract structure.

An Abstract Account of Theory Structure

Scheiner and colleagues have advanced an abstract account of theory struc-
ture that is intended for all of biology and has been applied to ecology and
other areas of the life sciences (Scheiner and Willig 2008; Scheiner 2010;
Zamer and Scheiner 2014; Mindell and Scheiner, chap. 1). It instantiates an
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abstract-structure-first strategy and was motivated by the apparent lack of
large-scale or overarching theories in biology.

Theory is important because it clarifies thinking. It forces a modicum of
formality onto data interpretation, thereby refereeing scientific disputes. It
reveals assumptions hidden in specific models or experiments. It shows con-
nections among disciplines, which is especially important in guiding inter-
disciplinary and transdisciplinary work. It defines risky or groundbreaking
research. Finally, it clarifies the central questions being addressed by a scien-
tific enterprise. Despite all of the benefits accrued by having explicit theories,

biology appears to be bereft at the widest levels. (Scheiner 2010)

However, it is not clear that overarching theory is necessary (or sufficient)
to achieve these various goals. For example, the clarification and organi-
zation of problem agendas and research questions within particular areas
of scientific inquiry does not require this kind of theory or formal defi-
nitions (Love 2014, pace Zamer and Scheiner 2014). Making connections
between approaches for interdisciplinary work can be done with other re-
sources, such as structured problem domains with explicit criteria of ad-
equacy (Love 2008; Brigandt 2010). Yet an abstract-structure-first strategy
can be well suited to deriving wider epistemological pictures of sciences:
“The purpose of this paper is to lay out a series of theories that encom-
pass all of biology: an overarching theory” (Scheiner 2010, 294). Scheiner’s
overarching framework includes five general theories of ecology, evolution,
organisms, genetics, and cells. Since our primary concern is situating evo-
devo within evolutionary theory, I will focus only on evolution. (Notably,
this idealizes away from questions about how evo-devo could be situated
within general theories of genetics or organisms; see Zamer and Scheiner
2014.) We first need to describe the elements of abstract theory structure
that will organize evolutionary theory.

Theories, on this view, are hierarchically structured and composed of
three types: general theories, constitutive theories, and models (Scheiner
2010; Mindell and Scheiner, chap. 1, table 1.2). General theories are sub-
divided into three elements: background, general principles, and outputs.
Constitutive theories are subdivided into three similar elements: back-
ground, propositions, and outputs. Models have four elements: two that
are the same as general and constitutive theories (background, outputs)
and two that are different (construction, tests). All three types share four
components in their background (domain, assumptions, framework, and
definitions), and models include a fifth: propositions. For general theories,
general principles are subdivided into concepts and confirmed generaliza-
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tions. The propositions of constitutive theories are separated into concepts,
confirmed generalizations, and laws. General theories have constitutive the-
ories as outputs, constitutive theories have models as outputs, and models
have hypotheses as outputs. The two unique elements of models, construc-
tion and tests, have one corresponding component each: translation modes
and facts. Each component of these types of representation has a succinct
characterization (table 8.1). This theoretical ontology is rich and merits its
own discussion, but our aim is to use it as a tool for situating evo-devo in
evolutionary theory. If we take evolution to be the general theory, then evo-
devo can be categorized provisionally as a constitutive theory. Before con-
centrating on how evo-devo might fit within this type of structure, it is nec-
essary to describe the general theory of evolution within this framework.

In this framework, the domain of evolutionary theory is described as
“the intergenerational patterns of the characteristics of organisms, includ-
ing causes and consequences” (Scheiner 2010, table 1) or “patterns, causes,
and consequences of change in the characteristics and diversity of life across
generations and geologic eras” (Mindell and Scheiner, chap. 1). It has eight
fundamental principles: (1) traits change across generations; (2) lineages
diversify; (3) lineages are linked through common descent; (4) variation
is a prerequisite for evolution; (5) variation arises from genetic properties;
(6) evolution is due to deterministic and random processes; (7) properties
of organisms condition evolution; and (8) rates of evolution are variable
(table 1.3). This list is revised and augmented; Scheiner (2010) only has
seven fundamental principles. “I recognize that others might disagree with
the exact number and wording of these principles, but such disagreements
over details do not alter the general form of my thesis” (Scheiner 2010,
294). While this may be true, disagreements may emerge about these prin-
ciples from constituent theories that speak to their content.

Other subdivisions of this abstract theory structure are not discussed
as extensively as general principles. For background, it is not entirely
clear what counts as assumptions, framework, and definitions (e.g., what
is necessary for a theory to work with clarity), or how they would be ap-
propriately catalogued for a particular type of theory (e.g., whether there
should be a relatively small set or whether one can have an extensive list).
Within the general principles, various concepts and confirmed generaliza-
tions are noted in passing though not probed systematically. Some of the
purported confirmed generalizations remain contentious or at least sub-
ject to several interpretations (e.g., how convergence fits with evolutionary
change leading to lineage diversification, whether all variation arises from
“genetics,” and how we interpret “deterministic” and “random” processes
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Table 8.1. Theory Components and Relationships (Mindell and Scheiner, chap. 1,
tables 1.1 and 1.2). Abbreviations: GT = General Theory; CT = Constitutive Theory;

M = Model
Component Characterization Location Types
Assumptions Conditions or structures needed — Constituent of background GT, CT M
to build a theory or model
Concepts Labeled regularities in Constituent of funda- GT, CT
phenomena mental principles or
propositions
Confirmed Condensations and abstrac- Constituent of funda- GT, CT
generalizations tions from a body of facts mental principles or
that have been tested propositions
Definitions Conventions and prescrip- Constituent of GT, CT, M
tions necessary for a theory background
or model to work with
clarity
Domain The scope in space, time, Constituent of GT, CI, M
and phenomena addressed background
by a theory or model
Facts Confirmable records of Constituent of tests M
phenomena
Framework Nested causal or logical Constituent of GT, CT, M
structure of a theory or background
model
Fundamental Concept or confirmed gener-  Constituent of GT GT
principle alization that is a compo-
nent of a general theory
Hypotheses Tested statements derived Constituent of outputs M
from or representing various
components of a theory or
model
Laws Conditional statements of Constituent of CT
relationship or causation, or propositions
statements of process that
hold within a domain of
discourse
Model Conceptual construct that n/a n/a
represents or simplifies the
natural world
Translation Procedures and concepts Constituent of M
modes needed to move from the construction

abstractions of a theory to
the specifics of model, ap-
plication, or test
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to understand the contingency of evolutionary change). The same holds
for many concepts (e.g., gene, homology, or species). We lack an inven-
tory of all relevant concepts or confirmed generalizations, which seems ger-
mane to discerning the output of constitutive theories (though also poten-
tially tedious). Nevertheless, we can set this skeletal outline of evolutionary
theory to one side in order to explore whether and how evo-devo can be
understood as one of its constitutive theories.

Evo-Devo as a Constitutive Theory

A natural way to understand evo-devo as a constitutive theory is in rela-
tion to an earlier formulation of a general principle about variation (origi-
nally no. 5) from Scheiner (2010, table 1): “Variation among organisms
within species in their genotype and phenotype is necessary for evolution-
ary change.” This applies specifically to explaining the origin of novelties:
“Recent debates about the origin of phenotypic novelties . . . as well as
the emerging discipline of evo-devo . . . have focused on the meaning of
and the mechanisms underlying fundamental principle 5” (Scheiner 2010,
295). However, Scheiner acknowledges that “this is an oversimplification,
and often the debates were about several principles simultaneously” (295).
The simplification is made explicit in the revised and augmented formula-
tion of the principles (Mindell and Scheiner, chap. 1). While variation as
a prerequisite for evolution remains (now no. 4 instead of no. 5), con-
nections between evo-devo and no. 5 (variation arises from genetic prop-
erties) or no. 7 (properties of organisms condition evolution) stand out.
Other fundamental principles quickly become salient, such as determin-
ing the significance of homoplasy due to shared developmental pathways
(e.g., anuran cement glands and teleost casquettes). All of these are central
in debates about the nature, scope, and significance of evo-devo (Moczek
et al. 2015). This means we cannot simply locate evo-devo within a gen-
eral theory of evolution but must scrutinize these structural relationships,
in terms of both their existence and their interpretation. For the moment,
let’s treat the assumed relationship between general principles 4, 5, and 7
of this general theory of evolution and evo-devo qua constitutive theory as
a helpful idealization (i.e., it represents things in a way that purposefully
departs from other features known to be present). How does evo-devo fit
into the abstract structure of a constitutive theory?

To help narrow our analytical task, we can focus on explaining the evo-
lution of morphology, especially the origin of novelties, as a proxy for evo-
devo. This preserves an insight from the concrete-practice-first strategy that
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problem agendas are a significant unit of analysis in understanding how
evolutionary theory is structured. Once the concept of evolutionary novelty
is seen as representing an explanatory agenda, it facilitates making explicit
the associated criteria of adequacy. These include the need to specify the
relevant level of structural organization, the degree of generality that can be
derived from studying particular novelties, and the disciplinary contribu-
tions necessary for an adequate explanation (Brigandt and Love 2012).

A prominent strategy of research in evo-devo involves investigating how
developmental genetic changes contribute to the evolution of form and the
generation of novel morphological structures.

Evolutionary change in animal form cannot be explained except in terms of

change in genetic regulatory networks architecture. (Davidson 2006)

The evolution of development and form is due to changes within genetic
regulatory networks. (S. B. Carroll 2008)

Novelty requires the evolution of a new genetic regulatory network. (G. P.
Wagner and Lynch 2010)

These changes can involve duplications followed by the differentiation of
paralogous genes (Gompel et al. 2005), modifications of regulatory inter-
actions (Shirai et al. 2012; Bloom et al. 2013), and the co-option of gene
expression from one time or spatial location to another (True and Carroll
2002; Saenko et al. 2008). Thus, novel structures at one level of organiza-
tion can arise from changes in homologous genetic regulatory networks
(Shubin et al. 2009); their origins are explained by the recombination and
redeployment of preexisting ancestral variation, rather than as a conse-
quence of novel genes.

Sean Carroll, sharing some of the motivations emphasized by Scheiner
and colleagues, has attempted to formulate these ideas into a theory for
evo-devo that will articulate with an extended evolutionary synthesis.

Do questions posed about evo-devo and evolutionary theory matter to any-
one besides the specialists and a few future historians? I think the answers
matter very much. . . . Without theories to organize and interpret facts, with-
out the power of general explanations, we are left with just piles of case stud-
ies. Moreover, we are without the frameworks that enable us to make predic-
tions. (S. B. Carroll 2008, 25)

For Carroll, theories are “structures of ideas that explain and interpret
facts,” and he offers eight principles (paraphrased here) that provide a ba-
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sis for conceptualizing evo-devo as a constitutive theory of a general theory
of evolution.

(1) Mosaic Pleiotropy: most proteins regulating development participate in
multiple, independent processes that shape and pattern morphologically
disparate body structures.

(2) Ancestral Genetic Complexity: morphologically disparate and long-diverged
animal taxa share similar toolkits of genes that build and pattern
morphology.

(3) Functional Equivalence: toolkit proteins typically exhibit functionally
equivalent activities when substituted for one another; their biochemical
properties and interactions have been largely conserved.

(4) Deep Homology: the formation and differentiation of many morphologi-
cal structures are governed by similar sets of genes and conserved genetic
regulatory networks.

(5) Infrequent Toolkit Gene Duplication: Duplications within toolkit gene
families are not necessary for morphological novelty and have been
rare because of negative effects on gene-dosage-sensitive developmental
processes.

(6) Heterotopy: Changes in the spatial regulation of toolkit genes and the genes
they regulate are associated with morphological divergence.

(7) Modularity of Cis-regulatory Elements: Large, complex, and modular cis-
regulatory regions are a distinctive feature of pleiotropic toolkit loci.

(8) Vast Regulatory Networks: Individual regulatory proteins control many target
gene cis-regulatory elements.

Notably, these are not exceptionless generalizations (“most,” “rare,” “typi-

cally”): functional equivalence does not hold for all Hox genes (e.g., Heffer

et al. 2010; V. Lynch and Wagner 2010). Other pertinent principles are ex-
cluded, such as heterochrony.

According to S. B. Carroll (2008), there is a central “hypothesis” that
can be distilled from the eight principles. It claims that cis-regulatory-
element mutations are the primary source of morphological variation and
therefore cis-regulatory-element evolution accounts for the bulk of mor-
phological evolution, including the origin of novelties. Carroll claims that
this hypothesis is empirically supported because: (a) cis-regulatory-element
sequence changes are sufficient to account for the evolutionary divergence
of traits and gene regulation among populations, species, and higher taxa;
(b) cis-regulatory-element evolution is necessary for rewiring genetic regu-
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latory networks; (c) gene duplication and coding changes alone are insuffi-
cient to rewire genetic regulatory networks; and, (d) cis-regulatory-element
variation and divergence are detectable over shorter timescales and taxo-
nomic distances than functional differences in transcription factors or tool-
kit gene duplications.

However, there are some gaps in this reasoning. First, the insufficiency
of gene duplication and coding changes for rewiring genetic regulatory net-
works in (c) is consistent with their necessity for accomplishing it. There-
fore, this alone would not privilege cis-regulatory-element variation over
other molecular changes in accounting for morphological evolution. The
purported sufficiency in (a) presumes a particular explanatory standard of
what is involved in accounting for the evolutionary divergence of traits and
gene regulation, which might be questioned. Additionally, (d) undergirds
the primary role of cis-regulatory-element evolution only if other possi-
bilities are exhausted by functional differences in transcription factors and
toolkit gene duplications. Regardless, Carroll encapsulates his theory of
morphological evolution in two statements: form evolves largely by alter-
ing the expression of functionally conserved proteins; and morphological
changes occur largely through mutations in the cis-regulatory regions of
regulatory genes exhibiting mosaic pleiotropy and target genes within the
vast regulatory networks they control.

Recall that constitutive theories are subdivided into three elements
(background, propositions, and outputs). Their background is composed
of a domain, assumptions, framework, and definitions. Propositions of
constitutive theories are separated into concepts, confirmed generaliza-
tions, and laws, whereas their outputs are models. The domain of evo-devo,
understood as a constitutive theory, can be described as the genetic and
morphological variation (or lack thereof) among organismal traits within
and across species that is relevant to how ontogeny changes over time (the
evolution of development) and how ontogenetic processes constrain or
facilitate evolutionary change (the developmental basis of evolution). Al-
though “species” refers to multicellular animals in Carroll’s application of
this theory, it is unclear whether this is the true extent of the domain. (For
example, bringing plants into this perspective would not be that difficult.)
Another possible limitation of scope concerns how “ontogeny” and “onto-
genetic processes” are interpreted. Microbes do not have the same genetic
architecture as plants and animals, but they do exhibit forms of growth,
differentiation, and morphogenesis (Love and Travisano 2013). Therefore,
evo-devo (as a constitutive theory) could facilitate a reorientation of evo-
lutionary theory (the general theory) by supplying “a fundamental prin-
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ciple about the role of development in determining phenotype and the
pathways of evolutionary change” (Scheiner 2010, 304). However, there
is disagreement about whether “genuine” development is found only in
multicellular organisms. If this is affirmed, then evolutionary theory plus
a fundamental principle of developmental evolution would not be fully
general with respect to all species. If it is denied, then evolutionary theory
plus a fundamental principle of developmental evolution could be general
with respect to the species in its domain. Thus, generality is not a single-
dimensional property of scientific theories but rather should be keyed to
different theory aspects (not just taxonomic scope). Generality with respect
to developmental evolution can diverge from generality with respect to the
evolution of genetic architecture, which in turn might diverge from gener-
ality with respect to the evolution of physiology (and so on).

Assumptions for the constitutive theory come in two forms: phyloge-
netic and developmental. Phylogenetic assumptions include a reliance
on cladistics as the appropriate theory of classification that reconstructs
evolutionary relationships among lineages. Developmental assumptions
include a reliance on molecular developmental genetics, both its mecha-
nistic models and its experimental procedures, although whether this can
include more physico-chemical or mechanical mechanisms varies (New-
man 2012; Love 2017a). Here we see a tension in how to relate evo-devo to
general principle 5—variation arises from genetic properties—because this
depends on whether variation arising from physico-chemical mechanisms
is included within evo-devo. Significantly, assumptions from evolution-
ary genetics are not necessary to build Carroll’s theory, though others have
considered them germane (Rice 1998; Hansen 2006).

It is not clear what constitutes the framework (“nested causal or logi-
cal structure”) for evo-devo as a constitutive theory apart from inferential
relationships among Carroll’s principles. That cis-regulatory elements are
modular implies that mutations in these elements have the potential to
change the spatial regulation of toolkit genes, thereby leading to morpho-
logical divergence via heterotopy. The claim that regulatory sequence evo-
lution is the likely mode of genetic and morphological change uses mosaic
pleiotropy, the modularity of cis-regulatory elements, and vast regulatory
networks to infer two clauses: (i) a protein plays multiple roles in develop-
ment, and mutations in its coding sequence are likely to have pleiotropic
effects; and (ii) the relevant locus contains multiple cis-regulatory elements.
These two clauses have generality by virtue of three other principles (ances-
tral genetic complexity, functional equivalence, and deep homology), are
primary because of infrequent toolkit gene duplication, and take on evolu-
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tionary significance from heterotopy. Many operational definitions (“con-
ventions and prescriptions necessary for a theory to work with clarity”) of
terms are required for this framework to hang together (e.g., cis-regulatory
element, toolkit genes, homology, heterotopy, pleiotropy, modularity), as
well as facts (“confirmable records of phenomena”), such as Hoxall play-
ing distinct roles in the formation of axial skeleton, appendicular skeleton,
kidneys, and the reproductive tract (Zhao and Potter 2002).

Carroll’s eight principles might be interpreted most perspicuously as
propositions. Some correspond to concepts (“labeled regularities in phe-
nomena”), such as mosaic pleiotropy, deep homology, heterotopy, and
the modularity of cis-regulatory elements. Others correspond to con-
firmed generalizations (“condensations and abstractions from a body of
facts that have been tested”), including ancestral genetic complexity, func-
tional equivalence, infrequent toolkit gene duplication, and vast regulatory
networks. It is possible to interpret some of them as laws (“conditional
statements of relationship or causation, or statements of process that hold
within a universe of discourse”). For example, we might reframe functional
equivalence of distant orthologs and paralogs as a conditional statement of
causation: if animal toolkit proteins are substituted for one another in vivo,
then they exhibit functionally equivalent activities. Carroll’s “hypothesis”
is best interpreted as a confirmed generalization that yields a model since
it does not relate to “tested statements derived from or representing various
components of the theory.” This also locates the claim in the constitutive
theory, whereas hypotheses are outputs of models that represent the natu-
ral world at a lower hierarchical level in the typology of scientific theories
(Scheiner 2010).

More could be said about evo-devo as a constitutive theory. For example,
we have neglected translation modes (“procedures and concepts needed to
move from the abstractions of a theory to the specifics of a model, applica-
tion, or test”). One way this might occur is by taking a general characteriza-
tion of evolutionary novelty and narrowing it to an operational definition
in order to test a hypothesis about mechanisms underlying the origin of a
particular morphological feature (e.g., feathers). Another question is how a
constitutive theory of evo-devo formulated in terms of Carroll’s eight prin-
ciples compares with constitutive theories meant to apply to similar do-
mains. A preliminary sketch of a constitutive theory of phenotypic novelty
has some propositions overlapping with Carroll’s and others that differ
(Zamer and Scheiner 2014). Still another question is whether this constitu-
tive theory of evo-devo could be constructed by combining elements of a
general theory of evolution and a general theory of organisms or genetics
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(Zamer and Scheiner 2014; Mindell and Scheiner, chap. 1). However, an
assumption contained in the question, and presumed in the title of this
chapter (“situating evo-devo in evolutionary theory”), suggests a more
fruitful line of inquiry.

To what degree could we think about situating evolutionary theory
(or at least parts of it) within evo-devo? (More broadly, should we think
about situating a theory of organisms or genetics—or least parts thereof—
within evo-devo?) Its diversity of questions and methodologies and its fa-
cility in exploring neglected questions about evolution argue in favor of
its integrative potential (e.g., Moczek et al. 2015). An immediate objection
relates to the question of taxonomic scope: evo-devo lacks the requisite
generality because many species (seemingly) do not exhibit development
(Zamer and Scheiner 2014). But if generality is not a single-dimensional
property of scientific theories, then there may be routes to probing whether
a general principle of developmental evolution could be general with re-
spect to particular features of species within the domain of evolutionary
theory. Although we typically talk about viruses as being assembled rather
than developing, conceptualizing the process of assembly and its material
resources in terms of an expanded conception of development could be
theoretically fruitful (Griesemer 2014). Additionally, physiological inno-
vations, such as the ability to exploit citrate as a carbon source (Blount
et al. 2008), could be conceptualized similarly with attendant benefits and
therefore mitigate concerns that evo-devo’s theoretical perspective about
the origin of novelties applies only to morphology.

We are now in a position to affirm that this abstract-structure-first strat-
egy achieves several of the aims identified earlier. Assuming this architec-
ture for a general theory of evolution, it situates evo-devo within evolution-
ary theory to explain the evolution of morphology (or traits), especially the
origin of novelty, and recovers at least some of the rationale for why evo-
devo is a distinct area of inquiry. It affirms the hierarchical ordering of evo-
devo within evolutionary theory, displaying how it can be understood as
fleshing out several principles of the general theory (variation is a prereq-
uisite for evolution; variation arises from genetic properties; properties of
organisms condition evolution). In particular, the principle that properties
of organisms condition evolution links up directly with the developmental
basis of evolution (how ontogenetic processes constrain and facilitate evo-
lutionary trajectories). However, there were tensions (e.g., variation arising
from nongenetic properties of developing organisms), and it is not clear
that we have done much to characterize how the ordering operates. We as-
sumed a particular structural view of the general theory of evolution and
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adopted a narrow interpretation of evo-devo (Carroll’s eight principles) as
a constituent theory. And the abstract-structure-first strategy does not fore-
ground particular examples of novel traits (unlike the concrete-practice-
first strategy), which makes it more difficult to see how this strategy ben-
efits investigators of citrate metabolism innovation or the origin of anuran
cement glands. Additional scrutiny of this hierarchical ordering and its as-
sociated assumptions seems warranted.

Situating Evo-Devo: To What End?

The value of an abstract-structure-first strategy for situating evo-devo in
evolutionary theory cannot be discerned from the above analysis alone.
Notice that several of this strategy’s potential benefits require comparison
and contrast with other constitutive theories, including the unification of
different domains or the identification of previously unnoticed similari-
ties in divergent areas of science. A natural question to ask is whether any
other value of this strategy is discernable. No hidden assumptions have
come to light, and guidance for interdisciplinary work appears available
already in concrete-practice-first results, as does the clarification of central
research problems. To some degree the abstract-structure-first strategy may
have clarified thinking, but it does not help in refereeing scientific disputes
by formalizing the significance of data. In fact, some of the potential draw-
backs of the strategy have surfaced because the details of how theory both
guides investigation and explains pertinent phenomena are opaque apart
from what was gleaned from concrete-practice-first analyses. As cautioned
above, success in placing a theory within an abstract structure is no guaran-
tee that there will be payoff for ongoing inquiry.

Perhaps this is too pessimistic a conclusion. Although we often focus
on successes, in both the sciences and philosophy, failures can be highly
informative (Firestein 2016; Redish et al. 2018). For example, heuristic rea-
soning breaks down in systematic ways and allows scientists to metabo-
lize their errors productively (Wimsatt 2007). The manner in which the
abstract-structure-first strategy fails (or falls short) may harbor lessons
that contribute to clarifying our thinking about evolutionary theory and
evo-devo. Two broad lessons—one methodological and one substantive—
can be gleaned from our exploration of this approach to scientific theory
structure.

First, the presumed hierarchical ordering of evolutionary theory and
evo-devo involved a narrow interpretation of evo-devo. This interpretation
does not include what many researchers think is critical for explaining the
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origin of novelty, such as experimental investigations of epigenetic dynam-
ics at different levels of organization or phenotypic plasticity. In particular,
this puts pressure on the fifth principle from the general theory of evolu-
tion: “variation arises from the genetic properties of organisms.” Do we
need to reformulate this principle? Would this encourage revisions of other
principles or require new principles, or even suggest a different conception
of hierarchical ordering? This is a methodological lesson: simultaneously
explicate the structure of a general theory and its purported constituent.
Following this methodological lesson makes possible a reciprocal feed-
back between general theory structure and constituent theory structure.
Some of this feedback is conceptual—we may need to revisit the theoreti-
cal ontology and scrutinize whether it adequately captures the structural
features of interest or whether elements need revision. Much of the feed-
back will revolve around the diversity of theoretical content and how it
is interpreted. Diverse understandings of evo-devo and divergent views on
its location or ordering within evolutionary theory are two places where
this methodological lesson is applicable. This is observable when Miiller
(2007) claims that evo-devo’s “results take evolutionary theory beyond the
boundaries of the Modern Synthesis,” but does not mean cis-regulatory ele-
ment variation and evolution, of which he is relatively skeptical: “Further
experimental proof will be necessary to determine the extent to which gene
regulatory change has a causal role in evolution” (Miiller 2007, 944). How-
ever implausible this may appear (Rebeiz et al. 2015), it highlights that
researchers structure evo-devo differently owing to a divergence in explana-
tory standards. Miller thinks that comparative experimental epigenetics
is crucial to explaining the evolution of form and origin of novelty; Sean
Carroll does not. Why? For Miiller, explanation “necessarily includes many
more factors than the evolution of gene regulation alone, notably the dy-
namics of epigenetic interactions, the chemicophysical properties of grow-
ing cell and tissue masses, and the influences of environmental parame-
ters” (Miuller 2007, 944). The introduction of epigenetic interactions and
physico-chemical properties as relevant factors (Newman and Bhat 2008;
Newman 2012), as well as the possibility that novel traits may begin as con-
ditional structures due to developmental plasticity (West-Eberhard 2003;
Moczek et al. 2011; Palmer 2012; Scheiner, chap. 13), forces a revision
of the fifth general principle in the theory of evolution because variation
arises from more than the genetic properties of organisms. This method-
ological lesson is also applicable when we consider evo-devo as a constitu-
ent theory of a general theory of organisms (Zamer and Scheiner 2014).
And since evo-devo continues to grow and transform both conceptually
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and empirically (e.g., through the incorporation of microbiome-related
considerations), the identification of these kinds of differences facilitates
ongoing inquiry when the structure of a general theory and its constituents
are treated simultaneously.

There are few biologists who would deny evo-devo any place in under-
standing evolutionary change, but there are diverse views on its location.
S. B. Carroll (2005b, 1164) expresses this in frustration: “I am not con-
vinced that what we have learned about the evolution of form is being
adequately considered in comparative genomics and population genet-
ics, where the potential role of regulatory sequence evolution appears to
be a secondary consideration, or ignored altogether.” He goes further and
urges a reversal of orientation about what should be central: “the evolu-
tion of form is the main drama of life’s story, both as found in the fossil
record and in the diversity of living species” (S. B. Carroll 20053, 294).
This reversal has been analyzed in terms of standards that deem “causal-
mechanistic” explanations from evo-devo superior to explanations citing
different “forces” operating on populations. Evolutionary theory, from this
perspective, must be restructured so that developmental considerations
take a more foundational position (Laubichler 2010). In opposition to this
radical maneuver, other biologists have recommended supplementing ex-
isting models of evolutionary change with the conceptual content of evo-
devo (Minelli 2010) or subordinating evo-devo entirely (M. Lynch 2007).
A via media is the interpretation of two distinct explanatory agendas (as de-
scribed earlier) or the recognition that multiple perspectives are required
(cf. Scheiner 2010):

Theodosius Dobzhansky was famous for his challenging dictum that, “Noth-
ing in biology, makes sense except in the light of evolution.” He meant that
everything about an organism could be explained as an adaptation to se-
lective conditions. . . . I began to wonder whether the opposite was true:
nothing in evolution makes sense except in the light of cell, molecular, and
developmental biology. Today it is clear that each of these ways of looking at
biology is necessary; it is the properties of the cellular processes as much as
the selection and segregation-modification of DNA that explain. (Kirschner
2015, 203).

If we engage in explicating the structure of a general theory at the same
time that we explicate the structure of a constituent theory, then it becomes
possible to dissect where differences in criteria of adequacy lead to diver-
gent evaluations of the place of evo-devo in evolutionary theory. Shuttling
back and forth between these conceptual tasks helps elucidate nodes of
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disagreement, which may lie in how structure is understood for one or the
other (or both).

The second broad lesson that emerges from our exploration of abstract
scientific theory structure is substantive: the value of explicating theory
structure is always tied to the goals of the endeavor. A primary motivation
for Scheiner and colleagues is to achieve an overarching conceptual frame-
work for biology (Scheiner 2010). The value of unification looms large in
this picture. Others have advocated a different value—integration—as a
way to understand how connections can be drawn between different the-
ories (Odenbaugh 2011). This integration happens in a more piecemeal
fashion as different theories and their models intersect to generate more
robust perspectives for whichever domain is in view (Wimsatt 2007). One
place to observe this in explanations of the origin of novelty is with respect
to the question of whether natural selection has explanatory relevance.

From one vantage point, the structure of evo-devo as a constituent the-
ory is motivated by a concern that natural selection has been given too
prominent a place in evolutionary explanations. One of the goals in articu-
lating a structure for evo-devo, evolutionary theory, and an extended evo-
lutionary synthesis is to foreground this so that the value of developmental
considerations in evolutionary explanations is unambiguous, especially
with respect to biases in the kind and distribution of phenotypic variation,
and so that form or morphology is not subjugated to function: “the diver-
sity of organismal form is only partly a consequence of natural selection—
the particular evolutionary trajectories taken also depend on features of
development” (Laland et al. 2015, 3). This perspective has been seen from
many different angles throughout our discussion.

However, from a different vantage point, the aim could be to compre-
hend how natural selection helps to explain the origin of novelty, such as
by increasing the frequency of particular kinds of variants through alter-
ing the genetic background (Godfrey-Smith 2014). Thinking in terms of
function, some have argued that there are two distinct possibilities for
the origin of a novelty: exaptation or developmental capacitance (Moczek
2008). Exaptations are traits either originally selected for another purpose
or by-products of a different trait’s formation. When exposed to a novel
selective environment, they present opportunities for new adaptive func-
tions. Developmental capacitance represents processes that buffer against
the manifestation of phenotypic variation until a threshold is reached. For
both possibilities, the emphasis is on what conditions make it possible for
natural selection to act and thereby solidify a new trait via its functionality.
Discerning the variational properties of phenotypes can inform how selec-

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

166 / Chapter 8: Situating Evolutionary Developmental Biology

tion contributes to the stability of a trait and how new structures become
individuated evolutionarily (Pavlicev and Widder 2015).

The value of explicating evo-devo’s theoretical structure for the origin
of novelty and relating it to a general theory of evolution is in clarifying
what kinds of explanatory projects biologists are engaged in. Different sets
of goals generate different kinds of structure, including what counts as gen-
eral for an aspect of theory, and this should be captured in our account of
theoretical structure. This implies that taxonomic scope is not the primary
arbiter of generality; distinct structures are relevant for evolutionary theory
and evo-devo because they facilitate diverse kinds of inquiry with different
types of generality (Love 2010, 2013, 2017b).

If we apply the methodological and substantive lessons in the con-
text of other constitutive theories (chaps. 9-17), then similar payoffs can
be secured. For example, if we simultaneously explicate the structure of
a general theory of evolution and the constituent theory of macroevolu-
tion (Jablonski, chap. 17), then we might observe that a particular form
of hierarchical ordering also encourages reciprocal feedback that forces a
revision in general principles, such as rates of evolution are variable. The
nature of this heterogeneity requires integrating paleontological and neon-
tological analyses to show how origination and extinction rates calibrate
our understanding of rates of evolutionary diversification (Hunt and Slater
2016). Similarly, a recognition that the value of explicating theory structure
is linked to the goals of the endeavor might mean that in some instances
there is a focus on unification across constituent theories and in others
an awareness that specific constituent theories lead to a different picture
of evolutionary change, such as the predominance of random walks as a
mode of trait evolution in the fossil record (Hunt et al. 2015). As with the
origin of novelty in evo-devo, different sets of goals can generate different
kinds of theoretical structure when relating a general theory of evolution to
constituent theories.

Conclusion

We began with two preliminary conclusions about evo-devo in the context
of evolutionary theory: (a) evo-devo is different in nature, scope, and style
when compared with population biology, evolutionary genetics, and al-
lied inquiry, and (b) the question of whether evo-devo is hierarchically re-
lated to other elements of evolutionary theory must be addressed. Using an
abstract-structure-first strategy, Scheiner and colleagues provide an account
of how a general theory of evolution and a constitutive theory of evo-devo
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can be structured. This account demonstrates the distinctness of evo-devo
and argues that it is subsidiary to the general theory of evolution. Unfortu-
nately, it did not fulfill some of its stated goals, such as facilitating the reso-
lution of scientific disputes, identifying hidden assumptions, or connecting
disciplines in illuminating ways, and was problematic because it assumed
a narrow depiction of evo-devo. The latter revealed a tension in how to
understand the fifth principle of a general theory of evolution (variation
arises from genetic properties), which many evo-devo proponents dispute.
These issues could be identified in part because we contrasted the results of
this strategy with what already had been achieved by adopting a concrete-
practice-first strategy.

And yet our examination generated two lessons: we should simultane-
ously explicate the structure of a general theory and its purported constitu-
ents because this facilitates reciprocal interactions between them, and the
value of explicating scientific theory structure is always tied to the goals of
the endeavor. The second substantial lesson points in the direction of seek-
ing different kinds of structure to accomplish different kinds of goals. There
is more than one way to structure evo-devo, and this plurality is a source
of strength; it is what permits a wide range of inquiry based on diverse in-
vestigatory and explanatory aims. Thus, the goal of the present volume—to
establish an overall conceptual framework—is one among many that we
might have in attempting to situate evo-devo within evolutionary theory.
Scheiner and colleagues proceed from a commitment to unification, even
in the midst of discerning this plurality: “I recognize that theories can take
many forms, and I do not mean to imply that the structure presented here
is the only possible one. However, this structure appears capable of em-
bodying a wide variety of theories within biology” (Scheiner 2010, 296).
Unification is a significant goal, but it is not preeminent. No single goal
governs endeavors focused on explicating and characterizing structure for
evolutionary theory. This is because the suitability of theoretical structure
for some goals does not transfer to other goals. And, importantly, this is
pertinent to pedagogy. Although any kind of theoretical structuring is pref-
erable to a presentation mode reliant on lists of facts, some kinds of struc-
turing are better suited than others to distinct teaching tasks (Love 2010).

On a final note, Scheiner holds that his account of theory structure can
help to pick out risky or bold research: “A bolder study addresses a broader
domain or a more general theory” (Scheiner 2010, 304). We have already
noted that what counts as “broader” or “more general” will be qualified
with respect to different theory aspects. However, it is significant that the
methodological lesson of jointly articulating structure for a general and
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constitutive theory demonstrates that conceptual endeavors themselves
count as “bolder studies.” They are likely to have implications for general
theories (evolutionary and otherwise), which is exactly what arose in prob-
lematizing the narrow reading of evo-devo as a constitutive theory and
worrying about the fifth general principle. If “the riskiest and most icon-
oclastic research is that aimed at disconfirming an established principle”
(Scheiner 2010, 305), then research aimed at questioning an established
principle of a general theory from the perspective of a constitutive theory
is both risky and iconoclastic. That it would so heavily involve conceptual
analysis rather than empirical investigation should encourage new and
continuing collaborations among biologists and philosophers to explicate
the structures of evolutionary theory and its constituents for the benefit of
future research and teaching.
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The Inductive Theory of Natural Selection

STEVEN A. FRANK AND GORDON A. FOX

Darwin (1859) got essentially everything right about natural selection, ad-
aptation, and biological design. But he was wrong about the processes that
determine inheritance (Smocovitis, chap. 2). How could Darwin be wrong
about heredity and genetics, but be right about everything else? Because
the essence of natural selection is trial and error learning. Try some differ-
ent approaches for a problem. Dump the ones that fail and favor the ones
that work best. Add some new approaches. Run another test. Keep doing
that. The solutions will improve over time. Almost everything that Darwin
wanted to know about adaptation and biological design depended only
on understanding, in a general way, how the traits of individuals evolve by
trial and error to fit more closely to the physical and social challenges of
reproduction.

Certainly, understanding the basis of heredity is important. Darwin
missed key problems, such as genomic conflict. And he was not right about
every detail of adaptation. But he did go from the absence of understand-
ing to a nearly complete explanation for biological design. What he missed
or got wrong requires only minor adjustments to his framework. That is a
lot to accomplish in one step.

How could Darwin achieve so much? His single greatest insight was that
a simple explanation could tie everything together. His explanation was
natural selection in the context of descent with modification. Of course,
not every detail of life can be explained by those simple principles. But
Darwin took the stance that when major patterns of nature could not be
explained by selection and descent with modification, it was a failure on
his part to see clearly, and he had to work harder. No one else in Darwin'’s
time dared to think that all of the great complexity of life could arise from
such simple natural processes. Not even Wallace.
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Now, more than a hundred fifty years after The Origin of Species, we still
struggle to understand the varied complexity of natural selection. What is
the best way to study natural selection: detailed genetic models or simple
phenotypic models? Are there general truths about natural selection that
apply universally? What is the role of natural selection relative to other
evolutionary processes?

Despite the apparent simplicity of natural selection, controversy re-
mains intense. Controversy almost always reflects the different kinds of
questions that various people ask and the different kinds of answers that
various people accept as explanations. Natural selection itself remains as
simple as Darwin understood it to be.

Deductive and Inductive Theory

There are two different ways we can think about natural selection. In the
deductive way, we use our understanding of natural selection to make pre-
dictions about what we expect to find when we observe nature. For exam-
ple, we might be interested in how a mother’s resources influence her ten-
dency to make daughters versus sons. A female wasp that lays her eggs on
a caterpillar will sometimes have a large host and sometimes a small host.

We can make a model to predict what sex offspring the wasp will pro-
duce when faced with a large versus a small host. We make that deduc-
tive prediction by calculating the number of grandchildren that we think
the mother can expect based on the size of the host and the sex of the
offspring. A simple interpretation of natural selection is that the process
favors a mother that behaves in a way that gives her the highest number
of grandchildren—the highest fitness—within the limits of what she can
reasonably do given the biology of the situation.

Perhaps the simplest deductive theory of natural selection concerns the
change in gene frequency. A gene associated with a higher fitness than aver-
age tends to increase in frequency, a simple mathematical deduction. We
can deduce exactly how fast a gene will increase in frequency given its fit-
ness relative to the average. Although the mathematical deduction is very
simple, in practice it is difficult to know in advance what fitness is associ-
ated with a particular gene. That fitness will depend on the gene itself and
what it does inside cells, and also on the interaction of that gene with other
genes and with the environment (Scheiner, chap. 13).

The value of deductive theory is, of course, that we can compare our
predictions to what we actually observe. When reality differs from what
we observe, then we know that some aspect of our initial understanding
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is incomplete or wrong. Much of the theory of natural selection develops
deductive predictions, which can then be tested against observation.

Inductive analysis turns things around and begins with observations of
what actually happened in nature. Suppose, for example, that we know the
frequency of a gene at two points in time. From the observed change in
frequency, we can infer the fitness of the gene by inductive reasoning: the
strength of natural section that would be required to cause the observed
change. Although we can induce the power of the unseen cause of natural
selection, we cannot rule out other processes that might have caused the
change in frequency. For example, it might be that the frequency changed by
random sampling of alternative genes rather than by differences in fitness
caused by effects of those genes. Inductive studies often seek to determine
which of the various possible causes is most likely given the observations.

In our wasp example, we might have begun with the observation that
mothers gain greater fitness when laying daughters rather than sons on
large hosts. We could inductively estimate the strength of natural selection
when comparing the production of daughters versus sons on a given host
size. To the extent that we identify natural selection as a primary causal
force, we would be estimating the strength of that cause in shaping the de-
cision behavior of mothers faced with hosts of different sizes.

Natural selection itself may be thought of as an inductive process. With
each step in time, gene frequencies change. Characters become more preva-
lent when they are correlated with genes that increase in frequency. Roughly
speaking, natural selection inductively assigns the likely causes of improved
fitness to those characters that are correlated with reproductive success.

When thinking about natural selection, we must always be clear about
which of the different points of view we wish to emphasize. We may have
a deductive prediction to test against observation. Or we may have ob-
served data that we can use to induce the likelihood of alternative underly-
ing causes. Or we may think about how natural selection itself works as
an inductive process that associates actual changes in gene frequencies, or
other informational units, with underlying factors that can potentially act
as causes.

In this chapter, we focus on inductive perspectives of natural selection
in relation to underlying causes of fitness. The notion of cause here is sub-
tle. The population geneticist C. C. Li observed that there are many formal
definitions of causation, but it is often not necessary to adopt any one of
them. “We shall simply use the words ‘cause’ and ‘effect’ as statistical terms
similar to independent and dependent variables, or [predictor variables
and response variables]” (Li 1975, 3).
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Partitioning Causes of Change

We follow Li’s suggestion to learn what we can about causation by study-
ing the possible relations between potential causal factors. The structure
of those relations expresses hypotheses about cause. Alternative structural
relations may fit the data more or less well. Those alternatives may also
suggest testable predictions that can differentiate between the relative like-
lihood of the different causal hypotheses (Crespi 1990; Frank 1997, 1998;
Scheiner et al. 2000).

In evolutionary studies, one typically tries to explain how environ-
mental and biological factors influence characters (Mindell and Scheiner,
chap. 1). Causal analysis separates into two steps. How do alternative char-
acter values influence fitness? What fraction of the character values is trans-
mitted to following generations? These two steps are roughly the causes of
selection and the causes of transmission.

Domain of the Theory

In a broad sense, the domain of the theory is evolutionary change in re-
sponse to natural selection. This domain of natural selection is not the
whole of evolution. For example, smoky pollution might darken the color
of trees in a nearby forest, causing a change over time in the average color-
ation of the population. In this case, tree color did not change by selection.
Instead, the change was simply a consequence of a changed environment.
However, natural selection remains the only force that could potentially
explain a consistent tendency toward adaptation—the match between an
organism'’s characters and the environmental and social challenges faced
by that organism.

Following our distinction between deductive and inductive perspec-
tives, the theory of natural selection has two complementary subdomains.
Deductively, we may begin with known or assumed characters and with
known or assumed fitnesses, and then work out how selection will change
the characters over time. Although that sounds simple, it can be challeng-
ing to work out how various characters and various selection processes in-
teract over time to cause evolutionary change. In this case, it is often useful
to partition selection into different causes (e.g., how a character changes
the fitness of a neighboring sibling, and how the same character changes
the fitness of the individual bearing the character).

Inductively, we may begin with observed characters and observed fit-
nesses, and then work out how the various characters and their interac-
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tions caused the values of fitness that we observed. Again, this is not easy
to do in practice. For example, we might see that bacteria secrete a digestive
enzyme that causes some external food source to break down into compo-
nents that are more easily taken up by cells. We might have measurements
on how much enzyme is secreted by different kinds of cells and on the fit-
nesses of the various cell types. For a given fitness, can we infer how much
of that fitness value is caused by the amount of enzyme secreted and how
much of that fitness is caused by the amount of digested food taken up?
The amount secreted is a direct cause of the fitness of the associated cell
type, but the amount of food taken up depends on the amount of enzyme
secreted by all neighbors—a partition of causes between direct and social
aspects of selection.

Basic Models
Prelude

Improvement by trial and error is a very simple concept. But applying
that simple concept to real problems can be surprisingly difficult. Math-
ematics can help but can also hinder. One must be clear about what one
wants from the mathematics and the limitations of what mathematics can
do. Useful mathematical modeling involves some subtlety. The output of
mathematics reflects only what one puts in. If different mathematical ap-
proaches lead to different conclusions, the approaches have made different
assumptions. There is a natural tendency to develop complicated models,
because we know that nature is complicated. However, false or apparently
meaningless assumptions often provide a better description of the empiri-
cal structure of the world than precise and apparently true assumptions.

The immense power of mathematical insight from false or apparently
meaningless assumptions shapes nearly every aspect of our modern lives.
The problem with the intuitively attractive precise and realistic assump-
tions is that they typically provide exactness about a reality that does not
exist. One never has a full set of true assumptions, and we generally cannot
estimate large numbers of parameters accurately. Worse yet, model error
may grow multiplicatively with many parameters, so that even if we can es-
timate the parameters, the resulting predictions are often so broad as to be
useless (Walters 1986; Hilborn and Mangel 1997). By contrast, false or ap-
parently meaningless assumptions, properly chosen, can provide profound
insight into the logical structure of nature. Experience has supported this
truth over and over again.
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Table 9.1. The Theory of Evolution by Natural Selection

Domain: Evolutionary change in response to natural selection.

Propositions:

1. Evolutionary change can be partitioned into natural selection and transmission.

2. Fitness describes the evolutionary change caused by natural selection.

3. Information can be lost during transmission of characters from ancestors to descendants.

4. The balance between information gain by selection and information loss by transmission
can be used to explain the relative roles of different evolutionary forces.

5. Fitness can be partitioned into distinct causes, such as the amount of change caused by
different characters.

6. Characters can be partitioned into distinct causes, such as different genetic, social, or envi-
ronmental components.

Six propositions, shown in table 9.1, provide the logical structure of the
theory of evolution by natural selection. Proposition 1 says that we can
account for evolutionary change in populations by ascribing it to two ba-
sic causes: selection and transmission of information between generations.
This first proposition requires a definition of fitness, such as the evolution-
ary change caused by natural selection (proposition 2). We now consider
how these concepts are used in models of fitness and frequency change in
populations, which include both deductive and inductive approaches.

Frequency Change and Selection

In a basic model of fitness and frequency change, there are n different types
of individuals. The frequency of each type is ¢;. Each type has R; offspring.
The average reproductive success is R = 2 q,R;, summing over all of the dif-
ferent types indexed by i. Fitness is w, = R,/R, used here as a measure of
relative success. The frequency of each type after selection is:

(9.1) 4/ = quw;

To obtain useful equations of selection, we must consider change. Subtract-
ing g; from both sides of eq. 9.1 yields:

(9-2) Aq; = q(w; — 1),

in which Ag; = ¢/ — g; is the change in the frequency of each type. Rearrang-
ing shows that ¢,/q; = w;, a mathematical expression of proposition 2.

We often want to know about the change caused by selection in the
value of a character. Suppose that each type, i, has an associated character
value, z;. The character z can be a quantitative trait or an allele frequency
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from the classical equations of population genetics. The average character
value in the initial population is z = S“q’,zi. The average character value
in the descendant population is z’ = Eqiz’l For now, assume that descen-
dants have the same average character value as their ancestors, z;=z;. Then
z' = qu_zi , and the change in the average value of the character caused by
selection is:

Z'-Z=AZ=% ¢'z,® qz,=° (¢,-q)z,

where A; means the change caused by selection when ignoring all other
evolutionary forces (G. R. Price 1972b; Ewens 1989; Frank and Slatkin
1992). Using Aq,=q,— g, for frequency changes yields:

(9.3) AzZ=® Ag;z,

This equation expresses the fundamental concept of selection (Frank
2012a). As defined in proposition 2, frequencies change according to dif-
ferences in fitness (eq. 9.2). Thus, selection is the change in character value
caused by differences in fitness, holding constant other evolutionary forces
that may alter the character values, z;.

Frequency Change during Transmission

We may consider the other forces that alter characters as the change during
transmission. Define Az=z,-z; as the difference between the average value
among descendants derived from ancestral type i and the average value
of ancestors of type i (proposition 3). Then ® ¢'Az, is the change during
transmission when measured in the context of the descendant population.
Here, qi’ is the fraction of the descendant population derived from ances-
tors of type i.

Thus, the total change, Az =z'-Z, is exactly the sum of the change
caused by selection (proposition 2) and the change during transmission
(propositions 3 and 4):

(9.4) AZ=YAqz+ Y q; Az,

a form of the Price equation (G. R. Price 1972a; Frank 2012a). We abbrevi-
ate the two components of total change as:

(9.5) AZ=AZ-AZ,

which partitions total change into a part ascribed to natural selection, A,,
and a part ascribed to changes in characters during transmission, A, (prop-
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osition 4). The change in transmission subsumes all evolutionary forces
beyond selection.

Characters and Covariance

We can express the fundamental equation of selection in terms of the co-
variance between fitness and character value. Combining eqgs. 9.2 and 9.3
leads to:

(9'6) Asz= EAqi i Eqi(wi _l)zi'

The right-hand side matches the definition for the covariance between fit-
ness, w, and character value, z, so we can write:

(9.7) Az = Cov(w,z),
which we can rewrite as a product of a regression coefficient and a variance
term:
(9.8) Az=Cov(w,z) =BV,
in which V,, is the variance in fitness and
Cov(w,z)
Baw=—"""
\"4

w

is the classic statistical definition of the regression of phenotype, z, on fit-
ness, w. The statistical covariance, regression, and variance functions com-
monly arise in the literature on selection (Robertson 1966; G. R. Price
1970; Lande and Arnold 1983; Falconer and Mackay 1996).

Gene Frequencies

Treating the character z as an allele frequency, we can relate the above
equations with the classical equations of population genetics. Assume that
each individual carries one allele. For the ith individual, z; = 0 when the
individual carries the normal allelic type, and z; = 1 when the individual
carries a variant allele. Then the frequency of the variant allele in the ith
individual is p; = z;, the allele frequency in the population is p = z, and the
initial frequency of each of the N individuals is ¢; = 1/N. From eq. 9.6, the
change in the allele frequency is

(9:9) AP =~ (w1

From the prior section, we can write the population genetics form in terms
of statistical functions:
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(9.10) Ap = Cov(w,p) = B,V

For analyzing allele frequency change, the population genetics form in
eq. 9.9 is often easier to understand than eq. 9.10, which is given in terms
of statistical functions. This advantage for the population genetics expres-
sion in the study of allele frequencies emphasizes the value of using spe-
cialized tools to fit particular problems.

By contrast, the more abstract statistical form in eq. 9.10 has advantages
when studying the conceptual structure of natural selection and when try-
ing to partition the causes of selection into components (proposition 5).
Suppose, for example, that one wishes to know only whether the allele fre-
quency is increasing or decreasing. Then eq. 9.10 shows that it is sufficient
to know whether 8, is positive or negative, because V,, is always positive.
That sufficient condition is difficult to see in eq. 9.9, but is immediately ob-
vious in eq. 9.10. One use of the kind of theory discussed in this volume is
to understand the fundamental relationships between models that appear
initially to be quite different from one another (see also Phillips, chap. 4).

Generalizing from the Basic Models:
Scale, Distance, and Invariance

This volume focuses on the structure of evolutionary theory. To consider
the fundamental role of natural selection within that broad theory, this
section discusses a few key conceptual issues. In the first subsection be-
low, we show that selection can be described in several equivalent forms:
as a variance, as a distance, or as a gain of statistical information. Each of
those descriptions is especially useful in a different context. The second
subsection considers the common alternatives for analysis of evolutionary
change: the change in phenotypic characters or the change in fitness. We
show that these two alternatives for the analysis of evolutionary change are
just alternative coordinate systems (like Cartesian and polar coordinates)
that can readily be related to one another. Each alternative is especially
useful under particular circumstances. These first two subsections provide
three different ways to describe selection and two different coordinate sys-
tems for evolutionary change. Those combinations show the connections
between various approaches and give us some freedom in developing evo-
lutionary models.

The third subsection examines what we need to know in order to ad-
dress particular questions about natural selection. For example, if we want
to study questions about the detailed dynamics of evolutionary change for
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a particular trait, we typically need to know a lot about the trait’s genetic
architecture. On the other hand, if we want to ask whether selection is
likely to account for some part of the difference between two populations,
the answer will not generally depend on such details. Understanding what
information is sufficient to answer a question provides crucial guidelines
for the development of useful models.

Variance, Distance, or Information

The variance in fitness, V,, arises in one form or another in every expres-
sion of selection. Why is the variance a universal metric of selection?
Clearly, variation matters because selection favors some types over others
only when the alternatives differ. But why does selection depend exactly on
the variance rather than on some other measure of variation? We will show
(proposition 2) that natural selection moves the population a certain dis-
tance. That distance is equivalent to the variance in fitness. Thus, we may
think about the change caused by selection equivalently in terms of vari-
ance or distance.

We begin by noting from eq. 9.2 that Ag,/q; = w; — 1. Then, the variance
in fitness is:

2 2
(9.11) V= Ydw,-1) =Y q, % - EM~
The squared distance in Euclidean geometry is the sum of the squared
changes in each dimension. On the right is the sum of the squares for the
change in frequency. Each dimension of squared distance is divided by
the original frequency. That normalization makes sense, because a small
change relative to a large initial frequency means less than a small change
relative to a small initial frequency. The variance in fitness measures the
squared distance between the ancestral and descendant population in
terms of the frequencies of the types, as proposition 2 and eq. 9.2 imply
(Ewens 1992; Frank 2012b, a).

When the frequency changes are small, the expression on the right
equals the Fisher information measure (Frank 2009). A slightly different
measure of information arises in selection equations when the frequency
changes are not small (Frank 2012b), but the idea is the same. Selection
acquires information about environmental challenges through changes in
frequency. Although this point may seem abstract, it may be a more accu-
rate description of the process of adaptation than to say that phenotypes
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have fitnesses and populations climb fitness peaks, because individuals
and populations respond to the environment rather than possess fitnesses.

Thus, we may think of selection in terms of variance, distance, or infor-
mation. Selection moves the population frequencies a distance that equals
the variance in fitness. That distance is equivalent to the gain in informa-
tion by the population caused by selection.

Characters and Coordinates

We can think of fitness and characters as alternative coordinates in which
to measure the changes caused by natural selection in frequency, distance,
and information. Using eq. 9.2, we can rewrite the variance in fitness from
eq. 9.11 as:

V, = Eqi(wi _1)2 =2Aqiwi'

Compare that expression with eq. 9.3 for the change in the character
value caused by selection. If we start with the right side of the expression
for the variance in fitness and then replace wi by zi, we obtain the change
in character value caused by selection. We can think of that replacement
as altering the coordinates on which we measure change, from the fre-
quency changes described by fitness, w; = ¢//q;, to the character values de-
scribed by z..

Although this description in terms of coordinates may seem a bit ab-
stract, it is essential for thinking about evolutionary change in relation to
selection. Selection changes frequencies. The consequences of frequency for
the change in characters depend on the coordinates that describe the trans-
lation between frequency change and characters (Frank 2012b, 2013a).

Eq. 9.4 provides an exact expression that includes four aspects of evo-
lutionary change. First, the change in frequencies, Ag, causes evolution-
ary change. Second, the amount of change depends on the coordinates
of characters, z;. Third, the change in the coordinates of characters during
transmission, Az;, causes evolutionary change (proposition 3). Fourth, the
changed coordinates have their consequences in the context of the frequen-
cies in the descendant population, ¢, (proposition 4).

In models of selection, one often encounters the variance in characters,
V,, rather than the variance in fitness, V,,. The variance in characters is sim-
ply a change in scale with respect to the variance in fithess—another way
in which to describe the translation between the coordinates for frequency
change and the coordinates for characters. In particular,
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(9.12) Az = Cov(w,z) = BV, = BuV.

thus

V- Bay v
B
Here, <y is based on the regression coefficients. The value of y describes the
rescaling between the variance in characters and the variance in fitness.
Thus, when V, arises in selection equations, it can be thought of as the res-
caling of V,, in a given context (Frank 2013a).

Sufficiency and Invariance

Having seen that there are alternative ways to model evolution and adapta-
tion (Phillips, chap. 4), and that they are all related to one another, it seems
appropriate to ask: What do we need to know to analyze natural selection?
The notion of sufficiency is useful here. Informally, a statistic is sufficient for
estimating a quantity if no other statistic can be calculated from a sample
that provides more information. A familiar example is that of the normal
distribution. If we know the variance, ¢?, then the mean in a sample, x, is
a sufficient statistic for the true mean, p, because we cannot calculate any
other statistic that provides more information about the true mean.

We compare two alternative modeling approaches. One provides full
information about how the population evolves over time. The other con-
siders only how natural selection alters average character values at any in-
stant in time.

A full analysis begins with the change in frequency given in eq. 9.2. For
each type in the population, we must know the initial frequency, ¢;, and
the fitness, w;. From those values, each new frequency can be calculated.
Then new values of fitnesses would be needed to calculate the next round
of updated frequencies. Fitnesses can change with frequencies and with ex-
trinsic conditions. That calculation provides a full description of the evo-
lutionary dynamics over time. The detailed output concerning dynamics
reflects the detailed input about all of the initial frequencies and all of the
fitnesses over time.

A more limited analysis arises from the part of total evolutionary change
caused by selection. If we focus on the change by selection in the average
value of a character at any point in time, we have

ASZ = EAql P = COV(WIZ) = ﬁzwuw

from eqs. 9.6 and 9.8.
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To calculate the change in average value caused by selection, it is suf-
ficient to know the covariance between the fitnesses and character values
over the population. We do not need to know the individual frequencies or
the individual fitnesses. It is sufficient to know a single summary statistic
over the population, the covariance. Put another way, a single assumed in-
put (the covariance) corresponds to a single output (the change in average
value caused by selection). We could, of course, make more complicated
assumptions about inputs and get more complicated outputs.

Invariance provides another way to describe sufficiency and the causal
effect of selection in populations. The mean change in the character value
caused by selection does not depend on (is invariant to) any aspect of vari-
ability except the covariance. Many alternative populations with different
character values and fitnesses have the same covariance and thus the same
change in the character value caused by selection. The reason is that the
variance in fitness, V,, describes the distance the population moves with
regard to frequencies, and the regression f3,, rescales the distance along
coordinates of frequency into distance along coordinates of the character.
Thus, simple invariances sometimes can provide great insight into other-
wise complex problems (Frank 2013b).

For example, Fisher's fundamental theorem of natural selection is a
simple invariance (Frank 2012c). The theorem states that at any instant in
time, the change in average fitness caused by selection is equal to the ge-
netic variance in fitness (discussed below). Fisher’s theorem shows that the
change in mean fitness by selection is invariant to all details of variability
in the population except the genetic variance.

Causal Models

We now turn to emphasize inductive approaches. Eq. 9.12 describes as-
sociations between characters and fitness. In that equation, we know only
that a character, z, and fitness, w, are correlated, as expressed by Cov(w,z).
We do not know anything about the causes of correlation and variance. But
we may have a model about how variation in characters causes variation
in fitness. To study that causal model, we must analyze how the hypoth-
esized causal structure predicts correlations between characters, fitness, and
evolutionary change. Alternative causal models provide alternative hypoth-
eses and predictions that can be compared with observation (Crespi 1990;
Frank 1997, 1998; Scheiner et al. 2000).

Regression equations provide a simple way in which to express hypoth-
esized causes (Li 1975). For example, we may have a hypothesis that the
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character z is a primary cause of fitness, w, expressed as a directional path
diagram z—w. That path diagram, in which z is a cause of w, is mathemati-
cally equivalent to the regression equation

(9.13) w; = @ + Bz t+ &,

in which ¢ is a constant and ¢; is the difference between the actual value of
z; and the value predicted by the model: ¢ + B,.z;.

Multiple Characters

Proposition 5 asserts that we can partition fitness into the amounts of
change caused by different characters. Here we show how this can be done.
To analyze causal models, we focus on the general relations between vari-
ables rather than on the values of particular individuals or genotypes. Thus,
we can drop the i subscripts in eq. 9.13 to simplify the expression, as in the
following expanded regression equation

(9.14) w; =@+ B2+ Byt e

Here, fitness w depends on the two characters z and y (Lande and Arnold
1983). The partial regression coefficient B,,., is the average effect of z on w
holding y constant, and B,, . is the average effect of y on w holding z con-
stant. Regression coefficients minimize the total distance (sum of squares)
between the actual and predicted values. Minimizing the residual distance
maximizes the use of the information contained in the predictors about
the actual values.

This regression equation is exact, in the sense that it is an equality under
all circumstances. No assumptions are needed about additivity or linearity
of z and y or about normal distributions for variation. Those assumptions
arise in statistical tests of significance when comparing the regression coef-
ficients with hypothesized values or when predicting how the values of the
regression coefficients change with context.

Note that the regression coefficients (8) often change as the values of w
or z or y change, or if we add another predictor variable. The exact equation
is a description of the relations between the variables as they are given. The
structure of the relations between the variables forms a causal hypothesis
that leads to predictions (Li 1975).
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(a)

Figure 9.1. Path diagrams for the effects of phenotype z and secondary predictor y on fit-
ness w. (a) An unknown cause associates y and z. The arrow connecting those factors points
both ways, indicating no particular directionality in the hypothesized causal scheme. (b) The
phenotype, z, directly affects the other predictor, y, which in turn affects fitness. The arrow
pointing from z to y indicates the hypothesized direction of causality. The choice of notation
matches kin selection theory, in which z is an altruistic behavior that reduces the fitness of an
actor by the cost C and aids the fitness of a recipient by the benefit B, and r measures the asso-
ciation between the behaviors of the actor and recipient. Although that notation comes from
kin selection theory, the general causal scheme applies to any pair of correlated characters that
influences fitness (Lande and Arnold 1983; Queller 1992). From Frank (2013a).

Partitions of Fitness

We can interpret eq. 9.14 as a hypothesis that partitions fitness into two
causes (proposition 5). Suppose, for example, that we are interested in the
direct effect of the character z on fitness. To isolate the direct effect of z, it is
useful to consider how a second character, y, also influences fitness (fig. 9.1).

The condition for z to increase by selection can be evaluated with
eq. 9.12. That equation simply states that z increases when it is positively as-
sociated with fitness. However, we now have the complication shown in eq.
9.14 that fitness also depends on another character, y. If we expand Cov(w,z)
in eq. 9.12 with the full expression for fitness in eq. 9.14, we obtain

(9.15) AZ =BV, = (Buzy + By B)V.:

Following Queller (1992), we abbreviate the three regression terms. The
term B, = r describes the association between the phenotype, z, and the
other predictor of fitness, y. An increase in z by the amount Az corresponds to
an average increase of y by the amount Ay = rAz. The term ., = B describes
the direct effect of the other predictor, y, on fitness, holding constant the
focal phenotype, z. The term B,,,..=—C describes the direct effect of the phe-
notype, z, on fitness, w, holding constant the effect of the other predictor, y.
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The condition for the increase of z by selection is A,z >0. The same
condition using the terms on the right side of eq. 9.15 and the abbreviated
notation of the previous paragraph is:

(9.16) B-C>0

This is Hamilton’s famous equation for kin selection (Hamilton 1964a,
1970). We use this equation here to emphasize the fact that Hamilton'’s
model is a particular case of a much more general relationship. The con-
dition in eq. 9.16 applies whether the association between z and y arises
from some unknown extrinsic cause (fig. 9.1a) or by the direct relation of
ztoy (fig. 9.1b).

This expression describes the condition for selection to increase char-
acter z when ignoring any changes in the character that arise during trans-
mission. Thus, when one wants to know whether selection acting by this
particular causal scheme would increase a character, it is sufficient to know
if this simple condition holds.

Testing Causal Hypotheses

If selection favors an increase in character z, then the condition in eq. 9.16
will always be true. That condition simply expresses the fact that the slope
of fitness on character value, B8,,, must be positive when selection favors an
increase in z. The expression f,, = rB — C is one way in which to partition
B.. into components. However, the fact that rB — C > 0 does not mean that
the decomposition into those three components always provides a good
causal explanation for how selection acts on the character z.

There are many alternative ways in which to partition the total effect
of selection into components. Other characters may be important. Envi-
ronmental or other extrinsic factors may dominate. How can we tell if a
particular causal scheme is a good explanation?

If we can manipulate the effects r, B, or C directly, we can run an ex-
periment. If we can find natural comparisons in which those terms vary,
we can test comparative hypotheses. If we add other potential causes to
our model, and the original terms hold their values in the context of the
changed model, that stability of effects under different conditions increases
the likelihood that the effects are true.

Three points emerge. First, a partition such as B — C is sufficient to de-
scribe the direction of change, because a partition simply splits the total
change into parts. Second, a partition does not necessarily describe causal
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relations in an accurate or useful way. Third, various methods can be used
to test whether a causal hypothesis is a good explanation.

Partitions of Characters

We have been studying the partition of fitness into separate causes, includ-
ing the role of individual characters. It is sometimes useful to partition in-
dividual characters into separate causes as well, such as contributions of
different alleles, or of other factors (proposition 5). Each character may
itself be influenced by various causes. We can describe the cause of a char-
acter by a regression equation:

z=<p+Bzgg+6

in which ¢ is a constant traditionally set to zero, g is a predictor of pheno-
type, the regression coefficient 8, is the average effect of g on phenotype
z, and & = z — B,g is the residual between the actual and predicted values.
For predictors g, we could use temperature, neighbors’ behavior, another
phenotype, epistatic interactions given as the product of allelic values, sym-
biont characters, or an individual’s own genes.

Fisher (1918) first presented this regression for phenotype in terms of
alleles as the predictors. Suppose

(9.17) g= Dby,
j

in which x; is the presence or absence of an allelic type. Then each b, is
the partial regression of an allele on phenotype, which describes the aver-
age contribution to phenotype for adding or subtracting the associated al-
lele. The coefficient b; is called the average allelic effect, and g is called the
breeding value (Fisher 1930; Crow and Kimura 1970; Falconer and Mackay
1996). When g is defined as the sum of the average effects of the underly-
ing predictors, then 8, = 1, and

(9.18) z=g¢+38

where 8 = z — g is the difference between the actual value and the predicted
value.

Transmission

Now we turn to include transmission in our models. To do so it is useful to
note some facts. If we take the average of both sides ofeq. 9.18, we getz =3,
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because 6 = 0 by the theory of regression. If we take the variance of both
sides, we obtain V, = V, + V;, noting that, by the theory of regression, g
and & are uncorrelated.

Heritability and the Response to Selection

To study selection, we first need an explicit form for the relation between
character value and fitness, which we write here as

w=¢+ B2+ e

Substituting that expression into the covariance expression of selection in
eq. 9.12 yields:

(9.19) Az =Cov(w,z)=p,V, =5V,

because ¢ is a constant and ¢ is uncorrelated with z, causing those terms to
drop out of the covariance. Here, the coefficient s = B, is the effect of the
character on fitness. Expanding sV, by the partition of the character vari-
ance (proposition 5) given in the previous section leads to:

(9.20) AZ=5V, =5V +sV, = AZ+AZ.

We can think of g as the average effect of the predictors of phenotype that
we have included in our causal model of character values. Then sV,=Az is
the component of total selective change associated with our predictors, and

(9.21) AZ =AZ-AZ

&

shows that the component of selection transmitted to descendants through
the predictors included in our model, A,, is the change caused by selection,
A, (proposition 1), minus the part of the selective change that is not trans-
mitted through the predictors, A, (proposition 4). Although it is traditional
to use alleles as predictors, we can use any hypothesized causal scheme.
For example, one of the predictors could be the presence or absence of a
particular bacterial species in the gut. When one adds gut bacteria as pre-
dictors, or new alleles not previously accounted for, the expanded causal
model typically assigns greater cause to the totality of predictors, A,, and
less cause to the remaining component of change, A,. Thus, the separa-
tion between transmitted and nontransmitted components of selection de-
pends on the hypothesis for the causes of the phenotype.

If we choose the predictors for g to be the individual alleles that in-
fluence the phenotype, then V, is the traditional measure of genetic vari-
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ance, and sV, is that component of selective change that is transmitted from
parent to offspring through the effects of the individual alleles. The frac-
tion of the total change that is transmitted, V,/V,, is a common measure of
heritability.

Changes in Transmission and Total Change

We now have the tools needed to find the total evolutionary change when
considered in terms of the parts of phenotype that are transmitted to de-
scendants. Here, the transmitted part arises from the predictors in an ex-
plicit causal hypothesis about phenotype.

From eq. 9.18, Z = g, because the average residuals of a regression, &,
are zero. Thus, when studying the change in a character, we have Az = Ag,
which means that we can analyze the change in a character by studying the
change in the average effects of the predictors of a character. From eq. 9.4,
we can write the total change in terms of the coordinates of the average ef-
fects of the predictors, g, yielding:

(9.22) AZ = Y Aqg + DA% =AZ+AZ,

in which A z is the change in the average effects of the predictors during
transmission (Frank 1997, 1998). The total change divides into two com-
ponents (proposition 4): the change caused by the part of selection that
is transmitted to descendants plus the change in the transmitted part of
the phenotype between ancestors and descendants. Alternatively, we may
write A,z = A, the total selective component expressed in the coordinates
of the average effects of the predictors, and A,z = A g, the total change in
coordinates with respect to the average effects of the predictors.

Choice of Predictors

If natural selection dominates other evolutionary forces, then we can use
the theory of natural selection to analyze evolutionary change. When does
selection dominate? From eq. 9.22, the change in phenotype caused by
selection is A,. If the second term A, is relatively small, then we can under-
stand evolutionary change primarily through models of selection.

A small value of the transmission term, A, arises if the effects of the pre-
dictors in our causal model of phenotype remain relatively stable between
ancestors and descendants. Many factors may influence the phenotype, in-
cluding alleles and their interactions, maternal effects, various epigenetic
processes, changing environment (Scheiner, chap. 13), and so on. Finding
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a good causal model of the phenotype in terms of predictors is an em-
pirical problem that can be studied by testing alternative causal schemes
against observation.

Note that the equations of evolutionary change do not distinguish be-
tween different kinds of predictors. For example, one can use both alleles
and weather as predictors. If weather varies among types and its average
effect on phenotype transmits stably between ancestors and descendants,
then weather provides a useful predictor. Variance in stably transmitted
weather attributes can lead to changes in characters by selection. Calling
the association between weather and fitness an aspect of selection may
seem strange or misleading. One can certainly choose to use a different
description. But the equations themselves do not distinguish between dif-
ferent causes.

Discussion
The Uses of Inductive versus Deductive Approaches

Sometimes it makes sense to think in terms of deductive predictions. What
do particular assumptions about initial conditions, genetic interactions,
and the fitnesses predict about evolutionary dynamics? For example, if we
know the current frequency of genotypes, the fitnesses of those genotypes,
and the pattern of mating between genotypes, then we can deductively pre-
dict the dynamics of change in genotype frequencies between the original
population and their descendants.

Sometimes it makes sense to think in terms of inductive analysis. Given
the observed changes between ancestor and descendant populations, how
much do different causes explain of that total distance? For example, if we
know the current phenotypes of individuals, and we observe the pheno-
types of offspring, then we can inductively estimate the causes of the ob-
served changes in terms of the partitioning of fitness into different esti-
mated strengths of selection acting on the individual phenotypes.

Accomplishments of Inductive Theory

We illustrate the value of inductive theory with three examples. First, in-
ductive approaches provide empirical methods for the study of natural se-
lection in populations. Typically, one begins with data about the reproduc-
tive success of individuals and about measurements of various characters
of those individuals. One then asks questions such as: How much does
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an increase in body weight enhance reproductive fitness? How much does
stress measured by cortisol level reduce reproductive fitness?

Although these are simple questions, one has data only about the corre-
lations between various characters and fitness. Teasing out estimated causal
relations from such correlational data can be difficult. In other words, it is
not so easy to inductively arrive at the relative causal strengths for the vari-
ous characters in the explanation of variation in observed values of fitness.
For example, suppose that larger body size is correlated with both reduced
cortisol level and increased fitness. How do we explain the causes of in-
creased fitness? It could be that large body size directly increases fitness
and that reduced stress is correlated with large body size. Or it could be
that reduced stress reflects good physiological health and immune system
status, which directly enhance both fitness and body size.

Distinguishing between these alternative hypotheses requires a careful
approach to the inductive analysis of natural selection. Lande and Arnold
(1983) initiated modern approaches to inductive methods. Many subse-
quent approaches to inductive analysis have been developed, including
techniques such as path analysis (Crespi 1990; Frank 1997, 1998;Scheiner
et al. 2000) and an analytical approach known as Aster (R. G. Shaw and
Geyer 2010).

Second, the theory of kin selection has developed complementary de-
ductive and inductive approaches. The original deductive theory by Hamil-
ton (1964a, 1970) made assumptions about the frequencies and fitnesses
of alternative genes. Those genes were associated with altruistic behaviors
that benefit relatives at a cost to the actor that performs the behavior. For
example, a bee in a social colony might help her mother to reproduce
rather than reproduce herself. That altruistic behavior benefits her mother’s
reproduction and simultaneously imposes a cost on her own reproduc-
tion. When would natural selection favor such an altruistic behavior that
reduces the actor’s own direct fitness?

From assumptions about the direct cost of altruistic behavior and the
benefit to the recipient of the altruism, Hamilton used population genetics
to deduce the conditions under which increased altruism would evolve by
natural selection. Put another way, he analyzed the conditions that favor
an increase in the frequency of genes associated with altruism. He found
the condition rB-C > 0 for the increase in altruism, in which C is the direct
cost in fitness of the altruistic behavior, B is the recipient’s benefit from the
altruistic behavior, and r is the relatedness between actor and recipient.

Hamilton’s original theory assumed a given partition of the causes of
fitness into a part attributed to the cost of the behavior and a part attrib-
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uted to the benefit of the behavior. That deductive theory makes predic-
tions about behavior. By contrast, actual studies of natural populations
often obtain data about observed behaviors, relatedness, and reproductive
fitness. From those data, one inductively estimates the partition of fitness
into costs to the individual that expresses the character and benefits to the
individuals that receive the consequences of the character.

Queller (1992) recognized the identical structure of Hamilton's original
deductive theory and the inductive methods of Lande and Arnold (1983).
Following Queller’s insight, the modern theory of kin selection unified
deductive and inductive theories into a single approach that focuses on
the partitioning of fitness into causal components associated with various
characters and their associated costs and benefits (Frank 1997, 1998). In
this context, group selection is an alternative way to partition the causes
of fitness into components (Goodnight, chap. 10; Hamilton 1975; Frank
1986, 1998).

Third, inductive approaches provide methods for the analysis of mo-
lecular genetic data. Before extensive molecular data were available, almost
all population genetic theory was deductive. After molecular data became
common, inductive theory dominated (Ewens 1990). Classically, one be-
gan with alleles and fitnesses, and then deduced gene frequency changes
(Crow and Kimura 1970). Since the molecular revolution, one typically
begins with current samples of alleles and then tries to induce the histori-
cal states and processes of the past (Graur 2016). For example, given an
observed sample of DNA sequences in a population, one may compare
a variety of alternative processes that might have generated the observed
sample. One can ask which of the alternative processes is most likely to
generate the observed pattern, an inductive perspective that begins with the
observed data.

Suppose we have a sample of nucleotide sequences obtained from influ-
enza viruses over a series of annual epidemics. We can reconstruct a phylo-
genetic history of the viruses from those nucleotide sequences. Within that
history, we can estimate how particular nucleotides and associated amino
acids changed over time. We can then ask: How has natural selection acted
on particular amino acids that coat the surface of the virus? We may induc-
tively conclude that certain amino acids changed in a manner correlated
with the virus’s escape from recognition by host immunity and subsequent
spread in the next epidemic, suggesting that natural selection favors rapid
evolution of those particular amino acids (R. M. Bush et al. 1999). Once
again, we have inductively assigned a potential causal role of natural selec-
tion to explain the pattern of changes we observe in populations.
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Status of the Theory

The theory of natural selection provides many of the key insights for un-
derstanding how organisms evolve. Several chapters in this volume illus-
trate the primacy of selection, including chapter 11 on the evolution of
life histories (Fox and Scheiner), chapter 12 on ecological specialization
(Poisot), chapter 13 on phenotypic plasticity (Scheiner), and chapter 14
on recombination (Orive).

As the theory of natural selection matured in the 1970s and 1980s, em-
pirical studies showed it to be one of the best-supported theories in sci-
ence (Endler 1986). The advent of modern computers and modern statisti-
cal methods led to extensive reviews of this empirical support, including
quantification of such things as the strength of selection (Hoekstra et al.
2001; Kingsolver et al. 2001; Nielsen 2005). Nevertheless, the subtlety of
the concepts suggests a need for evolutionary biologists to pursue deeper
understanding of the theory and its implications.

As an example of deeper conceptual issues, we have emphasized that
Price’s formulation provides a useful way to understand the relations be-
tween deductive and inductive approaches to selection. Both deductive
and inductive approaches play key roles in efforts to understand the di-
verse evolutionary patterns discussed in chapters 11-14 below. The ap-
proach taken in this chapter helps to clarify the points of connection (and
of contrast) between the inductive and deductive approaches. Because of
the recent increase in scientists’ interest in and capability of collecting large
datasets, we expect that inductive approaches to understanding natural se-
lection will become increasingly important.

There has also been a trend in many information sciences to develop
new methods of learning and inference that can be applied to large data-
sets beyond biology. The conceptual challenges in those various subjects
often hint at the need to understand more deeply how information accu-
mulates by various trial and error algorithms. Our understanding of natu-
ral selection will likely contribute to and gain from those broader develop-
ments in modern science.
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The Theory of Multilevel Selection

CHARLES GOODNIGHT

It is frequently observed that organisms behave in ways that are difficult to
reconcile with selection acting only in the best interests of the organism,
that is, acting at the individual level, and yet only recently have we begun
to develop a general consensus on how these group-level traits evolve. In
this chapter I focus on three main topics concerning multilevel selection:
(1) the relationship between the Price equation, group selection, multi-
level selection, and kin selection, (2) the underlying causes of the effective-
ness of higher levels of selection, and (3) the implications of a multilevel
perspective of evolution. By multilevel selection, I specifically am referring
to selection acting at more than one level. If I am referring to selection at
a single level, I will call it by an appropriate name, such as cell-level selec-
tion, individual selection, or group selection. Most of the older literature
on “group selection” is a component of the multilevel-selection literature,
since in this literature group selection is almost always compared in some
manner with individual selection. Thus, multilevel-selection theory is not
limited to selection acting simultaneously at the individual and group
level, but applies equally well to selection at other levels, such as at the cell
and individual level. That said, most theoretical and experimental studies
have considered selection acting at the individual and group levels, so that
will be the focus of this chapter.

Domain and Structure of the Theory

One of the fundamental features of the living world is that it is structured
into groups from cells up to ecosystems, and potentially the entire biosphere
(proposition 1, table 10.1). However, systems need not have this discrete,
nested structure. For example, groups may consist of overlapping sets of kin
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Table 10.1. The Domain and Propositions of the Theory of Multilevel Selection

Domain: Selection acting at multiple levels of biological organization.

Propositions:

1. Living things are organized into natural groups that are often nested but may be overlap-
ping or have indistinct boundaries.

2. Itis possible to get a response to selection at any level of biological organization in which
there is heritable variation in fitness.

3. Levels of organization may be defined by different criteria.

4. The direction of selection at one level is not dependent on the direction of selection at
other levels.

5. The nature of and genetic basis for the response to selection are qualitatively different at
different levels of organization.

Corollary 5A. Measures of heritable variation made on one level of organization may not
provide information on the heritability of traits measured on other levels of organization.

Corollary 5B. Selection at one level cannot be described in terms of selection acting at a
lower level.

groups when matings take place outside the family. Alternatively, boundaries
may not be clear in continuous populations where mating varies by distance
(Hamilton 1964b). Nevertheless, as pointed out by Lewontin (1970), evolu-
tion by natural selection will occur at any level of biological organization
that satisfies three criteria: (1) there is phenotypic variation, (2) the pheno-
typic variation correlates with fitness, and (3) the phenotypic differences are
heritable. Thus, in principle, evolution by natural selection can occur at any
level that satisfies Lewontin’s criteria (proposition 2, table 10.1).

Multilevel selection occurs when selection is simultaneously acting at
more than one of these levels of biological organization. If selection is
acting at only one level, then it is best to refer to it as selection at that
level, such as cellular selection, individual selection, or group selection. A
multilevel-selection perspective works well for understanding many forms
of adaptive evolution, especially when selection processes at different lev-
els are acting in opposition (proposition 4, table 10.1). For example, kin
selection can be shown to be equivalent to an opposing combination of
family selection and individual selection. Soft selection can be shown
to be an opposing combination of group selection and individual selec-
tion. Many forms of frequency-dependent selection can be shown to be
the result of selection acting simultaneously at more than one level. From
a multilevel-selection perspective, cancer can be studied as the opposing
forces of cellular selection favoring the rapid reproduction of the cancer
cells, and organismal selection favoring those individuals that can suppress
cancer growth and survive and reproduce.
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Definitions of Group Selection and Multilevel Selection

Although the modern discussion of the efficacy of group selection was in-
troduced by Wynne-Edwards (1962), the early debate was framed by May-
nard Smith (1964, 1145). Maynard Smith felt that group selection could
occur “[i]f all members of a group acquire some characteristic which, al-
though individually disadvantageous, increases the fitness of the group.”
This is a very narrow vision of group selection based on three premises:
that it occurs only if it leads to an adaptation that is clearly opposed by
individual selection, that individual selection is far stronger than group se-
lection (Wade 1978), and that it occurs only when there is no variation
within groups (A. Gardner 2015).

A better definition was presented by Wade (1977), who defined group
selection to be the differential extinction and proliferation of groups. This
is a good working definition because it defines group selection in terms of
the selection process rather than the adaptation, and it removes the narrow
limits placed on the process in Maynard Smith’s definition. Wade’s defini-
tion is adequate for all of the experimental studies of group selection, and
it continues to be widely used.

In the majority of laboratory studies, group selection has been imposed
by differential extinction of groups. For example, in Wade's (1977) study
in the group selection for high population size treatment, selection was
imposed by choosing the population with the largest size and using it to
set up as many new populations as possible. When the largest population
was exhausted, he chose the second largest, and so forth. As a result only
the largest populations contributed to the next generation, and the small-
est were discarded without founding any new populations.

In other studies this definition has been stretched, suggesting that an
expanded definition may be more appropriate (proposition 3, table 10.1).
When populations are not clearly structured, it is not necessarily clear what
a group is or what “differential extinction and proliferation of groups”
means. For example, Wade and Goodnight (1991) observed a response to
group selection caused by differential migration from populations, indi-
cating that group selection can occur through differential proliferation of
groups in the form of the spread of some groups at the expense of others.

There have been a number of experiments and models examining con-
tinuous populations that have demonstrated behavior that is best termed
group selection, even though the “groups” are actually regions of a continu-
ous population (e.g., L. Stevens et al. 1995; Goodnight et al. 2008) or self-
organized interacting groups similar to D. S. Wilson's (1980) “trait groups”
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that persist only transiently (Eldakar et al. 2010). Finally, theoretical work
has demonstrated that multilevel selection is mathematically equivalent to
many forms of frequency-dependent selection (Goodnight et al. 1992). As
a result, a reasonable definition of group selection is that it occurs when the
fitness of an individual is a function of group membership. This still leaves
the question of what a “group” is. Maynard Smith (1964) appeared to de-
fine groups as discrete entities with clear boundaries. However, recent work
has emphasized, that groups can be regions in a continuous population,
and that groups can persist even in the face of high migration rates (Wade
and McCauley 1984). Thus, an individual’s group is best considered to be
the set of individuals with whom it interacts. This greatly broadens the defi-
nition of “group.” For example, in a continuous population every individ-
ual may be at the center of its own group of interacting individuals, and as
a result each individual’s group might be unique and slightly different from
that of its neighbors. Many consider this definition of group selection overly
broad and as a result problematical (e.g., A. Gardner and Grafen 2009).

The Price Equation

The Price equation is a means of partitioning covariance first suggested by
G. R. Price (1970). In the hierarchical setting of multilevel selection the
Price equation (Frank and Fox, chap. 9, eq. 9.4) can be used to partition
the covariance between relative fitness and a trait into within-group and
among-group components:

(10.1) Az = cov(w;z;) + E[cov(w;z;) | + E[w; Dz, |,
where Az is the change in the mean of a trait due to selection; w; and z; are
the relative fitness and phenotype of the ith individual in the jth group,
respectively; cov(w;z;) is the covariance between the group-mean rela-
tive fitness and the group-mean phenotype; E[cov(w;z;)] is the expected
within-group covariance between individual relative fitness and individual
phenotype; and E[w;Az;] is the fitness-weighted change in phenotype due
to factors other than selection. See Frank and Fox (chap. 9) for a derivation.
The relative fitness is equal to the absolute fitness divided by the mean ab-
solute fitness, and thus mean relative fitness is 1. The term E[w;Az;] is often
called “transmission bias,” but any change in the trait that is not due to
selection will be included in this term (Frank 2012a). I will follow the tra-
dition of assuming that the environment is constant and this term is zero
(e.g., Wright 1942; Frank 2012a).

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



198 / Chapter 10: The Theory of Multilvel Selection

The multilevel Price equation effectively divides a covariance into
within- and between-group components; however, its relationship to
group selection is problematical. Several authors have equated the covari-
ance between group-mean relative fitness and group-mean phenotype with
group selection (e.g., Wade 1985; A. Gardner 2008, 2015); however, the
group-mean phenotype can change as a result of selection acting at other
levels. Consider the situation of pure individual selection in a subdivided
population. If the groups are finite in size there will inevitably be groups
that have larger numbers of individuals with the favored phenotype, and
thus a higher group-mean relative fitness. If we use the Price equation,
this will show up as a covariance between group-mean relative fitness and
group-mean phenotype, even though the relationship is entirely due to
individual-level differences in fitness. For this reason Wade (1985), using
the Price equation, concluded that hard selection had a group selection
component even though hard selection is the situation where fitness is de-
termined entirely by an individual’s phenotype and is not influenced at all
by the characteristics of the group.

Contextual Analysis

Modern studies of selection in natural populations have generally relied
on the regression approaches first pioneered by Lande and Arnold (1983;
Frank and Fox, chap. 9). In this approach, a number of phenotypic traits
are measured along with at least one fitness trait. The phenotypic traits
may be morphological, physiological, or behavioral, and the fitness trait is
typically a component of fitness such as survival, mating success, or repro-
ductive success. A multiple regression is then performed of the phenotypic
traits on the fitness trait. A significant partial regression of a phenotypic
trait on the fitness trait is considered to indicate significant selection acting
on that trait. A trait can change either owing to direct selection acting on
that trait or owing to selection acting on a trait with which it is correlated.
For example, trait 1 can change owing to selection acting directly on trait 1,
or owing to selection acting on trait 2. The (within-generation) change due
to direct selection acting on trait 1 is:

( 102) Azl (direct_selection) = Vp (’Zl) ﬁurzl ’

and the change due to selection acting on trait 2 is:

( 103) AZ I{indireafselection) = COUp (lez) ﬁwz.Z .
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Using linear algebra, this becomes:

Az AZ; Vp ('Zl) COVp (lez) ﬁwz,
10.4 z = .07 ,
(10.4) azy || Covez) V=) || B,

where AZ* is the within-generation change in the mean phenotype vector
of the population, in this case the change in traits z, and z,; Az, * and Az ,*
are the change in the mean of the traits making up the AZ* vector; Buz,
and B,., are the slopes of the partial regressions of the respective traits on
relative fitness; Vp(z;) and V,(z,) are the phenotypic variances for the two
traits; and Cov,(z,, z,) is the phenotypic covariance between the traits.
Heisler and Damuth (1987) extended the phenotypic selection models
of Lande and Arnold (1983) as “contextual analysis.” The basic idea is that
a “contextual” trait can be a summary statistic such as z,, the mean of the
individual-level trait, or it may be a trait that is not expressed by the indi-
vidual organism, such as population size. These are incorporated into the
multiple regression in exactly the same manner as the individual traits:

AZ, ﬁwzl
AZ, B,
(10.5) AZ = M p P ,
AZ, B,
Ac, ﬁml
Ac, ﬁwcz

where Az, and Az, are the changes in the mean of the traits averaged across
all individuals in all groups; Az, and AZ, are the changes in the average
group mean of each trait; ¢; and ¢, are contextual traits; Ac, and Ac, are
changes in the mean taken across groups for the contextual traits; B, ,
Buz, Buc,s and B, are the partial regressions of relative fitness on the group
means of the group traits and the contextual traits; and P is the phenotypic
covariance matrix (analogous to the matrix in equation 10.4).

Because contextual traits can be included in a selection analysis in the
same manner as individual-level traits, contextual analysis can easily be ex-
tended to any linear model-based selection analysis, such as path analysis
(Li 1975; L. Stevens et al. 1995). Similarly, theoretical models using con-
textual analysis (e.g., Goodnight et al. 1992) have generally focused on
the group mean as the appropriate summary statistic. This choice is gov-
erned by the details of the individual models, not by any constraint of the
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approach. For example, in many settings it may be valuable to use a con-
textual trait that leaves out the focal individual, such as the mean of the
focal individual’s neighbors (Okasha 2006), or the within-deme variance
that reflects the dispersion within subpopulations.

It is important to recognize that all regression-based selection analyses,
including contextual analysis, are based on correlations. From a statistical
perspective the Lande and Arnold (1983) approach, with its contextual
analysis, provides the best prediction of the response to selection based
on the measured traits and fitness. However, this does not necessarily
imply that selection on those traits is causing the observed evolutionary
change. Selection analysis based on regression cannot rule out the possi-
bility that the observed evolutionary change is a correlated response to se-
lection acting on different, unmeasured traits. For this reason, Wade and
Kalisz (1990) argue that the results of a regression-based selection analysis
should be considered a hypothesis that ideally is tested using manipulative
experiments (e.g., Kelly 1996).

Contextual analysis, and all regression-based selection analysis meth-
ods, have been developed for measuring the phenotypic effects of selec-
tion. Thus, even if a selection analysis identifies selection acting on a par-
ticular trait, there may be no response to that selection if the trait is not
heritable. This is generally understood for individual selection models but
applies equally well to analyses involving contextual traits.

In contextual analysis, fitness is assigned at only one level. For example,
fitness may be measured on the organism in the form of the number of
offspring produced. The multiple regression is then performed, and if there
is a significant regression of a contextual trait on fitness, then group selec-
tion is said to be occurring. Group selection shows up as a change in the
fitness of the individuals that make up the group. This is different from
the Price equation where group selection is inferred from changes in the
group-mean fitness.

The Price Equation and Contextual Analysis

Using equation 10.1, and remembering that I am assuming E[w;Az;] = 0,
based on the standard methods of multiple regression (Li 1975), it can be
shown that

Az = cov(w.z.;) + E[cov(w,;z;)]

(10.6)

= cov(wy, z,; ® z;) + cov(wy, 2,(z,;)) + E[cov(w ;, z; 0 2, )]

ij’
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where cov(w;,z;ez,.;) and cov(w;,z.;ez;) are the partial covariances for the
trait within groups and among groups respectively, cov(w;,z;(z.;)) and
cov(w;;,z.;(z;)) are the covariances at one level that are due to changes at
the other level, and the E[ | denotes the expected value. The partial covari-
ance among groups is the covariance between the group mean of the trait
and the group-mean relative fitness that is independent of within-group
changes in relative fitness, and the term cov(w;,z.;(z;)) is the covariance
between the group mean of the trait and the group-mean relative fitness
that is caused by changes in fitness at the individual level. Using the partial
covariances it becomes apparent that the Price partitioning includes both
the direct effects of selection at one level and the indirect effects of selec-
tion at the other level.

To express this equation in terms of partial regressions, note that in
equation 10.6 the first two terms correspond to the mean within-group
change in phenotype (AZ,;;,), and the last two terms correspond to the
among-group change in the phenotype (Az,,,,). The equivalence to the
contextual analysis multiple regression equation is then obtained by ex-
pressing this in a linear algebraic format (Goodnight 2013b):

AZ _ Awath,-n _ Var (Zwithin ) COV(Zwithin ’ Zamong ) ﬁwithin
Azamong COV(Zwithin ’ Zamong ) Var(zamvng ) ﬂamong
( 10. 7) Var (Zwithin )ﬁwilhin COV(ZwiLhin 4 zamzmg )ﬁamong

+
Var(zamong )ﬁumong COV(‘Zwithin 4 ‘Zamong )ﬁwithin

This formulation is identical to the Price equation, demonstrating that
the partial regression of contextual analysis successfully decomposes the
change within and among groups into the effects of selection acting directly
at that level and the correlated effects of selection acting at a different level.

The Special Case of Soft Selection

Soft selection has received special attention in the multilevel-selection lit-
erature because of a seeming contradiction. Soft selection is the situation
in which every group produces the same number of offspring, but the in-
dividuals that are produced are the result of selection acting within groups.
The fitness of an individual is a function of both its own phenotype and
the mean phenotype of its group. For example, an intermediate pheno-
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type individual would have a high relative fitness in a group of low fitness
individuals, and a low relative fitness in a group of high fitness individuals.
This suggests that there is group selection acting. However, because every
group produces the same number of offspring, there is no variation among
groups, suggesting that group selection is not acting.

The first to examine soft selection from a multilevel perspective was
Wade (1985). He noted, based on the Price equation, that because the vari-
ance among groups is zero, the covariance between mean fitness and mean
phenotype must also be zero, and thus there could be no group selection
in soft selection. Goodnight et al. (1992), using contextual analysis, noted
that while the simple regression of the group-mean phenotype on relative
fitness was zero, the partial regression was nonzero, and came to the op-
posite conclusion that soft selection did have a component of group selec-
tion. This debate has continued, as a number of researchers have consid-
ered the contextual analysis result to be counterintuitive, and as evidence
that contextual analysis does not always provide the correct answer (e.g.,
Okasha 2006).

One of the truisms of mathematical modeling is that often the results
of a model are at odds with our intuition. Sometimes this is the result of a
mistake in the model, but after that possibility has been eliminated, we are
left with the possibility that our intuition is incorrect. This is exactly what
has happened with contextual analysis and soft selection. To illustrate the
logic behind the contextual analysis conclusion that group selection is act-
ing, consider two traits that have a positive correlation, say, body length
and body weight. If we were to select for increased body length, we would
expect body weight to also increase because of the positive phenotypic cor-
relation. Thus we expect longer animals to weigh more than shorter ani-
mals. If we wanted to select for longer animals and not have the weight
change, we would need to specifically select for long skinny animals. That
is, we would need to select for lower weight to counter the indirect selec-
tion caused by selection for increased body length.

It is the same for a trait and the group mean of a trait. The group mean
is a contextual trait that is correlated with the trait in the individual. Thus if
we select for an increased value of the individual trait, the group mean will
naturally increase as well. If we want to select for an increased value of the
trait without changing the group mean of the trait, we need to exert coun-
terselection on the contextual trait, in this case whatever “process” keeps
the group sizes exactly equal. This is the group selection that is countering
the individual selection that prevents the group mean fitness from chang-
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ing. Thus, for there is to be soft selection, there must be both selection on
the individual level trait and selection that keeps the mean fitness among
groups equal. Of course, it is also important to remember that “soft selec-
tion” is a theoretical model and our selection at the group level a model
assumption. The real world will never conform to this exactly, although in
the one example where it has been examined, the results were remarkably
close to the theoretical expectation (L. Stevens et al. 1995).

The Effectiveness of Group Selection

The earliest modern models of multilevel selection using the evolutionary-
change approach are those of Griffing (1977). In these models he explored
the observation that when individual selection for increased yield is ap-
plied to crop plants, the response is often negative. If the heaviest-yielding
individuals are selected and used to plant the next generation, in many
cases the yield will decrease. Griffing explored this in great detail (e.g.,
Griffing 1981, 1982, 1989) and identified “associate effects” as being re-
sponsible for this effect. Associate effects, now called indirect genetic ef-
fects (Wolf et al. 1998), are heritable effects that a plant (or other organ-
ism) has on its neighbors. Griffing found that there tended to be a negative
genetic correlation between the direct effects an individual had on itself
and the indirect effects it had on other individuals. Plants that were ge-
netically predisposed to produce high yields also tended to have a strong
negative effect on the yield of neighbors. In common words, selection can
result in increased yield either by increasing the efficiency of resource use
or by increasing the ability to gather resources. Most plants, including
crop plants, are already very efficient at using resources, and the majority
of increased yield is attained by more aggressive root growth that allows
the plant to more effectively take resources from its neighbors. Thus in
these agricultural settings, individual selection for increased yield resulted
in a field of aggressive plants with increased competition and overall
lowered yield.

Griffing concluded based on these models that individual selection can
act only on the effects of an individual on itself, that is, on direct fitness ef-
fects. In contrast, group selection would act on both direct and indirect ef-
fects, and would result in the greatest response to selection (Griffing 1977).
Because group selection could act on both direct and indirect genetic ef-
fects, he recommended that it should be the primary method for selecting
for increased crop yield.
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Perhaps because of its origins in the agricultural literature, Griffing’s work
went largely unappreciated, and the general consensus, based on models
such as Maynard Smith’s (1964) “haystack” model, was that group selection
should be less effective than individual selection. Thus, it came as a surprise
when Wade (1977) did the first group selection experiments, and the re-
sponse to group selection was much greater than expected. Wade's original
experiment has been replicated and extended many times, with all studies
seeing a significant response to group selection (Goodnight and Stevens
1997). These studies have confirmed many of the predictions of Griffing’s
(1977) models. I (Goodnight 1985) compared group and individual selec-
tion; in addition to a significant response to group selection, I observed the
negative response to individual selection predicted by Griffing. I also dem-
onstrated that the response to selection in two-species communities of Tribo-
lium flour beetles depended on the interaction between the two species, and
the response to selection disappeared when the community structure was
disrupted (Goodnight 1990a, 1990b). Studies of egg laying in caged chick-
ens have shown that group selection for increased egg production in chick-
ens results in chickens that have slightly lower egg production per chicken
when tested in single hen cages, but much higher egg production per cage
when housed in groups. This increased egg production is a result of group
selection associated with changes in other traits, indicating that the birds
become less aggressive toward each other as total egg production increases
(Muir 1996). Indeed, the breeding program pioneered by Muir has become
a standard tool for animal breeders in recent years. The theory has been well
worked out (e.g., Bijma et al. 2007a; Bijma et al. 2007b) and has become an
increasingly important tool for animal breeding (Wade et al. 2010). In recent
years multilevel-selection methods in agricultural settings have become quite
sophisticated. Advances include the development of optimal multilevel-
selection indices that maximize the expected response to selection (Griffing
1969; Muir 2005) and the use of best linear unbiased parameter estimates of
breeding values in a group context (Bijma 2010; Muir et al. 2013).

These experimental studies of group selection have shown not only that
group selection works, but also that it works far better than predicted by
classical models that assume only additive effects. Group selection is more
effective than predicted because it can act on indirect genetic effects. In-
dividual selection cannot, although negative correlated responses to indi-
vidual selection are often observed. As a result, until recently these indirect
genetic effects have been ignored and were not included in the classic mod-
els of group selection. Nevertheless, it is probably these indirect genetic
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effects that are primarily responsible for the effectiveness of group selec-
tion (Wade 1978; Goodnight and Stevens 1997).

Measuring Multilevel Selection in Natural Populations

Given the laboratory and theoretical demonstrations of multilevel selec-
tion, an equally important question is whether selection commonly acts
at multiple levels in nature. The earliest study addressing this question was
Breden and Wade (1989). They did a series of laboratory and field experi-
ments demonstrating that in the imported willow leaf beetle, Plagiodera ver-
sacolora, selection among individuals within groups favored cannibalistic
individuals, whereas selection among groups favored groups with a lower
proportion of cannibals. Although the experiments used in this study were
appropriate, they did not provide a general protocol for studying multi-
level selection in nature. Such a general protocol is provided by contextual
analysis, a method that is particularly useful in experimental settings.

The first study to use contextual analysis to study multilevel selection
was L. Stevens et al. (1995), which examined multilevel selection in the
orange jewelweed, Impatiens capensis. Although the study population was
continuous, it was clear that neighbors interacted to affect each other’s fit-
ness. Thus, this example of selection does not fit clearly into either a clas-
sic individual selection situation in which the fitness of an individual is
strictly a function of its own phenotype, or a classic group selection situ-
ation in which there are clearly delineated groups that are isolated from
other groups. Rather, each individual is surrounded by a neighborhood of
others with which it interacts. Because of these complications, contextual
analysis becomes the best framework for examining selection because it
can be used for any population structure that can be clearly defined. In this
study, the mean phenotypes of neighbors within a small (0.5 m) radius
provided appropriate contextual traits. In effect each individual was treated
as if it were the center of its own group that consisted of the neighbors
with which it interacted. Additional studies have used contextual analysis
to study multilevel selection in plants (Aspi et al. 2003; Donohue 2003,
2004; Weinig et al. 2007), arthropods (Tsuji 1995; Herbers and Bansch-
bach 1999; Eldakar et al. 2010; Pruitt and Goodnight 2014), birds (Laiolo
and Obeso 2012), and humans (Moorad 2013). All have found evidence
of multilevel selection, although the current number of studies is not suf-
ficient to draw any general conclusions about how common multilevel se-
lection is in nature.
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Multilevel Selection and Kin Selection,
Differences and Similarities

A long-standing controversy in evolutionary biology is whether altruistic
traits—traits that increase the fitness of other individuals at a cost to the
individual expressing the trait—evolve via kin selection or group selection.
That this controversy has persisted so long is surprising given that since
as early as 1970 (G. R. Price 1970) it has been clear that kin selection and
group selection are describing similar if not identical processes. This con-
troversy between the two approaches is likely due to the very different his-
torical roots of the two approaches (Goodnight and Stevens 1997). Kin
selection grew out of what I will call the “adaptation” approach, whereas
group selection and later multilevel selection grew out of what I will call
the “evolutionary change” approach.

The adaptation approach that grew into kin selection thinking is the
better known of the two. In this approach, an adaptation is identified and
plausible scenarios for its evolution are constructed. The investigator uses
current patterns to attempt to infer past processes. In all but the simplest
cases, there will be multiple processes that could produce the same pat-
tern or adaptation, and distinguishing among those processes can be dif-
ficult. However, the investigator can design experiments and use rules for
deciding which of the explanations is the most likely. Some explanations
can be eliminated by the rules of science. For example, only explanations
relying on known natural processes are considered acceptable. If multiple
explanations for the evolution of a trait remain, it is often possible to re-
move some by theoretical modeling or experimentation. Ultimately, how-
ever, there may be several explanations for the evolution of a trait that are
valid and cannot be eliminated by experimental or theoretical examina-
tion. There is no objective means of distinguishing among these remain-
ing explanations, and as a result, agreed-upon rules must be established to
choose among them. One such famous rule is G. C. Williams's (19663, 5)
principle of parsimony:

In explaining adaptation, one should assume the adequacy of the simplest
form of natural selection, that of alternative alleles in Mendelian popula-

tions, unless the evidence clearly shows that this theory does not suffice.

This is the most well known rule for deciding among explanations, but
it is by no means the only possible rule. Two things to notice about this
rule: First, the first phrase, “In explaining adaptations” clearly defines the
adaptation approach and distinguishes it from the evolutionary-change ap-
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proach. Second, it provides a clear rule as to ranking explanations and de-
fines “simplest” as the selection of alternative alleles. The principle of par-
simony is a clear rule, but it is also arbitrary; there are no objective criteria
for deciding that this rule is correct.

In contrast, the evolutionary-change approach of multilevel selection
stems from the quantitative genetics tradition originally developed for indi-
vidual selection by Fisher (1930) and Wright (1931), and later extended to
a multilevel setting by Griffing (1977) and others (e.g., Bijma et al. 20073;
Bijma et al. 2007b). As a result, in its early development the multilevel-
selection approach was dominated by laboratory and agricultural experi-
ments in which group selection was applied as an experimental treatment.
Wade’s (1977) group selection experiments measured population sizes of
Tribolium castaneum, applying group selection favoring the populations
with the highest population size in one treatment, and group selection fa-
voring the populations with the lowest population size in a second treat-
ment. At the end of the experiment the significant difference between these
two treatments was attributed to a response to group selection. The trait of
population size was chosen as much for its experimental tractability as for
any inherent interest in population size as a group-level adaptation. For
field research, methods for measuring group selection in natural popula-
tions, such as contextual analysis, were developed (Heisler and Damuth
1987; Goodnight et al. 1992). The observed change in the means of traits
within a generation and the correlation between the traits and fitness are
used to infer multilevel selection.

This difference in traditions leads to a number of important differences
in how these two approaches are applied and in the language that they
use. In the adaptation approach, group selection is invoked when other
explanations (individual selection or genic selection) are inadequate. In
contrast, in the evolutionary-change multilevel-selection approach, group
selection is applied as a treatment in laboratory or agricultural settings
or measured as an ongoing process in nature. Only recently have adapta-
tions that clearly evolved as a result of multilevel selection been identified
(Pruitt and Goodnight 2014). Because the multilevel-selection approach is
generally used to measure ongoing processes, there is no need for rules
for selecting among explanations. Rules such as Williams's principle of
parsimony are not necessary and are not part of the multilevel-selection
literature. Similarly, because the adaptation approach generally uses rules
that favor lower levels of selection as explanations, kin selection has nearly
exclusively focused on the evolution of altruism, or the situation where the
interests of the group are in opposition to the interests of the individual. In
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contrast, with the multilevel-selection approach, group selection can be de-
tected whether it acts in concert with or opposition to individual selection.
As a result, practitioners of the multilevel-selection approach have tended
to focus on traits such as population size, migration rate, and leaf area that
are experimentally tractable but not particularly associated with altruism.
Indeed, outside of very general discussions, it is rare to find mention of the
evolution of altruism in the multilevel-selection literature.

While kin selection and multilevel selection come from very different
traditions, they are actually addressing the same phenomena. It can be
shown that standard methods for modeling kin selection use equations
that are identical to those used for measuring multilevel selection in natu-
ral populations (Goodnight 2013a). Interestingly, the comparison between
these two approaches shows that while kin selection and multilevel selec-
tion are indeed similar, they should not be considered identical. In par-
ticular, the kin-selection approach is an equilibrium approach that is used
to identify the degree of altruistic versus selfish behavior that maximizes
overall fitness, whereas multilevel selection is a nonequilibrium approach
that is used to identify the rate of change in traits resulting from selection
acting at multiple levels at the same time. The result is that kin selection
and multilevel selection should be considered complementary approaches
rather than being either identical or in conflict (Goodnight 2013a).

General Conclusions

Early models of multilevel selection led to the general dismissal of group
selection as an important force in evolution (Wade 1978). Group selec-
tion was viewed as a conceivable but unlikely force both because group
selection would generally be weaker than individual selection, and because
genetic variation at the group level was expected to be smaller than genetic
variation at the individual level (Maynard Smith 1964, 1976a). In view of
those models, the large response to group selection in experimental studies
was quite surprising (Goodnight and Stevens 1997). The conclusion that
can be drawn from these laboratory experimental studies is that selection
at higher levels of organization is potentially a major evolutionary force.
There were two related errors in early models that led to the conclusion
that group selection would be ineffective (Wade 1978). The first was the
assumption that heritable effects at one level could be translated to herita-
ble effects at higher levels. For example, Maynard-Smith’s (1964) haystack
model was based solely on a single Mendelian locus with only recessive
homozygotes behaving altruistically. He then assumed that the heritability
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of the group-level trait (growth rate) could be described in terms of single-
locus genetic effects. In other words, he was assuming that the behavior of
the group was a simple sum of the behaviors of the underlying genes. The
second was failing to recognize the importance of indirect genetic effects
and other interactions among individuals within a group. Those interac-
tions are the primary explanation for why heritability at one level does not
translate into heritability at higher levels. When those early models were
developed, we did not recognize that higher levels of organization incorpo-
rated this additional source of heritable variation. Such interactions were
always present. However, at the individual level they are expressed as en-
vironmental variation and do not become heritable until there is group
structure and selection acting on that group structure. Thus, the effect of
a neighbor on an individual’s phenotype is not heritable at the individual
level but becomes heritable at the group level if the offspring of that neigh-
bor has a high probability of being the neighbor of the focal individual
(Goodnight and Stevens 1997). Such indirect genetic effects represent a
form of group-level heritable variation that is environmental variation at
the individual level and would probably not be measured in any standard
genetic breeding design.

Models that acknowledge the existence of indirect genetic effects and
other forms of gene interaction provide a very different view of multi-
level selection. From these models it becomes readily apparent not only
that higher levels of selection have the potential to be highly effective,
but also that they will often lead to adaptations that are genetically and
phenotypically qualitatively different from adaptations due to selection at
lower levels.

The hierarchical structure of life and the theory of multilevel selection
permeate nearly all aspects of biological inquiry. Most obviously they have
an impact on the theory of natural selection (Frank and Fox, chap. 9) in
which classical individual selection is but one of the possible levels at
which selection can occur. Because selection at different levels can lead to
qualitatively different adaptations, the possibility of selection at different
levels of organization can fundamentally alter our understanding of evolu-
tion. Other areas are less obvious, and in many cases not well studied; how-
ever, multilevel selection can interact with them as well. Good examples
of such areas are the evolution of sex (Orive, chap. 14), where multilevel
selection can affect sex ratios and presumably other aspects; life histories
(Fox and Scheiner, chap. 11), where multilevel selection could act to favor
those that promote stable demographies; speciation (Edwards et al., chap.
15), which could potentially occur through selection at a higher level; and
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macroevolutionary patterns (Jablonski, chap. 17), where the probability of
extinction can be affected by both individual- and species-level traits. The
implications of multilevel selection have not been adequately explored, so
the contribution of higher-level selection to these other areas must remain
speculative, but it is nevertheless intriguing. Unfortunately, our understand-
ing of multilevel selection has been hindered because various approaches
to studying it have developed independently. Because these approaches
have arisen from different traditions, they have not been well integrated
into a single body of theory. When this integration has been achieved, in-
corporation of multilevel selection theory into a general understanding of
evolution will be possible.
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ELEVEN

The Demography of Fitness

Life Histories and Their Evolution

GORDON A. FOX AND SAMUEL M. SCHEINER

The “king clone” of a creosote bush (Larrea tridentata) in the Mojave Desert
is estimated to be over eleven thousand years old; after taking decades to
reach maturity, creosote bushes flower (if water is available) at least yearly
(Vasek 1980). Cicadas in the genus Magicicada spend some years (typically
13 or 17) as juveniles, feeding on root xylem; they emerge as adults syn-
chronously over large regions, reproduce, and die (A. Martin and Simon
1990). House mice (Mus domesticus) reach maturity a month or two af-
ter birth, have multiple litters within a year, and senesce and die; in wild
populations mean age at death is one hundred days or so, but some indi-
viduals survive more than a year (Berry and Bronson 1992). There is much
variation among species in the pattern of how long organisms live and
when and how often they reproduce. Life history theory is aimed at under-
standing this trait variation, in the context of trade-offs. Consider offspring
size. If having larger offspring simply improves their survival, then we un-
derstand the ensuing dynamics without any need for a special theory of life
history evolution: under these circumstances, larger offspring are always
favored by selection. However, if there are trade-offs among traits (such as
offspring size and number), we require a special theory of the demography
of fitness to consider the outcome of the trade-off.

In this chapter we present a constitutive theory about the evolution of
these patterns of survival and reproduction: the theory of life history evolu-
tion. By life histories we mean the schedule of births and deaths in organ-
isms and major factors (like growth and metamorphosis) that affect that
schedule (Cole 1954; Lewontin 1965; Roff 1992; Stearns 1992). Sched-
ule refers not only to the timing of events but also to their magnitude; for
example, given that an individual begins reproducing at some size, how
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Figure 11.1. The relationship between individual biological traits, individual demographic
performance, and population demography. An example of a trade-off between reproduction
and survival involves the individual biological trait age at first reproduction, which affects the
number of eggs at any age (individual demographic performance), and then has consequences
for the probability of survival to subsequent ages (population demography).

much does it reproduce? But this definition fails to make clear the central
role of life histories; the theory really concerns the demography of fitness
and the causes underlying variation in fitness. This terminology makes
clear the demographic content of life history theory and distinguishes the
theory of life history evolution from descriptions of life cycles (e.g., alter-
nation of generations in plants or single- versus multiple-host life cycles
in parasites).

We make a crucial distinction between the biological traits of individu-
als, the demographic performance of individuals, and the demography of
populations (fig. 11.1). Life history traits are measurable biological traits
like size at a given age, or the fraction of new photosynthate allocated to
flower production (G. C. Williams 1966a; Gadgil and Bossert 1970). These
traits affect the demographic performance of individuals, which is also af-
fected by many other things that for convenience we lump together as “en-
vironment.” Individuals might be thought of as having characteristics like
survival probabilities, but if so, they are not estimable; we can measure
only the times of birth and death for individuals. Quantities like mean sur-
vival probabilities or mean fertility at a given size are estimable properties
of populations, not of individuals.

There are limits to the applicability and utility of life history theory.
First, although life history theory concerns trade-offs (see below), not all
trade-offs that involve life history traits are trade-offs among life history
traits. Consider a trade-off between two defense mechanisms affecting the
manner of death prior to reaching the age of first reproduction. The overall
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probability of survival depends on how resources are allocated between
the two defenses, but we have defined the theory of life history evolution
as a theory for the evolution of trade-offs between life history traits; thus
we would not consider a model of a defensive trade-off to be within the
domain of life history theory. Second, research interest in some trade-offs
may be focused on issues other than life history theory. For example, Irwin
et al. (2003) studied the consequences of flower color variation in wild
radish, Raphanus sativus, which depends largely on anthocyanins. These
molecules affect not only flower color, but herbivory, so there are trade-
offs involving reproduction, growth, and survival. But Irwin et al. asked
how the flower color polymorphism is maintained (and thus focused on
the mechanisms involved in the trade-off), not on how life history traits
themselves evolved. This is a fairly common occurrence: many studies of
trait evolution might be cast in terms of life history theory, but if the focus
is not on the life history traits themselves, doing so may not be useful.

Thinking about life history evolution dates to at least Fisher's (1930)
discussion of reproductive value and its possible relationship with senes-
cence (B. Charlesworth 2000), but the bulk of the literature is more re-
cent. The two principal roots of the theory are in evolution (e.g., Medawar’s
[1952] discussion of the causes of the evolution of senescence) and ecol-
ogy, especially Cole’s (1954) exploration of the consequences of variation
in fertility and survival. These threads came together during the invention
of evolutionary ecology (Odenbaugh 2011). One outcome of that effort
was MacArthur and Wilson's (1967) concept of r- and K-selection, which
was a major impetus to the growth of interest in life histories. Some of
these models have been both influential and controversial. One of the
most influential, still promulgated in textbooks, is Pianka’s (1970) expan-
sion of r-K theory. A controversial model was that of Grime (1977), whose
C-S-R theory was developed in direct response to r-K theory. A more recent
variant of r-K theory is the notion of a fast-slow continuum (Promislow
and Harvey 1990; Salguero-Gémez et al. 2016). Some multispecies datasets
have been analyzed to argue that slower-growing species tend to reproduce
less and at later ages, but no argument has been advanced to show why this
must be so, nor have models been published describing how populations
would evolve to show this pattern. Finally, reanalysis of at least one influ-
ential dataset concluded that evidence for a fast-slow continuum may be
weaker than has been claimed (Bielby et al. 2007).
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Structure of the Theory
Domain

The domain of the theory of life history evolution is evolutionary change in
the pattern of the timing of events concerning demographic performance
(i.e., survival and reproduction), including the magnitudes of those events.
The theory is directly related to the theory of evolution by natural selection
(Frank and Fox, chap. 9), and could be considered a subdomain of that
constitutive theory. It is related to multilevel selection theory (Goodnight,
chap. 10) because some models of life history evolution concern evolution
among related individuals.

The theory consists of seven propositions (table 11.1). Propositions 1,
2, and 4 hold for all models; the last three propositions apply to specific
models. Proposition 3 is often ignored, leading to general heuristic models
that may not always be adequate tools for understanding selection and its
responses in particular populations. We distinguish this theory from others
that are often considered to be theories of life history evolution, notably the
7-K theory of Pianka (1970) and the C-S-R theory of Grime (1977). Those
theories are not about the demography of fitness, the way in which indi-
vidual demographic performance (births, deaths, growth) affects individual
contributions to population growth. Rather they are about the character-
istics of organisms likely to be found in particular types of habitats. They
are constitutive theories concerned with how organismal biology creates or
constrains specific trait combinations and, thus, exist within the domain
of the theory of organisms (Zamer and Scheiner 2014). While the charac-
teristics of organisms are necessary conditions for the theory of life history
evolution (see propositions), the focus of life history theory is the demog-
raphy of fitness. There are demographic models of life histories involving
density-dependent regulation that use r-K terminology but, unlike Pianka’s
r-K theory, are based on demographic theory (e.g., Lande 1982; Boyce
1984; Engen et al. 2013). Because their domain and assumptions are quite
different from those of Pianka’s theory, calling them r-K models is confus-
ing. Instead, they should simply be called models of life history evolution.

Trade-offs among Traits

The first proposition is that there exists a trade-off in one or more traits
that affects the demography of fitness. This proposition defines the very na-
ture of life histories and is used by all models of life history evolution. But
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Table 11.1. The Domain and Propositions of the Theory of Life History Evolution

Domain: Evolutionary change in life history traits in response to natural selection.

Propositions:

. There is a trade-off in one or more than one trait affecting the demography of fitness.

. Trade-offs come from resource limitations, which are assumed to be temporarily fixed.

. Demographic performance depends on the characteristics of organisms.

. The traits affecting the demography of fitness meet the conditions required for evolution by
natural selection.

. Allocations may be hierarchical.

6. Allocations may be among individuals.

7. Timing may affect the consequences of variation in life histories.

AW N =

v

there is more to it than simply a definition. To see this, consider the sim-
plest possible model of variation in such traits, in which we fix all of the
demographic characteristics but one. That model would look like a single-
locus model of gene frequency change. In those models, all individuals in
a population are demographically identical except in their chance of sur-
viving to reproduction. If an individual survives, it reproduces once with
the same timing and number of offspring as the rest of the population.
Such a model involves variation in demographic performance, but only in
the sense that the components of fitness are survival and reproduction.

Trade-offs such as those between survival and reproduction, or between
reproduction at different times, are thus the focus of life history theory.
The trade-off can also manifest as the expression of the same trait in dif-
ferent, related individuals (e.g., seeds from the same mother that vary in
their germination behavior in dry versus wet years). This is a case where
the unit of selection is the group of siblings, rather than a single individual
(Goodnight, chap. 10). The existence of trade-offs leads to the notion of
optimality: What is the best that can be done, given a trade-off? What val-
ues of each trait would yield the greatest fitness? While it is often reason-
able to consider this kind of question, several issues are important. What
is optimized? Some form of fitness? One of its components? Is anything
necessarily optimized? How does the genetic architecture of the relevant
traits affect predictions?

This proposition encompasses two of the requirements for evolution
by natural selection—phenotypic variation in traits and a link between
phenotype and fitness. What differentiates this constitutive theory from
the more general theory of evolution by natural selection (Frank and Fox,
chap. 9) is the specification of a class of traits (those affecting demogra-
phy) and relationships among them (trade-offs).
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Resource Limitations

The second proposition is that trade-offs come from resource limitations.
Joint evolution of traits is an issue only if the traits somehow affect one
another. Two nonmutually exclusive mechanisms have been proposed for
such affects: resource limitation and genetic correlation. The latter mecha-
nism lies outside the domain of life history theory. Nor are all trade-offs
that are due to resource limitations within the domain of this theory; the
trade-offs must affect life history traits. The idea itself, like so much in evo-
lutionary biology, comes from R. A. Fisher (1930, 43-44):

It would be instructive to know not only by what physiological mechanism
a just apportionment is made between the nutriment devoted to the go-
nads and that devoted to the rest of the parental organism, but also what
circumstances in the life-history and environment would render profitable
the diversion of a greater or lesser share of the available resources towards

reproduction.

This notion was developed considerably by G. C. Williams (1966a, 1966b),
who tied reproductive allocation explicitly to demographic performance
and popularized the notion of reproductive effort in the sense of propor-
tional allocation.

A thought experiment makes clear the motivation behind this proposi-
tion. Consider a “Darwinian demon,” an organism that begins reproducing
as soon as it is born, survives indefinitely, and produces an unlimited num-
ber of offspring (Law 1979). Such an organism—which has maximized
every component of fitness without constraint—would have infinitely large
fitness and an infinitely large rate of population growth, and is clearly im-
possible. At some point, resources become limiting, so a finite total must
be divided among different functions: a trade-off is born.

Resources may be treated implicitly or explicitly. Implicit assumptions
are common in many models. For example, a model may simply assume
a trade-off between present and future reproduction. That is, the model
assumes that total reproduction is constrained, presumably because it re-
quires some resource like energy. Another implicitly assumed trade-off
involves time; for example, it may take some time to find suitable places
to deposit eggs. An individual could lay many eggs in a single location,
or spread those eggs over many locations resulting in different reproduc-
tive schedules. For models with explicit assumptions about resource trade-
offs, the most common involve caloric energy (e.g., Hirshfield and Tinkle
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1975; Schaffer and Rosenzweig 1977; Chiariello and Roughgarden 1984;
Sibly et al. 1985; Fox 1992). There are also models of trade-offs in other
resources, like nitrogen (e.g., McGinley and Charnov 1988).

An important advance in the study of life history evolution was the pa-
per by de Jong and Noordwijk (1992), now referred to as the Y-model.
They addressed a problem in how we measure trade-offs by looking at cor-
relations among traits and pointed out that variation among individuals in
resource acquisition can lead to positive correlations between traits even
when those traits are governed by trade-offs. If resources limit allocation
to both body mass and reproductive output, for example, individuals in fa-
vorable sites will have larger bodies and more reproductive output. A trade-
off among traits within an individual, which is expected to manifest as a
negative correlation, is overwhelmed by variation among individuals. The
assessment of trade-offs thus depends on understanding both organismal
characteristics and their ecological context.

Demography and Organismal Characteristics

The third proposition is that demographic performance depends on the
characteristics of organisms. Besides external constraints imposed by finite
resources, the evolution of life history characteristics is also determined by
biological limitations on what an organism can do at a given time and
level of resource availability (fig. 11.1). Consider events that must occur
sequentially over time: an individual must first develop its reproductive
structures before reproduction can begin. As another example, some breeds
of domestic chickens can lay about one egg per day, and selective breeding
has been unable to increase that rate. Such limitations may not be absolute
in the sense that other species may be able to lay more than one egg per
day, but such limitations may be constraining for a given species or clade.
Factors that set these limitations are outside the domain of the theory of
life history evolution; they belong within the domains of constitutive theo-
ries in the theory of organisms (Zamer and Scheiner 2014).

Different models of life history evolution can be built based on different
organismal limitations. Given an assumed set of limitations, the resulting
model is relevant for the set of species matching those limitations. Thus,
there can be no universal life history model. One can construct a model
that assumes general limitations, but the resulting model will not make
predictions about any particular species. If the model is to be used for pre-
dictions and hypothesis testing, more specific limitations must be added.
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Organismal limitations are frequently not addressed explicitly in mod-
els; they are either implicit or absent. Indeed, many influential models of
life history evolution have been constructed entirely from demographic
considerations (Cole 1954; Gadgil and Bossert 1970). Important as these
models were in establishing the foundations of life history theory, it can be
challenging to use them in interpreting empirical data. For example, Char-
nov and Schaffer (1973) established the demographic circumstances (for
a population with two classes of individuals, juveniles and adults) under
which selection favors reproducing only once. Does this explain all ob-
served patterns of single versus multiple reproductive bouts? Perhaps, but
it is also possible that in some cases biological limitations on the amount
of reproduction possible within a year are the limiting factor. Trait evo-
lution that can eliminate or alter such trade-offs (e.g., placentas in mam-
mals) are studied within the theory of evolutionary developmental biology
(Love, chap. 8). An important advance to life history theory would be the
building of models at its intersection with developmental biology.

Models that do not address organismal limitations must be interpreted
conditionally. Informally one might say, “This set of traits is predicted to
evolve in a certain manner, if such evolution is biologically possible.” Con-
sider the use of matrix and integral projection models (Easterling et al.
2000; Caswell 2001) for interpreting the sensitivities of growth rate param-
eters (derivatives of the long-term growth rate with respect to terms in the
model) as estimates of the potential strength of selection on each model
term. Caution is needed for this interpretation because these sensitivities
actually estimate the potential importance of selection on each term only
if it is biologically possible to change that term while holding all others
constant (Easterling et al. 2000; Caswell 2001; Metcalf and Pavard 2007).

Understanding the biological limitations of life history evolution is a
major challenge. Some researchers have labeled organismal limitations
as “constraints” without considering how such constraints might operate.
Without further specification of its meaning, the term “constraint” is not
readily interpretable (Antonovics and van Tienderen 1991; Van Tienderen
and Antonovics 1994; Roff and Fairbairn 2007). For example, constraint
has been taken to mean: (1) that a trait has never evolved in a specific man-
ner within a particular lineage, (2) that it cannot currently evolve owing to
a lack of genetic variation, (3) that trade-offs are involved, (4) that the trait
is physically impossible, and (5) that its evolution would be slowed ow-
ing to genetic correlations. Nor is this list exhaustive (Antonovics and van
Tienderen 1991). All of these factors may play a role in trait evolution, but
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lumping them all under the vague term “constraint” results in a usage that
fails to convey meaning.

Genetic correlations are often measured in an attempt to estimate both
trade-offs and limitations. However, this use of genetic correlations is in-
correct (B. Charlesworth 1990; Houle 1991; Roff and Fairbairn 2007).
Trade-offs and limitations are a function of the biological properties of in-
dividuals, while genetic correlations are measures of variation among in-
dividuals. Furthermore, a lack of variation (e.g., a genetic correlation of 1)
is not necessarily an indication that such variation cannot exist but that it
does not exist in that population at that moment. Conversely, the lack of
a correlation (e.g., a genetic correlation of 0) is not necessarily an indica-
tion of no limitation. Genetic correlations are bivariate measures, while
limitations may be the outcome of multivariate interactions within an
individual.

Requirements for Natural Selection

The fourth proposition is that the traits affecting the demography of fit-
ness meet the conditions required for evolution by natural selection. This
proposition is a catch-all that covers any other conditions necessary for
natural selection to occur. For example, it subsumes the requirement that
life history traits be heritable (Mousseau and Roff 1987; Vaupel 1988; Price
and Schluter 1991). Because life history traits are closely related to fitness,
we might expect their heritability to be low and, therefore, the response
to selection on life history traits to be slow. While it is true that on aver-
age life history traits typically have lower heritabilities than morphologi-
cal or physiological traits (Mousseau and Roff 1987), that average is sub-
stantially above zero and there is extensive variation around that average.
One reason that we might expect genetic variation for life history traits to
be maintained is precisely the trade-offs that are the focus of life history
theory. On the other hand, these measures of heritability may not be for
the correct traits. Variation in demographic outcomes means that even if
biological traits have high heritabilities, demographic performance may
not (fig. 11.1). Vaupel (1988) showed that even if the tendency to survive is
highly heritable, longevity itself is expected to have a low heritability.
Selection on life history traits can take multiple forms, and these dif-
fer in their long-term consequences. Population growth can be modeled
as density-independent or density-dependent, models may assume either
an unchanging environment or one that varies, and that environmen-
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tal variation can be stochastic or deterministic. A key factor is the rate of
change of the environment relative to the life span of the organisms. Un-
der density-independent growth in a constant, deterministic environment,
fitness (equivalent here to 1, the intrinsic rate of increase) is maximized
(B. Charlesworth 1970; Taylor et al. 1974). Density-dependent growth
leads to a maximization of 71, the equilibrium population size (B. Charles-
worth 1994). In a randomly varying environment, there may be additional
selection for a minimization of extinction risk. Extinction risk depends
on two quantities: the population size N and the stochastic growth rate
(lim.,.. (1/t)log[N(t)/N(0)], Tuljapurkar 1990). Even populations with
stochastic growth rates above zero have some probability of extinction,
which is greater for small populations or those with low growth rates
(Haccou et al. 2005). Thus, density dependence can act to increase the risk
of extinction by lowering population sizes or growth rates. Conversely,
under density-independent growth in a randomly varying environment, a
population can avoid extinction by achieving a large size owing to the ran-
dom occurrence of favorable environments (Ludwig 1996). Finally, selec-
tion can also be frequency dependent, most notably for traits like offspring
sex ratio. Under frequency-dependent selection, equilibria are generally
not maxima of any function, but game theory and related areas provide a
rich set of tools for analysis of these equilibria.

The assumption that traits meet the conditions for evolution by natu-
ral selection refers to the evolutionary process, and need not hold at equi-
librium. For example, models focusing on the outcome of selection need
not assume current additive genetic variance for the life history traits—only
that such variance was present when the traits evolved.

Might a theory of life history traits be built without invoking the pro-
cess of natural selection? A scientist might develop a constitutive theory
within the domain of the theory of organisms (individuals and the causes
of their structure, function, and variation; Zamer and Scheiner 2014) that
predicted possible variation in life history traits based on rules of devel-
opmental biology. Such a theory could act as a complement to theories of
life history evolution by providing limitations and constraints on the range
of those traits (see discussion of proposition 3). However, such a theory
would be incomplete with regard to predicting patterns in nature. While it
could set boundary conditions on trait values, actual patterns would result
from the outcomes of natural selection.
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Hierarchical Allocations

The fifth proposition is that allocations may be hierarchical (De Jong 1993;
Worley et al. 2003; Roff and Fairbairn 2007). For example, consider an
individual that is simultaneously male and female. It may allocate some
energy to growth, and some to producing offspring. The energy allocated
to offspring might be further divided between male and female function.
Such a hierarchy does not imply that the decisions are necessarily sequen-
tial, only that decisions concerning one partition create constraints on
other partitions.

Such hierarchical sets create a key evolutionary outcome. Both genetic
and phenotypic correlations between allocations to traits at the end of the
hierarchy depend strongly on correlations between allocations to traits
early in the hierarchy (De Laguérie et al. 1991; Bjorklund 2004; Roff and
Fairbairn 2007). De Jong (1993) pointed out that hierarchical allocation to
pairs of traits leads to repeated cases of the Y-model (Van Noordwijk and
De Jong 1986) and thus a tree-like structure. Just as variation in resource
availability can create positive between-individual correlations between
traits trading off within individuals, the trade-off between traits low on
the tree (e.g., reproductive versus body mass) can lead to positive correla-
tions in allocations between traits high on the tree (e.g., male versus female
function; De Jong 1993). Complicated patterns also can occur in genetic
correlations where there is a strikingly analogous result. Using quantitative
genetic models, Worley et al. (2003) found that if the amount of genetic
variance in traits low in a hierarchy is large, positive genetic correlations
can evolve between traits high in the hierarchy, even in the presence of
trade-offs.

Allocations among Individuals

Allocations can also occur among individuals, the sixth proposition. Such
allocations always involve partitions among kin, either between parents
and their offspring or among siblings. For example, bird eggs are energeti-
cally expensive. Allocating resources to more eggs, or larger eggs, can reduce
resources needed for parental survival (C. C. Smith and Fretwell 1974). A
classic example of such an allocation is selection on the sex ratio of offspring
(Darwin 1871; Fisher 1930; A. W. E. Edwards 1998). In an outbreeding pop-
ulation, an evolutionary equilibrium exists when individuals allocate half
their reproductive resources to producing sons, and half to daughters.
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Life history models of bet-hedging are based on such among-individual
allocations (Slatkin 1974; Philippi and Seger 1989; Simons and Johnston
1997; Starrfelt and Kokko 2012). Bet-hedging can be favorable only in un-
predictable environments (say, wet versus dry years, or good versus bad
patches) because then fitness tends to vary over time or space. For a given
individual there can be a trade-off between the fitness measured for a set
of offspring in a given environment and fitness measured over all environ-
ments (Lewontin and Cohen 1969). Consider the evolution of seed dor-
mancy in an annual plant. In a constant environment, fitness is maximized
when all seeds germinate the following year. But in a varying environment,
long-term fitness may be greater if a plant produces some seeds that de-
lay germination until later years, avoiding the possibility of many (or all)
descendants having low (or zero) fitness in some years. Although a delay
in germination (and therefore reproduction) reduces the mean fitness in
any given year, having some seeds remain dormant reduces the variance
in fitness among years. Similarly, bet-hedging can occur through dispersal:
if some patches are favorable and others unfavorable in a given year, off-
spring dispersing to a mixture of patch types can increase long-term fitness
by reducing the risk that all offspring will be in unfavorable patches (Ven-
able and Lawlor 1980). Different bet-hedging models have treated conser-
vative (risk-avoiding) and diversified (risk-spreading) strategies as separate
phenomena (e.g., Childs et al. 2010). Starrfelt and Kokko (2012) showed
that by decomposing the variance in fitness into variation at the individual
level and a correlation among individuals, these two seemingly disparate
strategies are actually ends of a continuum.

Timing
The seventh proposition is that timing may affect the consequences of
variation in life histories. The amount of resources allocated to a trait is
not all that matters; the timing of allocation is also important. The ef-
fects of timing can be seen by considering what happens at the level of
the population: all else being equal, populations grow faster if reproduc-
tion occurs at an earlier age. Consider two genotypes that reproduce once
then die: both produce an average of three offspring but A reproduces after
two years while B reproduces after only one. Because population growth
is multiplicative, after four years an A individual will have nine descen-
dants while a B individual will have eighty-one. More generally, if the ex-
pected (over the entire lifetime) number of offspring is R, and a genotype
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begins reproducing after 7 years, the annual growth increment for a lineage
is R,/"; a shorter generation time means faster growth. Of course, all else
is not always equal. Demographically, the question is whether by delaying
reproduction, organisms can produce enough additional offspring to off-
set the longer generation time. Most research on the evolution of delayed
reproduction has focused on increases in reproduction due to increased
parental body size. However, other conditions can also select for delayed
reproduction, for example among-year variation in conditions resulting in
bet-hedging.

Timing is often considered with respect to events among years, either
for individuals with an annual life cycle (among generations), or for indi-
viduals with yearly bouts of reproduction. Timing also matters within years
(or other time units, as appropriate) or reproductive bouts in response
to variation in the availability of resources, competition or facilitation by
conspecifics, or the activities of predators, pathogens, mutualists, dispers-
ers, and the like (Mahall and Bormann 1978; Fox 1989; Lyons and Mully
1992; Stanton and Galen 1997).

Many studies eliminate issues of timing by considering selection only
on composite quantities that can be considered either over an entire life-
time (e.g., lifetime reproductive success: the total number of offspring dur-
ing a life), or for a single bout of reproduction (e.g., reproductive effort:
the amount of resources allocated to reproductive versus nonreproductive
traits). This reduction in the complexity of life histories to single quanti-
ties is understandable, but it is also, in most cases, a mistake. The problem
is not so much that information is lost by compressing the time course
of events into a single quantity; rather, such quantities can be quite mis-
leading. In the case of reproductive effort, information about the standing
crop of reproductive and nonreproductive biomass provides no informa-
tion about which phenotypes have greater fitness, or about how different
phenotypes achieved their biomass; single frames do not provide much in-
formation about entire movies. Similarly, one cannot conclude anything
about fitness itself from comparisons of lifetime reproductive success,
because, as they say in comedy, timing is everything. Two individuals can
produce the same total number of offspring but have differences in fitness
depending on when those offspring are produced. In addition, such com-
pression may obscure unrealistic model assumptions.
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Models and Their Development
A Non-Life-History Model

To see where life history models come from—and the boundary of the do-
main of life history theory—we begin with a simple model for population
growth. If there is no age or stage structure in a population, we can write

(11.1) n(t+1)=An(t),

where n is population size and A is the number of individuals that a single
individual gives rise to; this model can include haploid or asexual popula-
tions, or females if they are not mate-limited. This is not yet a life history
model because there are no trade-offs possible. By assuming that there is
no age structure, we have assumed that a newborn has the same properties
as an adult; a birth then has exactly the same effect on population size as a
death, and the deaths of all individuals have the same effects. An increase
in A is always favored by selection.

More formally, we can make this model into the standard one-locus
haploid selection model by assuming that genotypes vary in survival to re-
production s, and produce the same number of offspring if they do survive.
This gives

(11.2) pi(t+1)=%,
7] ]

where n; and p; are the number and frequency of the ith genotype. We can
think about selection (proposition 4) because we are considering multiple
types. On the other hand, the most obvious change—dividing by the de-
nominator in equation 11.2—has the effect only of changing the model
from one of absolute population size to one of relative frequencies. But
equation 11.2 underlines a key point: it is a selection model, but not a life
history model, because there are still no trade-offs possible.

Introducing Trade-offs

Trade-offs (proposition 1) might be introduced into the model in equa-
tion 11.1 in several ways. One could separate survival and reproduction in
the \ term and include an assumption about how they trade off. One might
allow the organisms to have overlapping generations and thereby allow
trade-offs between present reproduction and future survival or reproduction.

As an example of the importance of including trade-offs, consider
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Cole’s (1954, 118) comparison of the fitness of an annual plant (without a
seedbank) with that of a perennial:

The most extreme case of iteroparity, and the one exhibiting the absolute
maximum gain which could be achieved by this means, would be the bio-
logically unattainable case of a species with each individual producing b off-
spring each year for all eternity and with no mortality. . . . Thus we have
r = 1In(b + 1), which is to be contrasted with r = In(b) for the case of an
annual. For an annual species, the absolute gain in intrinsic population
growth which could be achieved by changing to the perennial reproductive
habit would be exactly equivalent to adding one individual to the average

litter size.

Thus, on Cole’s account, the selective advantage of iteroparity is at best
small, inviting the question of why there are so many iteroparous organ-
isms. This issue was clarified when Charnov and Schaffer (1973) pointed
out that Cole’s conclusions flowed from his assumption that surviving
adults and newly germinated plants have the same chance of surviving an-
other season, i.e., that there are no trade-offs. They allowed for trade-offs
using a general model that made survival and reproduction age-specific.
Annual growth rate was changed from b to B,C, where C is the fraction of
annuals surviving to reproduce and B, is their output given that they sur-
vive, and perennial growth rate was changed from b + 1 to B,C + P, where
B, is the perennial reproductive output given survival and P is the frac-
tion of perennials surviving between years. This reduces to Cole’s model if
C = P = 1. Under the more reasonable assumption of trade-offs, Charnov
and Schaffer showed that there are many circumstances under which itero-
parity can be strongly selected for.

Resource trade-offs (proposition 2) can be modeled by explicitly indi-
cating how the organism gains and uses resources. While easy to say, devel-
oping such a model can be difficult because it requires substantial knowl-
edge of the ecology and underlying biology of the organism. The earliest
models of resource allocation in life histories were stimulated by G. C. Wil-
liams's (1966a, 1966b) argument that an optimal life history entailed allo-
cating resources such that the organism could maximize both current and
future reproductive value. This argument was further developed by several
influential models (Schaffer 1974; Taylor et al. 1974; Schaffer and Rosenz-
weig 1977; Schaffer 1981). These models all assumed that the problem was
one of resource allocation and examined the evolution of the fraction of
available resources allocated to reproduction at each age, i.e., age-specific
reproductive effort.
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Making the Models More Specific

These general models were extended and made somewhat more specific by
Gadgil and Bossert (1970), who added fitness costs and gains, and Schaf-
fer (1974; Schaffer and Rosenzweig 1977), who considered fertility and
postbreeding survival and growth as functions of age-specific reproductive
effort. These models were still general, as rules for acquiring resources (in-
cluding the rates at which they were acquired) were not included. Although
the models were age structured, often they were not explicit about what
time intervals were involved. Hirshfield and Tinkle (1975, 2227) defined
reproductive effort as “the proportion of total energy, procured over a spec-
ified and biologically meaningful time interval, that an organism devotes
to reproduction.” Unfortunately, timing can matter substantially (proposi-
tion 7), so that the total fraction of energy devoted to reproduction over a
given interval does not uniquely define the amount of reproductive tissue
(or fitness consequences) that results.

Despite the general nature of these models, a considerable effort was
made to test them with data. For plants, these efforts were based on the
claim by Hickman and Pitelka (1975) that the energy content of each part
was linearly related to its dry weight, unless the tissues differed substan-
tially in lipid concentrations. However, simple measurement of dry weights
quickly proved to be a quagmire (Evenson 1983); one had to decide how
much of each tissue was “for reproduction,” and such measurement could
be made on individuals only once. Indeed, since organismal rules were un-
stated, researchers found themselves debating what “reproductive effort”
actually meant, whether energy was always the appropriate currency, and
how to measure it (e.g., K. Thompson and Stewart 1981; Bazzaz and Reekie
1985). That debate was focused largely on plant studies, perhaps because
there was no result analogous to that of Hickman and Pitelka (1975) for an-
imals; testing reproductive effort models in animals may have seemed con-
siderably more daunting as a result. This speculation aside, it seems clear
that reproductive effort models suffered from at least one key difficulty: in
attempting generality they failed to incorporate enough information about
organismal limitations or about the timing of allocation (propositions 3
and 7) as to be readily interpretable (Fox 1992). While the term “reproduc-
tive effort” may be permanently established in the lexicons of evolutionary
biology and ecology, it is so vague as to be meaningless. Stearns (1977) sug-
gested that a more biologically meaningful framework was needed.

Initial steps toward such a framework were made in the 1970s and
1980s by incorporating rules governing resource acquisition and alloca-
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tion, typically using dynamic programming—optimal control theory—that
allowed optimization over an entire lifetime (Vincent and Pulliam 1980;
D. King and Roughgarden 1982a, 1982b; Schaffer et al. 1982; Chiariello
and Roughgarden 1984). A key assumption of these models is a lack of
constraint in the allocation between compartments (typically, vegetative,
reproductive, and storage biomass). These models were used to predict op-
timal allocation schedules such as the optimal timing of flowering. How-
ever, as these compartments were treated as independent of one another,
optimization frequently led to solutions that were not biologically rea-
sonable, such as an instantaneous switch from 100 percent allocation to
growth to 100 percent allocation to reproduction (Fox 1992; Hom 1992).
The recent development of dynamic energy budget models (Noonburg
et al. 1998; Nisbet et al. 2000; Lika and Kooijman 2003; Kooijman 2010)
suggests that it is possible to build mechanistically defensible models
that make predictions about the consequences of varying the schedules of
growth and reproduction.

Types of Allocations

One way to make models more explicit is to consider the various ways
that resources can be allocated (propositions 5 and 6). To our knowledge
there are no models that deal with hierarchical allocations among different
classes of life history traits. This is unsurprising, given the general result
that variation early in a hierarchy can determine the signs and magnitudes
of correlations later in the hierarchy (De Jong 1993; Worley et al. 2003)
and the challenges of simultaneously modeling sequential trade-offs. In
contrast, it is much easier to model hierarchical trade-offs within a single
trait class. For example, there is a rich literature—both theoretical and em-
pirical—on trade-offs within reproductive tissues (C. C. Smith and Fretwell
1974; Charnov et al. 1976; Charnov 1982; D. G. Lloyd 1987; McGinley
et al. 1987; Venable 1992). In particular, there has been much study of the
trade-offs between size and number of offspring, and between male and
female function.

Models for selection on the trade-off between seed size and number all
flow from the work of C. C. Smith and Fretwell (1974). Their key assump-
tions were that offspring fitness increases with size, but at a decreasing rate,
resulting in a parental fitness peak at some intermediate offspring size. This
sort of model assumes a single offspring size/number relationship, which
was borne out in a study of Uta stansburiana lizards (Sinervo et al. 1992).
However, in most species there is considerable variation in offspring size,
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and many studies found a positive correlation between the number and
the size of offspring (Roff 1992).

To account for biological phenomena not captured by the model of C. C.
Smith and Fretwell (1974), other models have been developed that include
variation in maternal resource availability (Venable 1992), sib competition
after germination or birth (Godfray and Parker 1992), sib facilitation (Mc-
Ginley 1989), nonsib competition (Einum and Fleming 2004a), multiple
resource limitation on offspring size and number (McGinley and Charnov
1988), differences in the ability of offspring to extract resources from the
mother (Sakai and Harada 2001), and bet hedging (McGinley et al. 1987;
Einum and Fleming 2004b). Theory appears to be considerably ahead of
empirical evidence here, and it may be difficult to evaluate the relative im-
portance of some of these mechanisms since they are not mutually exclu-
sive. Understanding of organismal limitations may again prove useful here.

The basic insight for models of sex allocation comes from Darwin's
(1871) observation that parents very frequently produce approximately
the same numbers of male and female offspring. He believed that this
was likely due to selection but did not suggest a mechanism by which this
could occur. In 1884 Carl Diising (Edwards 1998, 2000) proposed a math-
ematically explicit mechanism for a tendency to equal production of the
two sexes. Half a century later, Fisher (1930), using essentially the same
argument as Diising, proposed that if production of the two sexes varies,
those producing an excess of the rarer sex have, on average, a tendency to
leave more descendants, and so the system tends toward a 1:1 sex ratio.
Thus sex allocation is inherently subject to frequency-dependent selection.
Darwin’s basic model has been modified in many ways, to account for phe-
nomena such as a differential cost of male and female offspring (Trivers
and Willard 1973), allocation under varying degrees of selfing versus out-
crossing (Queller 1984; Charnov 1987; D. G. Lloyd 1987), and many of
the complexities of plant mating systems (West 2009).

Phenotypic models of selection are often analyzed using optimization
approaches and are often called informally “optimization models.” Opti-
mization, however, is not a modeling technique but a possible outcome.
Populations may not reach optima for many reasons, even under condi-
tions of density independence and constant selection (Akin 1979; Hof-
bauer and Sigmund 1988). But phenotypic models can lead to valuable
insights on selection, even if predictions of optima are best regarded with
some caution.

Genetic models of the evolution of sex allocation have been developed
(D. Charlesworth 2006), because many questions about sex allocation nec-
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essarily entail genetic issues such as the effects of inbreeding when allo-
cation affects the degree of selfing or when we consider the evolution of
self-incompatibility. Under some circumstances, the details of the relevant
mutations can have strong impacts on the dynamics. For example, in plants
cytoplasmic mutations that cause male sterility (Schnable and Wise 1998)
spread more readily than nuclear mutations with the same effect. Model-
ing the population genetics of sex allocation can provide a readily interpre-
table framework for asking questions about the circumstances under which
a mutant type can increase in frequency (D. Charlesworth 2006).

Other life history characters can also be subject to frequency-dependent
selection (e.g., insect larval resource acquisition [Kerswell and Burd 2012]).
However, there have been few models of frequency-dependent selection on
life history traits other than those related to sex allocation. Some papers
on adaptive dynamics theory (Hofbauer and Sigmund 1988; Geritz et al.
1998; Waxman and Gavrilets 2005) mention life history traits as motiva-
tion (De Mazancourt and Dieckmann 2004; Ferriere and Legendre 2013).
Geritz et al. (1999) modeled the joint evolution of seed size and competi-
tive ability, using an adaptive dynamics approach, and found conditions
under which polymorphisms in seed size are maintained.

Outlook for Life History Theory

The theory of life history evolution is mature—and quite successful—at
some levels, but still developing at others. The theory has been most suc-
cessful in explaining variation in life history traits among species and higher
taxa. For example, it has provided predictions about such problems as the
circumstances under which iteroparity or semelparity are favored, why
between-year propagule banks evolve in some organisms, and why selfing
organisms allocate fewer resources to male function than their outcrossing
relatives. There is no doubt that trade-offs based on resources occur, but as
one changes focus from comparing species or populations to understand-
ing the response of a population to selection, additional factors can be-
come quite important. For example, if an artificial selection experiment is
conducted on seed size, the population response may not involve the pre-
dicted changes in seed number as well, because genetic correlations need
not have the same sign as correlations based on resource trade-offs. Trade-
offs may exist, but in any particular population the genes under selection
may have effects beyond those trade-offs. Combining ecological trade-offs
(which set the context for selection) with genetic information and develop-
mental patterns (which set the context for selection response) is a central
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challenge for further progress in understanding responses to selection on
life history traits. Are there general patterns that we can predict, or must all
predictions be specific to the circumstances of a given population?

While the theory is quite successful in guiding research, it has been
much less so in educating biologists. Indeed, Pianka’s r-K theory—which
we noted is not really a theory of evolution at all—continues to be pre-
sented as such, and often as the only model of life history evolution. More
than a decade ago, Reznick et al. (2002) pointed out that while r-K theory
was no longer influential in research, it continued to be presented in text-
books as one of several useful frameworks for understanding life history
evolution. This is still the case. Consequently, one of us (GAF) has encoun-
tered new graduate students who were astonished when told that r-K the-
ory is not influential among researchers. Moreover, we see casual references
to 1-K theory in a number of recent research papers. Why is there such a dis-
connect between contemporary research and education? Probably there are
several reasons. The Pianka theory provides a quick and simple explanation
of life history patterns even though life histories are obviously anything
but. This complexity may confound teachers (including those who write
textbooks) who may not be aware of, or understand, this complexity. That
explaining this complexity requires the use of mathematics creates further
teaching challenges, especially if students demand simple explanations. We
have the opportunity to correct these problems, however, by presenting life
history evolution through the use of the theory developed in this chapter.
Our list of propositions, and an exploration of their implications, can pro-
vide a simple entry into the complexities of life history evolution.

Intersections with Other Components of Evolutionary Theory

The present volume suggests several potentially fruitful directions for fu-
ture development of life history theory, by considering the intersections
between this chapter and others. We have underlined the notion that trade-
offs among biological traits are what necessitates a distinct theory of life
history evolution. Without those trade-offs, the theory reduces to the the-
ory of natural selection: the expected fitness differences between values of
a trait that affects survival or reproduction drive changes in the frequencies
of the different phenotypes in a population, if there is a heritable basis for
the variation (Frank and Fox, chap. 9). A key theme for research in life his-
tory evolution has centered on adaptations to unpredictable environments,
often entailing phenotypic plasticity (Scheiner, chap. 13) or bet-hedging
via variation in allocations among individuals. These studies are challeng-
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ing mainly because of technical difficulties, like the problem of capturing
enough environmental variation in the time available for study, including
variation in population density as one of the variables (Gremer and Ven-
able 2014). The theory here is relatively mature.

On the other hand, approaches to inductive inference about the role
of natural selection in shaping observed life histories are not well studied.
They present challenges to evolutionary theory because most populations
are structured, and inferences about them typically require attention to the
role of population structure in their dynamics (Metz and Diekmann 1986;
Tuljapurkar 1990; B. Charlesworth 1994).

To some degree, life history traits all depend on developmental biol-
ogy. Many models assume that trait values are continuous and can be
changed in infinitesimal increments, but the developmental-genetic pro-
cesses underlying trait variation are unlikely to make this true in general.
Similarly, we know little about the biology underlying most trade-offs and
most processes of hierarchical allocation. Perhaps the largest challenge to
life history theory, then, is coupling it with our increasing knowledge of
evolutionary developmental biology (Love, chap. 8). Providing a stronger
biological basis to our understanding of how life history traits vary, and
how they are constrained, will provide considerable depth to our under-
standing of life history evolution.

Formalizing life history theory leads to some valuable insights. If we
may be allowed a personal comment, we had always been skeptical of
models like r- and K- selection or Grime’s C-S-R selection but before writ-
ing this chapter had not recognized that fundamentally these are not theo-
ries about evolutionary process and are thus distinct from the theory that
considers the way selection is shaped by demographic trade-offs. It was our
efforts at formalization that led to the insight that that theory describes
the demography of fitness, which we think aptly summarizes this valuable
body of work.
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The Theory of Ecological Specialization

TIMOTHEE POISOT

“Ecological specialization” is a catch-all term to describe a series of evolu-
tionary mechanisms by which a given species, taxon, or group of organisms
undergoes an improvement of its performances in a subset of the environ-
ments it can potentially occupy. Conversely, specialization can happen if
the availability of these environments changes, with or without concomi-
tant evolutionary change. Observed at any given time, the distribution of
performances of an organism across different environments is its specificity.
Specialists are organisms whose distribution of performances is biased to-
ward higher performance in a comparatively small subset of possible envi-
ronments; conversely, generalists have equivalent performance across most
of the environments they exploit.

The goal of this chapter is to provide a constitutive theory of ecological
specialization, including an overview of the mechanisms involved in the
evolution of specialization and how specialization proceeds in noninde-
pendent ways for biotic (species-species interactions) and abiotic (species-
habitat interactions) components. In particular, I examine the role of trade-
offs in restricting or allowing the evolution of different degrees of specificity,
the importance of considering the spatial and temporal heterogeneity of the
environment, and the role of lifestyles and species interactions in determin-
ing the degree of both abiotic and biotic specialization. I also describe how
the current specificity of an organism constrains its ecology and future evo-
lutionary dynamics. The literature on specialization has been extensively
reviewed over the last years, and for this reason, this chapter is primarily
concerned with large-scale issues and outstanding research questions.

Because specialization is such a pervasive feature across evolutionary
biology, it comes with a few lexical ambiguities. I use the following con-
ventions: “Activity” or “environment” is any state or feature exploited by
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an organism, or any action that this organism performs. In the classical
perspective of the niche as an n-dimensional hypervolume (Hutchinson
1957), each position on a niche-forming axis is an environment or activity.
“Performance” is any measure of the benefit derived by the organism from
being exposed to a given environment, most often any estimation or em-
pirical measure of fitness (Forister et al. 2012).

Domain

The domain of the theory of ecological specialization lies at the intersec-
tion between the domains of the theory of natural selection (Frank and
Fox, chap. 9) and the theory of ecological niches (Chase 2011). Whereas
the theory of natural selection deals with general changes in fitness in re-
sponse to the environment, the theory of ecological specialization deals
explicitly with how these changes operate when the environment is het-
erogeneous. That heterogeneity can be either spatial or temporal; in this
chapter I focus on models dealing with spatial heterogeneity. This theory
is complementary to the theory of the evolution of phenotypic plasticity
(Scheiner, chap. 13) that examines the consequences of varying phenotypic
expression of a single genotype. In the theory considered here, genotypic
expression is assumed to be fixed.

I consider two complementary subdomains: (1) specialization occurs as
a consequence of natural selection and shapes species niches, and (2) spe-
cialization triggers and constrains future natural selection by expanding
or restricting the range of situations to which organisms can be exposed.
Although the second subdomain deals primarily with ecological mecha-
nisms, it must be included in a comprehensive theory of ecological spe-
cialization. The consequences of evolutionary mechanisms are mainly
observable in their ecological consequences (P. W. Price 2003), and these
ecological consequences themselves constrain future evolutionary trajecto-
ries (Futuyma and Moreno 1988).

The term “specialization” is, to some extent, misleading. Studies on the
specialization of organisms describe the direction of change in the distri-
bution of performances across different environments (fig. 12.1), whether
the endpoint of this change is an increase or a decrease in specificity. Per-
formance can be measured in evolutionary terms (i.e., fitness) or in other
(e.g., demographic) terms, with equal validity. Throughout this chapter,
“specialization” should be understood as an abbreviation of “any change
in the distribution of performances, induced by either evolutionary or eco-
logical change.” “Performance” will refer to a variety of measures selected

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

234 | Chapter 12: Theory of Ecological Specialization

1 T I . ;
—eo— Specialist
- e- Intermediate
0.8} & Generalist ||
[«h}
‘é’ B —
& 0.6
£
=
t 0.4r )
a.
0.2} )
0

Environment

Figure 12.1. Hypothetical distributions of performance of three
organisms across four environments. The specialist has a high
performance in environment A and very low performances in the others.
The intermediate species has a more gradual decline of performance
across the gradient. Finally, the generalist has roughly equal
performances throughout the gradient. Note that the performances have
been standardized so that they sum to unity. This allows comparisons of
the specificity of organisms with different cumulative performances. The
distribution of performance values in these three situations would range
from extremely left-skewed (specialist) to not skewed (generalist).

by the experimenter or modeler, and I will use “fitness” for the cases in
which the performance measure has a clear evolutionary significance. As an
example, if performance is defined as the growth rate of a population, this
has evolutionary consequences and can be termed “fitness”; conversely, the
number of prey eaten is not a direct measure of the evolutionary success
of the population and will be termed “performance.” Fitness is often the
integration of performance across many axes. Consequently, because the
theory of specialization deals with the distribution of performances along
single axes, it gives insights about the components of fitness but very rarely
about fitness itself.

Here I summarize the main elements of the constitutive theory, in par-
ticular how specificity and niche are related. One of the most important
distinctions is between fundamental and realized specificities. Fundamen-
tal specificity is the expected distribution of performances across environ-
ments in the absence of biotic or abiotic constraints for the focal organism.
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It is defined in the absence of extrinsic boosts to growth rate that can be
conferred by mutualisms. This definition does not imply that fundamental
niches are infinite; rather, they reflect the physiological, biochemical, and
other limitations of where an organism can live. The fundamental speci-
ficities (with regard to temperature) of a cold-adapted bacteria from the
Arctic and a heat-adapted bacteria from a hydrothermal vent differ in that
they are adapted to opposite thermal stress; one would likely instantly de-
teriorate when exposed to the other’s environment. The realized specificity
is the effective distribution of performances, one that accounts for both
biotic and abiotic constraints and advantages. Most often, realized specific-
ity is measured from empirical data. This distinction is important because
realized specificity stems from the integration of constraints along and be-
tween several niche axes. As such, any theory of specialization should aim
to predict realized and potential specificities and to uncover the mecha-
nisms that allow linking one to the other.

Basic Propositions

Increased specificity (i.e., higher performances in a narrower subset of en-
vironments) is selected for when the preferences of an organism (which
environment or activity it actively seeks out) and its resulting performance
positively covary. This correlation creates a positive feedback loop in which
suboptimal environments are decreasingly exploited, triggering special-
ization. This situation may result in speciation (Edwards et al., chap. 15),
in which the incipient species exhibit increased specificity. This dynamic
has been established for habitat choice by organisms with active dispersal
(Ravigné et al. 2009), and for feeding-source selection by mothers for their
juveniles, the so-called “mother knows best” hypothesis (Jaenike 1978b).
There have been a number of reviews of how specificity evolves in recent
years. Ravigné et al. (2009) provide an excellent argument about how both
specificity and diversity increase jointly when habitat selection and local
adaptation happen jointly. They also synthesize most of the modeling ap-
proaches used to address the evolution of habitat specificity.

Devictor et al. (2010) proposed a more integrative view of specificity,
about which I will comment extensively in subdomain 2. They suggest that
specificity can be coarsely partitioned into its Grinnellian and Eltonian
components. The Grinnellian specificity, by similarity to the Grinnellian
definition of the niche, represents the requirements of the species in terms
of its habitat. This includes the abiotic conditions and the presence of pop-
ulations of other species that are, for example, part of its diet. The Eltonian

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



236 / Chapter 12: Theory of Ecological Specialization

specificity on the other hand, describes the effects, or functional roles, that
a species has in a given community. For example, species that have differ-
ent proportions of prey items in their diet have different functional roles.
More plainly the two components can be expressed as: What does the spe-
cies need? What does the species do?

This representation is a first attempt at tackling two key issues: What are
the feedbacks between biotic and abiotic levels of specificity? How can we
build on theory surrounding specificity to move closer to an integration
with niche theory? Poisot, Verneau, et al. (2011) suggest that even though
specificity is expressed in a large variety of contexts, it happens through a
very few key evolutionary mechanisms. These mechanisms fall into three
broad categories: constraints, life histories, and environmental features,
the latter two being mechanisms involving gene-environment covariances.
These three mechanisms are the focus of subdomain 1.

Forister et al. (2012) provide an insect-focused overview of specificity
and its ecological and evolutionary dynamics. They establish that perfor-
mances are distributed in an environment-dependent way, even when
we focus purely on biotic components of the environment. Vamosi et al.
(2014) discuss the phylogenetic distribution and dynamics of specializa-
tion, with specific attention given to the fact that species may exhibit differ-
ent levels of specificity on different niche axes.

Overview of Modeling Efforts

It should be no surprise that a topic as vast and fuzzily defined as specific-
ity has been modeled from a variety of angles. D. S. Wilson and Yoshimura
(1994) famously listed forty-three models addressing just the study of co-
existence between specialists and generalists. More than twenty years later,
it is dubious that a comprehensive review would be feasible. Those forty-
three models can be grouped into four classes, depending on the num-
ber of factors they accounted for: the shape of the fitness set (Levins 1962,
1965), whether habitat or resource selection was active or passive, nega-
tive density dependence, and environmental stochasticity. This last factor
was considered only for intergenerational heterogeneity, excluding spatial
stochasticity.

The framework of adaptive dynamics (e.g., Doebeli and Dieckmann
2005) is a natural candidate to study specialization because it makes ex-
plicit predictions about performance alongside a niche axis defined by con-
tinuous trait values, the measure of performance can be directly related to
fitness, and the framework can be amended to allow for explicit spatial
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structure and heterogeneous environments. These features result in the
generation of a large number of predictions about local adaptation and
dispersal that sometimes have been interpreted as predictions about spe-
cialization (Kisdi and Stefan 1999; Troost et al. 2005).

Alongside their review of modeling efforts, D. S. Wilson and Yoshimura
(1994) introduced a simple model for the coexistence of habitat specialists
and habitat generalists in a spatially heterogeneous landscape. This model
combines explicit rules for fitness with chance events in survival and falls
within the broader family of lottery models. Lottery models have been used
increasingly in recent years, notably to study the dynamic of specialists and
generalists in metacommunities (Biichi and Vuilleumier 2014, 2016). Be-
cause of their temporal scale, both adaptive dynamics and lottery models
of specialization make predictions on an ecological and microevolutionary
timescale, rather than a macroevolutionary timescale (Jablonski, chap. 17).
Very long timescales have mostly been addressed through simulations of
traits on phylogenetic trees, rarely with dynamic models of populations
or species.

Overview of Outstanding Challenges

There are two outstanding challenges when dealing with a broad theory
of specialization, identified in the seminal paper by Futuyma and Moreno
(1988). Although largely refined since then, they have not been clearly re-
solved. First, although species are often classified as specialists or general-
ists, this is a false dichotomy. Even when not accounting for the quanti-
tative performance in each environment, most measures of specificity are
continuous values (Poisot et al. 2012), because specificity is a continuous
phenomenon. Examples of perfect specialist or perfect generalist species
are rare, and most ecological communities show the coexistence of species
with intermediate levels of specificity (Poisot et al. 2015). These observa-
tions imply that specialization rarely has a clear-cut outcome and should
instead be considered as a process that can lead toward smaller or larger
skewed distributions of performances.

Second, specialization is defined for both biotic and abiotic environ-
ments. Host specificity is just as important as habitat specificity, and both
should be accounted for by a general theory. Fortunately, previous litera-
ture surveys suggest that both are driven by the same set of core mecha-
nisms (Devictor et al. 2010; Poisot, Bever, et al. 2011; Forister et al. 2012).
Defining these mechanisms is the main purpose of subdomain 1; under-
standing how the biotic and abiotic levels of specificity are intertwined

printed on 2/13/2023 6:41 AMvia . All use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

238 / Chapter 12: Theory of Ecological Specialization

1 T I I
--- Spe. 15 host
o~ —_ Gen.
r' » nd
2 R R Spe. 2"? host
o s . - Host 1
g '; ,"'\‘ PO CLTET Host 2
£ B ’ il 2
E 05 TR
o L4 ‘\‘l
t re A R T, y
@ v AL ,-“ ‘e,
oo : “ o 1y o b
7 W
) o* e,
s T .¢° R ‘s -
o‘;‘l. ..o ) o \‘h- _____ --._-“-
0 O L ] ] Dl S
0 0.25 0.5 0.75 1

Environmental gradient

Figure 12.2. Perceived specificity of three symbionts (black lines) on two
hosts (gray lines) on an environmental gradient of abiotic resources.
Each host has a performance w;(g) at position on the gradient, and the
performance of symbiont k is w,(g) = ¥(a,;Xw;(g)), where a,; is the
preference of symbiont k for host i. While it is possible to measure the
specificity of each symbiont with regard to the gradient, doing so would
be meaningless, as it would only reflect the interaction between their host
preferences and the performances of hosts. This illustration emphasizes
how crucial the selection of the correct axes for measuring specificity is.

is addressed in subdomain 2. Notably, these two levels are entangled, as
specificity in one family of axes affects specificity in the other (fig. 12.2).

The Constitutive Theory

The nine propositions of the theory of ecological specialization are pre-
sented in table 12.1. The first five propositions deal explicitly with how
distributions of performance evolve toward greater or lower specializa-
tion. Specialization tends to occur because of the existence of constraints
at different levels. At the organismal level, evolution is constrained by
physiological or biochemical limitations. The environment adds another
layer of constraints through limited availability of suitable habitats, finite
resources, and so forth. The lifestyles and behaviors of a species can also
drive it toward specialization (e.g., active versus passive foraging, migra-
tion). Finally, direct and indirect biotic interactions will push species to-
ward more or less specificity.
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Table 12.1. The Propositions of the Theory of Ecological Specialization

Domain: Patterns of adaptation and its consequences in response to natural selection in a
heterogeneous environment.

Propositions of subdomain 1: Specialization in response to natural selection.

1.1. Specialization occurs when there is environmental heterogeneity that results in fitness
trade-offs in trait values across environments.

1.2. These traits meet the conditions required for evolution by natural selection.

1.3. Specialization occurs as a response to patterns of dispersal and environmental
heterogeneity.

1.4. Specialization is determined by interactions between the biotic and the abiotic com-
ponents of the environment.

Propositions of subdomain 2: Natural selection in response to specialization.

2.1. Specificity is defined along many axes.

2.2. Biotic and abiotic specificities interact.

2.3. Niche dimension is the result of specificities.

2.4. Specificity affects emergent community properties.

The last four propositions highlight how the evolution of ecological
specialization underpins many ecological mechanisms and should be in-
vestigated in a broad context. These propositions concern how the current
specificity of a species constrains or allows its future evolution because the
overall niche of the species is the resultant of its specificity along many
entangled axes. I first consider subdomain 1: specialization in response to
natural selection.

Proposition 1.1: Environmental Heterogeneity and Fitness Trade-offs

At its most fundamental, specialization happens because differences in
fitness effects of trait values are such that improving net performance in
one environment decreases performance in others (Kassen 2002). There-
fore, specialization is expected to happen whenever there is selection for
locally higher performances. Débarre and Gandon (2010) showed that in
a spatially continuous landscape, whether one generalist or two specialists
evolved from an initially monomorphic population depends mostly on
the curvature of the fitness trade-off. If p, and p, are the performance in two
environments, and w(p,,p,) is the organism’s fitness as a function of both
performances, a concave trade-off permits maximizing w by maximizing
both w, and w, (one generalist), while a convex trade-off maximizes w only
when either o, or w, is maximized (two specialists).

Such trade-offs can occur in a variety of ways. The fitness trade-off can
occur owing to selection on a single trait. In this case, the trade-off is intrin-
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sic to the fitness function such that the optimal value for that trait differs
among environments. Alternatively, the fitness trade-off can occur because
fitness is determined by a combination of two or more traits that are con-
strained in their joint phenotype such that phenotypic combinations that
would result in high fitness in both environments are not possible. The
most commonly invoked genetic mechanism (antagonistic pleiotropy) is
known to generate unbreakable constraints (Laubichler and Maienschein
2009), although these constraints can involve so many traits that they end
up being difficult to measure (Hereford 2009).

These constraints are also expressed at the population level, notably
when performance is expressed as the consequence of a complex trait ar-
chitecture. There have been recent calls to rebuild our understanding of
community properties using traits (McGill et al. 2006), but these calls tend
not to account for the fact that traits can rarely, if ever, be mapped directly
unto performance in a given environment as such mapping can be done
many ways. Most evolutionary (and ecological) constraints emerge because
traits contribute differently to components of performances, and the suc-
cess of a given activity results from the interaction of trait values. Malcom
(2011) showed that characters that are regulated by a smaller network of
associated genes show greater adaptability, suggesting that evolutionary dy-
namics can be increasingly constrained by past innovations.

Perhaps unsurprisingly, then, constraints and specificity are nonran-
domly distributed in the phylogenetic structure of clades. In systems where
this has been studied, up to 45 percent of the variance in specificity can be
explained by phylogenetic constraints (Desdevises et al. 2002). Constraints
can be hard to get rid of once they appear (Diniz-Filho and Bini 2008),
so that constraints that appear at deep nodes in the phylogeny can still be
strongly expressed in extant taxa. Although specificity can be measured with
reference to currently experienced environments, understanding the drivers
of specialization requires accounting for events at large temporal scales.

Along with fitness trade-offs, all of the other conditions necessary for
evolution by natural selection (Frank and Fox, chap. 9) must be met by
these traits (proposition 1.2, table 12.1).

Proposition 1.3: Dispersal and Environmental Heterogeneity

The model of Débarre and Gandon (2010) showed that steep environ-
mental gradients led to specialization, although higher dispersal (being
exposed to more habitats over a lifetime) counterbalanced this effect. It
makes intuitive sense that species dispersing across different environments
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must be able to at least persist in most of them (ignoring habitat sinks),
and higher rates of dispersal would lead to decreased specificity. This pre-
diction has been demonstrated experimentally by Venail et al. (2008); high
rates of dispersal over heterogeneous environments reduced the specificity
of bacteria for different carbon sources. Kawecki (1994) argues that this
dispersal effect is limited by the accumulation rate of deleterious muta-
tions whose expression varies across environments. However, the ability
to distantly disperse implies that an individual or its offspring may experi-
ence a highly heterogeneous habitat, which should be associated with gen-
eralist species.

Papaix et al. (2014) showed that in host-pathogen interactions, short
dispersal range in the host favors pathogen diversity, and pathogen speci-
ficity is determined by both host and pathogen dispersal. When the scale of
dispersal increases, specialized pathogens are lost first, followed by mod-
erately specialized ones. The most likely hypothesis is that high dispersal
both synchronizes the dynamics of different populations in space, thus
making the environment of the pathogen more or less temporally hetero-
geneous but spatially homogeneous, and triggers competitive exclusion of
specialized strains whose optimal host/environment is in low abundance.

The mechanisms described above are inherently spatial. When there is
temporal heterogeneity, the longer the duration of the environment that
is less optimal for specialists, the higher the potential for their exclusion.
Temporal heterogeneity does not allow for refuges through dispersal, un-
less there is some form of dormancy or quiescent life history stage (e.g., a
seed bank), a form of dispersal in time (Chesson and Huntly 1997).

Intriguingly, Biichi and Vuilleumier (2014) show that specialists are
more likely to coexist when their dispersal ability is high, independently
of whether they preferentially disperse toward favorable habitats, for all
levels of spatial autocorrelation of habitat suitability; they dub this effect
the “specialist’s paradox.” All else being equal, species with higher disper-
sal rates should encounter a broader range of environments, and therefore
tend toward less specificity. Although it makes sense that high dispersal
ability coupled with active habitat search would reinforce specificity, it is
puzzling that high dispersal ability alone is beneficial to specialists in het-
erogeneous environments.

Empirical data (Morris 1996) may hold part of the solution to this par-
adox. Specialist and generalist rodents exhibit different modes of habitat
selection as a function of the density of conspecifics. While both tend to
avoid overcrowded habitats, generalists experience their surroundings at a
larger scale than specialists do. While generalists have the ability to persist
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in suboptimal environments, since by definition they pay less of a price in
their resulting performance, they can disperse only locally. Specialists, on
the other hand, are under a stronger pressure to find suitable habitat, mak-
ing a high dispersal ability beneficial.

These considerations about the role that dispersal plays in shaping spec-
ificity over ecological and evolutionary times hearkens back to the more
fundamental issue that, depending on whether ecological or evolutionary
timescales are considered, either specificity is driven by different mecha-
nisms, or the same mechanisms can have different outcomes.

Proposition 1.4: Interactions between Biotic and
Abiotic Components of the Environment

Thrall et al. (2007) identified a key gap in our knowledge of the evolution
of specialization: the “biotic complexity” of the environment—whether
the focal species is embedded in a complex web of interactions—makes
specialization unpredictable. Most of this unpredictability stems from the
fact that antagonistic interactions tend to decrease performance and can act
to shrink the niche space, mutualistic interactions tend to improve perfor-
mance and can act to expand the niche space, and most, if not all, species
are involved in both types of interactions (Fontaine et al. 2011; Kéfi et al.
2012). The realized niche of a species can be distorted by these interactions
to the point where it no longer resembles the fundamental niche. The real-
ized niche of a species, and hence its realized specificity, will be contingent
upon the combination of species and the way they interact in a local envi-
ronment. Recent models of mutualistic interactions (Bastolla et al. 2009)
highlight how these interactions are themselves intertwined; the mutualists
that pollinate a plant are themselves in competition for access to pollen
and the plants are in competition for access to pollinators; the high dimen-
sionality of this problem makes predictions extremely difficult.

Specificity may also reflect the broader environmental context of the
community. Specialists are more likely to undergo extinction at the lower
bound of productivity, unless they disperse to less crowded patches, thereby
decreasing community specialization. For this reason, environments with
high productivity can sustain both high diversity and a broader range of
levels of specificity, as exemplified in tropical systems. This productivity ef-
fect implies that the relationship between diversity and specialization can
reflect not only evolutionary constraints but also the ability of specialists to
persist alongside generalists. In a recent analysis of 175 bipartite networks
representing different types of ecological interactions (Poisot et al. 2015),
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we report that the coexistence between organisms with different specifici-
ties is maximized when the average specificity is medium to low. This pat-
tern suggests that a broader range of specificities can coexist when increas-
ingly specialized species are able to persist in the same system as a core of
generalists. Whether this relationship emerges through mechanisms that
are ecological (e.g., extinctions are more common in specialist-rich com-
munities, competition is stronger in generalist-rich communities), evolu-
tionary (e.g., a wider range of specificities offers more variability), or both
remains an open question.

Subdomain 2: Natural Selection in Response to Specialization

Natural selection can lead to specialization, but specialization can also
lead to changes in patterns of natural selection. Subdomain 2 deals with
those reciprocal processes.

Proposition 2.1: Many (Nonindependent) Axes

Devictor et al. (2010) propose that specificity can be viewed as the intersec-
tion of biotic and abiotic specificity, which they interpret as a one-to-one
mapping between, respectively, the niche in the sense of Elton, and the
niche in the sense of Grinnell. These dimensions have different functional
consequences: what a species does within a community (biotic specificity,
the Eltonian niche), and where it may be expected to do it given environ-
mental requirements (abiotic specificity, the Grinnellian niche). This dis-
tinction is useful because it refocuses the discussion about how specificity
evolves on classical niche theory. However, this shift fails to take into ac-
count that both of these dimensions of the niche are composed of a large
number of relevant axes that are unlikely to be orthogonal (Holt 2009)
and unlikely to have similar distributions of performances.

From a biotic standpoint, a species is expected to be involved in several
types of interactions. For example, the same symbiont can be, depending
on its host, mutualistic or antagonistic (Thrall et al. 2007) and exhibit dif-
ferent specificities in these different types of interactions. Kéfi et al. (2012)
made the point that although each species is involved in few trophic inter-
actions, the number of competitive interactions can be much larger. As a
result, although predators are relatively specialized, species of all trophic
ranks are essentially competitive generalists. The same situation holds for
abiotic environments. Keeler et al. (2014) report that outside their hosts,
avian influenza viruses can tolerate a broad range of pH values but require
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low salinities and concentrations of ammonia; these viruses differ in their
degree of specificity when different axes of their Grinnellian niche are con-
sidered. These cases point to the fact that Eltonian specificity and Grinnel-
lian specificity are somewhat artificial notions because within these two
dimensions organisms may be specialists on one axis and generalists on an-
other, and there are interactions between the biotic and abiotic niche axes,
the consequences of which are manifest in proposition 2.2 (see below).

One complication of measuring the degree of specificity on a single axis
is that niche-forming axes are not expected to be orthogonal, and perfor-
mances along different axes are expected to covary. In a classical example,
Stanley and Morita (1968) showed that the temperature at which bacteria
reach their peak fitness changes as a function of salinity. Thus temperature
specificity would likely be evaluated differently if another component of
the environment changes. Such nonindependence of performances is ex-
pected to be the rule rather than the exception, since there is not a strict cor-
respondence between genes, traits, and the environment in which they are
expressed (Forister et al. 2012). Even without the involvement of complex
genetic architectures, biotic niche axes are not independent. Hochachka
and Dhondt (2000) reported that the infection of house finches by Myco-
plasma gallisepticum resulted in a decline of abundance in natural popula-
tions, resulting in changes in interaction with other species, thus making
several biotic niche axes covary.

Proposition 2.2: Biotic and Abiotic Specificities Interact

Even though it makes sense to consider the overall specificity of an organ-
ism as an interaction between the dimensions of its Eltonian and Grinnel-
lian niches, this distinction overlooks the fact that axes forming these two
niches can have some collinearity, especially biotic interactions. Although
it is feasible to measure the abiotic specificity of an organism, this specific-
ity would reflect the interactive effects between its biotic specificities and
the abiotic specificities of all possible interaction partners (fig. 12.3).

To some extent, such interactions have already been considered by com-
munity ecologists. In their trophic theory of island biogeography, Gravel
et al. (2011) propose that the spatial distribution of predators is at best
nested within the cumulative spatial distribution of their prey. The real-
ized Grinnellian niche of any species that require interactions to persist is
contained within the sum of the realized Grinnellian niches of the species
it interacts with. This means that even though these species have an abiotic
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Figure 12.3. Biotic and abiotic
specificities are entangled. In this
simple situation of a system with a
single host (H) and symbiont (S),
the environment (E) can have
effects either directly on the
symbiont (i), directly on the
host (ii), or on the host-symbiont
interaction (iii). This results in
a situation where the Eltonian
and Grinnellian specificities
are not discrete entities but
rather interact in (potentially)
complex feedback loops.

specificity, they do not interact directly with the environment; they do so
indirectly, through biotic interactions.

This is not to say that species relying on biotic interactions have no rel-
evant dimensions to their Grinnellian niche. For example, for avian influ-
enza viruses (Keeler et al. 2014), some abiotic factors will affect virus per-
formance directly (e.g., salinity, temperature), whereas others will affect it
indirectly through their impact on the performance of suitable hosts. More
broadly, levels of specificity are expected to be labile through time. Khidr
et al. (2012) showed that monogeneans (Microcotyloides sp.) infesting Tera-
pon puta vary in their infection success as a function of water pH. Changes
of pH over seasons drives the seasonal dynamics of parasite performance.
Similarly, Poisot, Verneau, et al. (2011) showed that the ability of phage to
infect the same bacterial strains of Pseudomonas varies as a function of the
availability of abiotic resources, not because the hosts or phage are directly
affected by the environmental change, but because decreased resource in-
put limits host growth, which in turn decreases the strength of infection
by the viral population. Arneberg et al. (1998) conducted a survey of how
host abundance affected the density of gastrointestinal strongylid nema-
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todes in mammals over time. They show that variations in the abundance
of hosts had strong effects on the performance of parasites, even after con-
trolling for other covariates. Temporal variation of host populations was in
response to various environmental factors, and the biotic performance of
the parasites varied without evolutionary change, owing to the cascading
effect of environmental change through the host populations.

Thus, the nonindependence of Eltonian and Grinnellian niches in spe-
cies interactions can happen when the performance of either interacting
species is tied directly to the state of the environment, either when one spe-
cies is affected by the environment through cascading effects, or when the
environment affects the existence or outcome of the interaction directly.
Understanding these feedback loops is critical, since they determine which
niche axes should be considered when measuring specificity.

Proposition 2.3: Niche Dimension Is the Result of Specificities

The interaction between levels of specificity has consequences for overall
niche dimensionality. For example, S. M. Wagner et al. (2015) manipulated
polyphagous herbivores by adding endosymbionts to test the effect of a
mutualistic interaction on plant use specificity. In the presence of a posi-
tive insect-symbiont interaction, the insect was able to use a broader vari-
ety of plants, even becoming a pest by gaining the ability to feed on com-
mercially relevant crops. The situation is, nonetheless, not as clear-cut as
when positive interactions increase niche breadth and negative interactions
decrease it. Elias et al. (2008) showed that mutualistic interactions are a
highly sought-after resource. In a situation where mutualists share environ-
mental requirements, this can create niche convergence in specie