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Preface

May 20th 2012 was the tenth anniversary of Stephen Jay Gould’s death.
Palaeontologist at the Museum of Comparative Zoology, Harvard University,
eminent evolutionary biologist, science writer, science historian and opinion
maker, Gould gave us an extended and revised version of the theory of evolu-
tion, his “Darwinian pluralism”, which is still today an interesting frame to
understand the scientific advancements in many evolutionary fields. His antic-
ipating insights about the conjunction of evolution and development, the role of
ecological and biogeographical factors in “punctuated” speciation, the need for a
multi-level interpretation of the units of selection, the interplay between func-
tional pressures and internal constraints in processes like exaptations and span-
drels are fruitful current lines of experimental research today.

Even his pungent and sometimes very radical controversies against the
progressive representations of evolution (especially human evolution), biological
determinism, pan-selectionist and a gene-centered view of natural history, or the
adaptationist “just-so-stories”, have left their mark in contemporary biology.
Gould’s “histories of nature” were explorations in the “nature of history,” with
wider cultural and philosophical implications, like his crucial concept of contin-
gency. Thus, after 10 years of new discoveries and unforeseen advances, it is
worthy to discuss the efficacy and limits of Gould’s pluralism as renovation of the
Darwinian research program.

At the historical location of the Istituto Veneto di Scienze, Lettere ed Arti in
Venice, the town of Gould’s “spandrels of San Marco”, an international panel of
scientists and philosophers—including Gould’s closest friends and colleagues like
Niles Eldredge, Elisabeth Lloyd, and (in video) Richard Lewontin—discussed his
evolutionary and anthropological legacy, his idea of science as a complex rational
enterprise, evolving itself and immersed in human society, his proposal for a
methodology in historical sciences, and his unmistakable style of writing and
argumentation, overcoming the boundaries between science, literature, and art.
In Gould’s production, scientific research and communication of science were two
fields of inquiry strictly related by the idea that science is a high expression of
human curiosity and culture.

The International Meeting was held at the Istituto Veneto, with the collabora-
tion of University Ca’ Foscari, on May 10-12th 2012. We thank Maria Turchetto
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and Elena Gagliasso for their helpful participation in the organizing committee.
The Venetian meeting has been the basis for the construction of this volume,
which is divided into four parts. The first one—with the contributions of Niles
Eldredge, Elisabeth Lloyd, and Telmo Pievani—is focused on the general scien-
tific legacy of Stephen J. Gould as an evolutionary biologist: the unpublished
history of the birth of Punctuated Equilibria; the role of Gould’s criticism against
adaptationism; the structure of his “Darwinian pluralism”. The second part—with
the contributions of T. Ryan Gregory, Alessandro Minelli, Gerd Miiller, and
Marcello Buiatti—is dedicated to the discussion of Gould’s theoretical innovations
seen from the perspective of genomics and developmental biology: the Gouldian
idea of genome as a hierarchical system; the debate about the levels of selection
and the “individual” units in evolution; his anticipations of some fundamental
“Evo-Devo” concepts like developmental constraints and spandrels; his intuitions
about the complexity of genetic coding and differential mutation rates. The third
part—with the contributions of Ian Tattersall, Guido Barbujani, Klaus R. Scherer,
and Winfried Menninghaus—deals with the important anthropological legacy of
Stephen J. Gould: his advocacy of a highly branching phylogeny of hominids,
against any progressive idea of cumulative change in human evolution; his bold
fight against biological determinism and the alleged genetic foundations of the
concept of “human races,” the evolution of emotions, speech, and music in a
Gouldian perspective. The fourth part—with the contributions of Andrea
Cavazzini and Alberto Gualandi—is focused on some aspects of Gould’s legacy in
human sciences, with reference to the conceptual shifts between economics and
evolutionary theory, and the possibilities and limits of Gould’s humanism.

The richness of Gould’s production and intellectual inheritance cannot be
covered by a single collections of essays. Nevertheless, we hope to add another
piece to the rich mosaic of studies that the Harvard evolutionist deserves. Gould’s
“industry” is a mine of historical hints, epistemological proposals, scientific
insights, and contentious theories. As Richard Lewontin said in his thoughtful
opening address by video conference, Gould’s way of exploring evolution was a
mix of pure history and theoretical generalizations, aided by extraordinary com-
municational skills and a worldwide reputation. He was so brilliant inventing
metaphors (such as “spandrels” and “Punctuated Equilibria™), that he was able to
depict for professionals, and for the general audience at the same time, the wide
frame of the “multiple generating forces of evolution.”

He was a forerunner. He challenged several orthodoxies, included the “ultra-
Darwinian” one. He became a straw-man for many opponents. Still now, he is one
of the most quoted evolutionists. During these first ten years his proposals and
provocations have had a differential survival, but there are no doubts that his
pluralism has strongly influenced the current debate. Stephen J. Gould is a present-
day evolutionist.

Gian Antonio Danieli
Alessandro Minelli
Telmo Pievani
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Part I
Evolutionary Theory



Stephen J. Gould in the 1960s and 1970s,
and the Origin of “Punctuated
Equilibria”

Niles Eldredge

Abstract Steve Gould arrived as a beginning graduate student in the Department
of Geology at Columbia University in the Fall of 1963. He was one of a group of
entering students interested in paleontology, biostratigraphy, paleoecology and, of
course, evolution. Though I was still an undergraduate, I was welcomed into the
group—and took part in the field trips and special seminars they organized:
especially one on paleontology and evolution whose main inspiration was Steve
himself. Most of these students eventually went on to have distinguished careers in
paleontology and related fields.

Steve’s initial—and perhaps always his favorite—professional passion was mor-
phology, development and evolution. He astonished everyone that he would
devote an entire year away from his doctoral research to write an exploratory
review paper on allometry—inspired by his initial work as an undergraduate with
John White on the meaning of “b” in the famous equation Y = bX". Steve quickly
emerged as a model of the ambitious young professional, encouraging us all to
develop and publish research projects—and to be bold and think about theoretical
issues. He once said to me Why wait until we are 60 before we publish on
evolutionary theory? And of course he was right; indeed, sadly, he did not live
beyond that very age.

The genesis of our 1972 paper Punctuated Equilibria: An Alternative to Phy-
letic Gradualism has been recounted several times, by Steve and by myself as well
as by others. The definitive version, in my view, is in the newly published book
Rereading the Fossil Record (2012) by historian David Sepkoski. I will review the
essential details of our joint participation in Tom Schopf’s GSA Symposium and
multi-authored book, both entitled Models in Paleobiology. Though the gist of the
concept of punctuated equilibria was developed in my 1971 paper The Allopatric

N. Eldredge (P<)
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4 N. Eldredge

Model and Phylogeny in Paleozoic Invertebrates, both Steve and I added material
developing and extending the concept beyond its bare essentials.

What were those essentials? Simply, the juxtaposition of the concept of allo-
patric speciation and the empirical demonstration of stasis—the fact that most
species show little if any lasting morphological change throughout their often quite
long histories. Change for the most part comes at speciation, and quiescence is the
norm from then on.

I will also add a codicil that I believe would have intrigued Steve very much:
Darwin, as a young man in his late 20s, saw that the birth of species in isolation
(the “allopatric speciation” of Dobzhansky and Mayr, so essential to our own
notion of “Punctuated Equilibria”) would account for the persistence of species,
unchanged, “through thick formations”—in other words, our concept of “stasis.”
Darwin contrasted this vision with the inevitable gradual change of species—a
vision of evolution he came to favor and promote, though he lacked empirical
evidence for it.

With the birth of species in isolation, Darwin reckoned that adaptive change
through natural selection happens rapidly in small populations. But with the
passage of geological time and the inevitable environmental change that occurs,
Darwin thought that natural selection would be constantly modifying entire species
slowly and gradually. He could not reconcile the two views—and so his problem
was deciding which was the most likely context for adaptation via natural selection
to occur. He chose what we later called “phyletic gradualism.”

That young Darwin would have liked our title, but would probably have insisted
on one minor change: Punctuated Equilibria: The Alternative to Phyletic
Gradualism.

I think Steve would have enjoyed knowing that.

1 Introduction

When Stephen Jay Gould died on May 20, 2002, he was arguably the most famous
scientist in America, and perhaps in the entire world—ranking right up there with
predecessors like Margaret Mead and Carl Sagan. Much of this fame was, of
course, engendered by his so-called “popular” writing—but Steve told me long
ago that successful writing styles do not change to embrace wider audiences: only
the vocabulary changes. Steve felt that all of his writings, from the more narrowly
technical to the most broadly engaging, were of the same intrinsic merit, reflecting
fundamentally his same intellectual values. Steve owed his success, in large
measure, to his skill in making his readers feel they are directly involved in his
intellectual adventures.

But it was as fledgling paleontologists and evolutionary theorists that Steve and
I first met, forging a lasting bond that, in less than a decade, produced what was
probably Steve’s—and my own—arguably most important and certainly well-
known piece of scientific work: the theory of “Punctuated Equilibria.” My goal



Stephen J. Gould in the 1960s and 1970s, and the Origin of “Punctuated Equilibria” 5

here is to explore aspects of the educational experiences we shared, along with
fellow students, in the Geology (and, to a lesser degree) Zoology Departments at
Columbia University in the mid-1960s; to reflect on Steve’s talents and proclivities
as a young, career-minded scientist in those years; and to characterize the cir-
cumstances and, especially, the underlying evolutionary issues and empirical data
that led to the publication of “punctuated equilibria” in the early 1970s. T will
conclude with a brief analysis of the deep, if forgotten, intellectual roots of
Punctuated Equilibria—concluding that both allopatric speciation and what we
called punctuated equilibria, both clearly conceived by Darwin but never pub-
lished, simply had to be rediscovered and elaborated on in the 20th century.

2 Steve Gould’s Impact on Fellow Fledgling
Paleontologists at Columbia in the 1960s

Steve Gould showed up on the Columbia campus in the Fall of 1963, newly-
graduated from Antioch College, and now-enrolled in the invertebrate paleontol-
ogy program at Columbia’s Department of Geology. He was joined, significantly, I
think, by at least a half-dozen other aspiring paleontologists or stratigraphers—
among whom was H. B. Rollins. Most of these new students went on to have
productive and distinguished careers. I think the sheer size of this entry class was
critical to the dynamics of the learning process—as they did, as students often do,
take their intellectual life largely into their own hands.

In the Fall of 1963, I was a junior in college, and having decided that I would
stay in the academic world, I was trying to make up my mind whether I would go
into physical anthropology or geology/paleontology. I was smitten by this intel-
lectually active new group of graduate students—and was delighted that they let
me hang around. John Imbrie was then the invertebrate paleontologist on the
Columbia campus (with Norman D. Newell and Roger L. Batten, at the American
Museum of Natural History, acting as adjuncts within the Columbia Geology
Department). I was taking Imbrie’s introductory paleontology, followed the next
semester by biostratigraphy, which was open to graduate students.

But the really important thing was that, probably with Steve as ringleader, the
new graduate students saw that there was little in the way of evolution in the
curriculum. So, they started their own seminar, and they let me join in. We read
extensively, and, taking turns, each of us led discussions. At one point I did a
session on macroevolution. This was when Steve’s influence on all of us quickly
emerged. He believed that no one should wait until they are sixty (ironically, his
age when he died) before they start actively thinking, talking and writing about
theoretical issues. And, for that matter, publishing on them!

Paleontology, then as now, was usually split between invertebrate and verte-
brate programs—and at Columbia, at least, vertebrate paleontology, ever since the
days of Henry Fairfield Osborn in the last decade of the nineteenth century, lay in
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the province of the Zoology (now Biology) Department. Vertebrate Paleontology
was seen as the more intrinsically biological subject—with its focus on the
anatomy of fossil bones, and their relevance to deciphering phylogenetic rela-
tionships. That was the supposed route to take if one wanted to contemplate
evolutionary issues from the standpoint of the fossil record.

In contrast, invertebrate paleontology was usually pursued in geology depart-
ments; certainly this was always the case at Columbia. Though some invertebrate
paleontologists—including Norman D. Newell, who was mentor to both Steve and
myself—had active interests in ecology and evolution, traditionally invertebrate
paleontology had been studied largely as a means of correlating rocks, thus pro-
ducing a repeatedly tested framework of geological time. And though much of the
interest in this aspect of invertebrate paleontological research lay in its economic
implications for the search for oil and gas reservoirs, the discipline of biostratig-
raphy (the spatio-temporal distribution of species in the fossil record), especially
as developed in the nineteenth century in Europe going all the way back as far as
Cuvier, had clear implications for understanding patterns—thus potentially pro-
cesses—of evolution.

Why did Steve Gould, so famous for having fallen in love with the American
Museum’s Tyrannosaurus at age 5, decide to pursue invertebrate paleontology
rather than the more traditionally biologically and evolutionarily-minded verte-
brate paleontology? I think the main reason was simply Steve’s undergraduate
experience with the invertebrate paleontologist J. F. White at Antioch. Steve’s
very first paper (published as White and Gould 1965) was on the meaning of “b”
in the famous equation Y = bX*, used variously to describe allometric growth of
individuals, series of individuals within populations—or even evolutionary chan-
ges between closely related species in a lineage. Steve had discovered (or Prof.
White had shown him) an unwrapped, unstudied collection of Bermudan Pleis-
tocene land snails in the basement of the Geology Department at Antioch—and
Steve had been smitten with the geometric growth of these well-preserved snails—
and had vowed to one day make them the subject of his doctoral dissertation. Few
people arrive at graduate school already knowing the precise topic of their future
Ph. D. dissertation!

A glance at Steve’s earliest entries on his prodigious bibliography reveal his
passion for growth and form, and for morphology in general. We were all aghast
when Steve took an entire year off from his doctoral research to answer the
invitation from the journal Biological Reviews to write a review of the literature on
allometry—an opportunity Steve used to make fresh observations on the subject,
especially its relationship to evolution (Gould 1966). Steve saw that invitation as a
golden opportunity—and, as was to be his hallmark, he jumped on the chance and
worked extremely hard on it. I have always said that I never met anyone so smart
who worked so hard as Steve Gould. He was establishing a reputation as an
original thinker on theoretical issues—and laying the groundwork, both in sub-
stance and style, for his first book Ontogeny and Phylogeny (Gould 1977).

Thus Steve, at heart, was first and always a morphologist and developmentalist.
One of his most important and original insights came towards the end of the
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1970s—when he was among the first to point out that regulatory genes, depending
upon their actions, and when in ontogeny they are switched on, can have a dis-
proportionately large effect in modifying adult morphologies in the evolutionary
process: long-since a central tenet of evolutionary developmental biology—or
“evo-devo.”

And, T must also say, in an evolutionary context, Steve was as much of an
adaptationist as the next person. I know it sounds strange to say so, given his
reputation as a critic of hyperadaptationism—and his search for alternative
explanations for morphological change in evolution (as witness his enthusiasm for
Elisabeth Vrba’s concept of “exaptation”—published as Gould and Vrba 1982—
though the initial idea had been developed by Vrba). All that is true—but at heart
he was a neo-Darwinian always. As am [—and so are we all.

Once, after a seminar at the American Museum sometime after 1965 (when I
had graduated from Columbia College and had taken my own place in the
Columbia graduate program), he said in mock-serious despair “sometimes I think
that man will renounce natural selection on his death-bed”—referring to our
august mentor Norman D. Newell, who seemed to include everything but natural
selection when discussing the history of life, and how it all came to be, with his
students (Fig. 1).

Newell, we were slowly beginning to realize, was the only person in the mid-
twentieth century who took patterns of what we now call “mass extinctions”
seriously—and insisted that they deserve special study to elucidate their causes

Fig. 1 Stephen Jay Gould (left) and Niles Eldredge (right) flanking their mentor, Norman D.
Newell (seated) on the occasion of Dr. Newell’s 90th birthday celebration at the American
Museum of Natural History in New York in February, 1999. Photo by Gillian Newell
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(e.g. Newell 1963). He also insisted that they periodically have an enormous
impact (literally and figuratively) on the history of life, thus opening the door still
further to seeing a causal interrelationship between evolution and its converse:
extinction.

For a time, we callow graduate students openly wished Newell would discuss
evolution—not extinction. Emphasize the positive, not the negative! And it was
only later—indeed, not until the 1980s—when we were immersed in our profes-
sional pursuits at different institutions, that the Alvarez hypothesis on the end-
Cretaceous mass extinction made such headlines, and it began to become clear that
much, if not all, evolution occurs only after episodes of ecosystem disruption,
sufficiently widespread and severe to cause the extinction of entire species—and in
the most dramatic and easily seen cases—of higher taxa.

But how, exactly, to study evolution in the invertebrate fossil record? After all,
with just the remains of their exoskeletons, it was often hard to discern the
adaptive significance of much of the morphology of invertebrate fossils.

No one back in the 1960s knew that evolutionary theory literally had begun
with the work of Jean-Baptiste Lamarck in France (Lamarck 1801; also 1809) and
Giambattista Brocchi in Italy (Brocchi 1814; see also Dominici 2010 and Dominici
and Eldredge 2010)—both of whom had brought a quantitative aspect to their
consideration of Tertiary fossil mollusks. But, on the other hand, Norman Newell
had already conducted several studies on evolutionary lineages in Upper Paleozoic
bivalves in the 1930s and 1940s (e.g. Newell 1938, 1942)—and Tom Waller, an
older graduate student working under Newell at the American Museum, was
already deeply immersed in a detailed study of scallop evolution in the Tertiary
Atlantic and Gulf coastal deposits of North America. Tom was using bivariate
statistics as a cornerstone of his characterization and comparison of scallop
morphologies in space and time.

And then there was the simple fact that it was the 1960s—and computers were
just appearing on major university campuses. Columbia got its first IBM 7090/
7094 computer system sometime around the mid-1960s, and many of us soon
found ourselves scurrying over to the Computer Center clutching shoeboxes
crammed with those old IBM punch cards. And we were lucky that John Imbrie,
picking up on the newly found passion for multivariate statistical analysis then
beginning to infiltrate geology in general, introduced all of us who were adven-
turous to the intricacies and potential analytic power of Factor Analysis, Multi-
variate Analysis of Variance, the Mahalanobis D? statistic—and other arcane
statistical delights. Steve was already immersed in statistical analysis with his
interests in allometry—and my second published paper (Eldredge 1968) was
entitled Convergence of Two Pennsylvanian Gastropod Species: A Multivariate
Mathematical Approach.

In short, circumstances themselves converged to cry out for studies of evolution
in the fossil record. We quickly saw that, whatever the disadvantages that many
invertebrate fossil taxa have for old-fashioned evolutionary studies purporting to
document adaptive change through time, these were more than outweighed by the
availability of statistically meaningful samples in well-chosen study groups.
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And one more factor played a key role in these studies: Dobzhansky and Mayr,
still dominant figures, had shown in the 1930s and 1940s (e.g. Dobzhansky 1935,
1937; Mayr 1940, 1942) the critical importance of geography and isolation in the
evolutionary process. It would be as important to study patterns of geographic
variation in more or less contemporaneous populations within a lineage—as it
would be to chart the course of morphological change (and, as it quickly turned
out, the non-change we later called “stasis”) through time.

Steve stuck to his guns and did his Pleistocene Bermudan land-snails—calling
it (in an early example of the apt, often perfect, metaphors he became famous for)
a “microcosm.” The snails were isolated there on this small island, preserved in
sediments reflecting two contrasting sorts of environmental conditions. He had no
idea that, in studying fossils of a lineage of which there were still-living, surviving
species, he was actually working on what I have come to see as the Ur-question of
evolutionary biology: the search for a natural causal explanation for the origin of
the species comprising the modern biota.

In contrast, I went to the Paleozoic—a disadvantage, as the old-timers like
Brocchi saw, because none of the species present as fossils in the Devonian had
anything directly to do with the origin of our modern fauna. But I had complex
anatomy (my fossils were trilobites), and large populations spanning nearly half
the North American continent in breadth, as well as prodigious amounts of geo-
logical time (6—8 million years—now considered to have been closer to 6 than 8
million years).

In a nutshell, I found that my trilobites—my Phacops rana—showed such
stability, such lack of change through time, that I despaired of finding any evo-
lution at all. But I saw it happening laterally, and it was clear that the allopatric
model—geographic speciation—was the only way to make sense of my patterns in
terms of modern evolutionary theory. I wrote these conclusions up in my Ph. D.
thesis (Eldredge 1969), and I took that material and revamped it for the journal
Evolution, submitted in 1970 and published as The Allopatric Model and Phy-
logeny in Paleozoic Invertebrates (Eldredge 1971) (Fig. 2).

Meanwhile, Steve had finished his evolutionary analysis of different stocks of
Poecilozonites (later published as Gould 1969)—and, in 1968, headed off to begin
his impressive career at Harvard—where he joined that rarified group of evolu-
tionary biologists that included Ernst Mayr, Dick Lewontin and E. O. Wilson, and
overlapping just briefly with the great evolutionarily-minded paleontologist
George Gaylord Simpson.

I, in contrast, happily stayed in New York, accepting an appointment as an
Assistant Curator in the Fossil Invertebrates Department at the AMNH, and an
Adjunct Assistant Professorship at Columbia, in 1969.

Thus our days of occupying nearby offices in Schermerhorn Hall at Columbia,
attending seminars at the AMNH—and, perhaps most critically—riding back and
forth between Columbia and the Museum several times a week on the #11 bus,
were over. Those bus rides were amazing. Almost invariably, Steve would launch
into a soliloquy, telling me a story about something or other he had recently read—
something intriguing to him that he had picked up in the literature. These rides
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Fig. 2 The evolution of the
Devonian trilobite Phacops
rana lineage—the original
empirical example of
“punctuated equilibria”
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were invariably entertaining and sometimes astonishing. So I had no trouble at all,
when the editor of Natural History magazine asked me if I could recommend
someone to replace his outgoing columnist (my earlier mentor and role model, the
anthropologist Marvin Harris); without giving it a second thought, I said “Steve
Gould. He’s never at a loss for words and always has a good story to tell”—or
words to that effect.

But if the old student days together, with our wives and fellow students, were
over, my working relationship with Steve in a very real sense was just getting going.

3 Punctuated Equilibria

Both Steve and I (e.g. Eldredge 2008), as well as others, have written on the history of
the production of the actual paper we entitled Punctuated Equilibria: An Alternative
to Phyletic gradualism—published as Eldredge and Gould 1972 in a multi-authored
book entitled Models in Paleobiology, edited by invertebrate paleontologist Thomas
J. M. Schopf. Fortunately, what I consider to be the definitive, canonical history of
the circumstances and events—including a detailed analysis of the manuscript as it
went through its pre-publication revisions, specifying in detail who wrote what
when—has just been published by historian David Sepkoski (Sepkoski 2012) in his
important new book Rereading the Fossil Record. The Growth of Paleobiology as an
Evolutionary Discipline. Sepkoski reports that, as the son of the late Jack Sepkoski—
amarvelous early developer of quantitative, “taxic” paleobiology, and one of Steve
Gould’s first graduate students—he was perhaps especially privy to the files and
archives pertaining to the development of the entire discipline in the 1970s and
1980s, including the early contribution of “punctuated equilibria.” I find his account
lucid and accurate—and written with the dispassionate eye of an excellent historian.
Indeed, it is somewhat prepossessing to find one’s own actions, and those of his
colleagues, from so long ago, described so truthfully—and, to me—as if it had
happened just yesterday. Steve, I am sure, would have felt the same way had he
survived to read David Sepkoski’s book.

So the details are all out there and readily available, and I need not belabor
them here—except to sketch briefly a few of the most basic points. For more
information, readers should consult Sepkoski’s book; as I am sure Steve would
agree, in the immortal words of New York Yankes manager Casey Stengel, now
“you could look it up”!

Steve, as I have said, had departed for Harvard—and was well on his way,
working, if anything, harder than ever and participating as fully as possible in
intellectual activities within—and even beyond—the strict confines of paleontol-
ogy. Steve got wind of Tom Schopf’s plans to organize a symposium for the 1971
Geological Society of America annual meeting, coupled with a book of the same
title to be published afterwards. Hoping to join in, Steve unsurprisingly asked for
the title “Models in Morphology,” or perhaps “Models in Phylogeny.” Schopf
told him that Dave Raup had already accepted the morphology assignment, and



12 N. Eldredge

Michael Ghiselin the one on phylogeny. Steve had to take the next best thing, so
far unassigned: “Models in Speciation.”

Steve evidently thought about it—and then, getting in touch with me, said
something to the effect that he couldn’t think of much else to say beyond what I
had written already and sent to him for comments—namely, the “Allopatric
Model” manuscript that was published in 1971 in Evolution. He asked me to be
coauthor and I said “sure”—and either then, or shortly thereafter, he proposed that
he give the talk at the meeting and be senior author of the GSA meeting abstract,
while I would write the initial draft of the full paper, and be senior author, of the
published version of the paper. Sounded OK to me: I didn’t especially like giving
talks, as Steve unnecessarily reminded me—and in any case it always seemed far
better to be senior author of a published paper than of an abstract of a talk at a
symposium.

I was already thinking that the two papers held the potential of igniting a lot of
interest and perhaps controversy—in paleontology, but also in evolutionary theory:
primarily because one of the claims, based on empirical evidence and held out to
be general, deviated far from the norm of conventional thinking. About which
more below.

I wrote that first draft—including an account of Steve’s thesis research on
Bermudan snails, cast explicitly now into the context of the two main thematic
components of our proposed theory. I also added an extra discussion, not previ-
ously agreed upon with Steve, on what I saw was a major implication of punc-
tuated equilibria.

Steve came back with a greatly expanded essay, improving the rhetoric, making
the argument more forceful, clarifying some concepts, and adding some thoughts
on macroevolution of his own. And, crucially, he named not only the theory itself
(“Punctuated Equilibria™), but also the phenomenon of species stability through
long periods of geological time (“stasis”), as well as the vision of adaptive evo-
lutionary history comprising inexorable gradual modification of entire species
through time (“Phyletic Gradualism”). There is a lot to names, and our title,
Punctuated Equilibria: An Alternative to Phyletic Gradualism, given what 1 just
said about Steve’s bestowal of names, was entirely Steve’s.

I must say, however, that late in his life I asked Steve about why he had started
calling our baby “punctuated equilibrium” instead of the original “punctuated
equilibria.” At first he affected not to understand what I was talking about, and
basically denied having done so. Whatever the reason, I personally detest the term
“punctuated equilibrium.”

So what were the two thematic components of “punctuated equilibria?”
(Fig. 3). Firstly, and contrary to popular and professional belief, and contrary
especially to the enduring message of Charles Robert Darwin, we postulated that
there is little if any empirical evidence that entire species will change slowly,
gradually and progressively through geological time—such that new species in
general evolve gradually from old. Phyletic gradualism is not a valid general
model for the generation of morphological change, adaptive or not, in the evo-
lutionary history of life. Rather, species, however variable locally and
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Punctuated Equilibria: An Alternative to Phyletic
Gradualism

GRADUALISM PUNCTUATED EQUILIBRIA
A A
Species C Species C
= / SpeciesB =
= / E = Species B
Species A Species A
Morphological Change Morphological Change

Fig. 3 Comparison of “phyletic gradualism” and “punctuated equilibria” evolutionary patterns

geographically, typically do little more than oscillate (in terms of mean values of
this or that morphological attribute) through what can be astonishingly long
periods of time—in the case of marine invertebrates usually 5 million years or
even longer. This is what we meant by the term “stasis.”

As to the second component, it was simply the application of Dobzhansky and
Mayr’s notion of geographic (“allopatric™) speciation: the origin of new species,
with at least a modicum of adaptive change, usually if not invariably detectable on
the morphological level, to explain the appearance of species from “offstage”—
from elsewhere; and the common, continuing pattern of geographic replacement of
closely related species or even what Darwin used to call “varieties.” Morpho-
logical change in conjunction with the origin of new species in isolated popula-
tions—a documented phenomenon in the modern fauna, thanks to the work of
Dobzhansky, Mayr and all who followed—simply must have been working as the
norm throughout the history of complex life.

The section I had added to my original manuscript on the importance of con-
sidering geographic speciation when addressing evolution in the fossil record,
addressed an apparent paradox: if our thesis is “true,” and if phyletic gradualism
in the main paints a false picture of the evolutionary process, how do we explain
evolutionary trends in the fossil record—such as the net increase in brain size in
hominid evolution over the past few millions of years? After all, long-term,
essentially linear “orthoselection” was ruled out in our model.
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That section concluded that there is a de facto pattern of net survival of some
species over others (Fig. 4), based on the phenotypic properties of individuals
within those species, that could well yield the trends we seem to see in the fossil
record. And that, of course, was the harbinger of many debates of species selec-
tion, Vrba’s (1980) “effect hypothesis,” and hierarchical thinking in general.

And, sure enough, there was a big reaction to our paper—among our colleagues
in the paleontological realm and, increasingly, in larger biological circles. Of
course we were happy for the relatively few who congratulated us on finally
bringing paleontology out of the dark ages; others said they knew it all along
(which may or may not have been true)—while still others castigated us for being
the ignorant renegades they took us to be.

It was Steve’s final rewriting and his consistently bold rhetoric which really did
the trick—in terms, at least, of commanding attention, if not universal approbation.
We had posted a manifesto that could not be ignored—unlike my 1971 Evolution
paper that had basically sunk without a trace.

At Steve’s urging, we (Gould and Eldredge 1977) wrote a “where are we
now?” follow-up paper five years later, publishing it in the newly-fledged journal
Paleobiology. Steve wrote the entire manuscript, inviting me to add, delete and so
forth. But all I ended up doing was sitting with him one afternoon in his motel
room at yet another autumnal GSA meeting, arguing about one single—but, to my

Fig. 4 Differential
production and survival of
species within two related TIME A B

clades. Reproduced from
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mind, vital—point about the paper. Steve had used the word “tempo” a lot in the
manuscript—and was in effect saying that our original paper was essentially just
about variable evolutionary rates. In fact, his working title was Punctuated
Equilibria: The Tempo of Evolution Reconsidered. 1 was aghast, as I had all along
had George Simpson’s (Simpson 1944) distinction of evolutionary tempo and
evolutionary mode firmly in mind—as developed originally and best in his book
Tempo and Mode in Evolution. Indeed, Simpson was the unacknowledged inspi-
ration for our temerity in asserting that paleontologists looking at the fossil record
could say anything original about evolution: Simpson made it clear that not all
paleontological evolutionary patterns can be easily and accurately explained by
simply extrapolating known genetic mechanisms (as revealed in laboratory
experiments, or even in pencil-and-paper population genetics). Such patterns call
for additional theory—such as Simpson had adduced in his original Quantum
Evolution model for the rapid origin of higher taxa.

To Simpson, speciation is a “mode”—not a tempo. So was Quantum Evolution.
I badgered Steve for what seemed like hours—and finally he agreed to add “and
mode” absolutely everywhere he had written “tempo” in the manuscript—
including, of course, its very title.

I tell this last story because it highlights something Steve and I said to each
other periodically over the years. Steve and I, of course, agreed about most
things—but so what? It was when we were disagreeing, arguing, sometimes damn
near fighting—in other words, when there was half a chance you could learn
something—that we were really having fun!

4 Postscript: On the “Deep-time” Historical Roots
of Punctuated Equilibria

I feel moved to close this reflection on Steve Gould in the 1960s and 1970s, and
our work together on “punctuated equilibria,” with some new insights that I have
been fortunate to have had recently. They concern the thoughts of the young
Charles Darwin, writing his secret “Transmutation Notebooks” between late 1837
and 1839 (Darwin 1837-1839; see Barrett et al. 1987)—when he was between the
ages of 28 and 30, ironically about the same ages that we were when were we
contemplating all these issues.

Darwin, of course, was the man who, once and for all, founded the profession of
evolutionary biology (not that he did not have his own predecessors—but that is
another story—see Eldredge 2009). And it was Darwin who left us with the
dominant picture of evolution through time as necessarily slow, steady and
gradual—the result of natural selection modifying entire species as the ages roll
on, and environments inevitably change.

That was the image we were criticizing—and though we have been accused of
attacking a straw man of our own devising, anyone who takes a clear, objective look
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at Darwin’s (1842) and (1844) unpublished manuscripts (C. Darwin 1842, 1844; first
published by F. —F Darwin in 1909); his mid-la 1850s also unpublished “Big Species
Book” (Darwin 1856-1858) to have been entitled Natural Selection; see Stauffer
1975 and, most importantly, of course, the 1859 and later editions of On the Origin of
Species (C. Darwin 1859), will perforce agree that what Steve called “phyletic
gradualism” is indeed by far the dominant view of long-term evolution that Darwin
developed and left us with. And his successors more or less faithfully continued to
mouth this model until Steve and I came along in the early 1970s.

But not so the young and far more interesting Charles Darwin. In my view, he
can be documented (via his notes) contemplating transmutation as early as the Fall
of 1832 while collecting fossils at Bahia Blanca in Argentina.

But it was only after his return home, and as an openly avowed evolutionist (if
only to himself) as shown in his 1837 Red Notebook (Darwin 1837; see Barrett
et al. 1987; Herbert 1987), that Darwin felt he had to finally confront the gorilla in
the room: a natural explanation—a causal mechanism—for adaptation. Prior to
that, Darwin had proceeded by adopting Brocchi’s analogy: that the births and
deaths of species are as much the product of natural causes as are the births and
deaths of individuals. The myth that Darwin came to evolution through a theory of
adaptation through natural selection is just that: a myth.

But of course adaptation is a hugely real evolutionary phenomenon. Darwin
finally tackled it in his Notebook B (Barrett et al. 1987), invoking the spirit of his
grandfather Erasmus’ Zoonomia (Kohn 1987 and E. Darwin 1794-1796) for
inspiration and perhaps even courage, as he took the plunge.

Darwin knew that adaptation somehow fell out of the simple fact of heredity, as
well as the existence of heritable variation. But something more was needed,
something was missing—and it would take Darwin another full year, and the
completion of Notebooks B and C, before he found Malthus and had his 3-part
syllogism of natural selection complete.

Yet, not daunted by lacking a complete and cogent mechanism for the process
of adaptation in late 1837, Darwin plunged on, convinced that such a law of
adaptation must exist, and determined eventually to find it (as he did a year later).
The question then became—under what circumstances is that law of adaptation
usually manifested?

Darwin knew—from his own data and observations gathered on the Beagle
between 1831 and 1836—that new varieties and/or species arise in isolation—
most easily seen on islands, of course, and especially on separate islands within an
archipelago. The Galapagos mockingbirds are the canonical example—but he had
others as well—including, as he saw it at least, the different foxes of the two main
islands of the Falklands (or Malvinas). And, after he reached home in late 1836, he
had plenty of other putative examples from the literature.

And, of course, such geographically disjunct and often still-isolated varieties
and species are morphologically distinct—that’s how you know them apart in the
first place. Ergo: adaptive change occurs in isolated populations when such pop-
ulations encounter new (to the ancestral species) environments—or the environ-
ments change.
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In other words, Darwin knew about geographic speciation and correlated, or
associated, adaptive change. It is, after all, how he came to accept the existence of
transmutation in the first place.

He also knew that species have what seemed to him to have a distressing
tendency to remain stable, i.e. not to change much if at all, through what he called
“thick formations”—meaning rather long periods of geological time.

On the other hand, Darwin had a hard time imagining how isolation could
happen with any degree of regularity, over the vast expanses of continental inte-
riors—such as all of South America south of the Amazon Basin. He knew nothing
of glaciation or other aspects of climate change that can partition and rearrange
habitats over continental areas. And yet there were so many more species on
continents than on islands and even archipelagoes!

So Darwin, without any evidence—and indeed, in spite of evidence to the
contrary—began to think that this imagined black-box motor of constant evolu-
tionary change through time must willy-nilly also account for much of the adaptive
change in evolution. He became even more convinced after he nailed down his full
understanding of natural selection in 1838. So gradual phyletic change was his
second, rather different, model of where, when and how adaptation enters into the
evolutionary picture.

And he came to see these two models—these two images of where, when and
how adaptation occurs in the evolutionary process—as somehow antithetical, as
alternatives to one another. To my knowledge, neither Dobzhansky or Mayr saw
the two as antithetical, so we must, briefly, ask why Darwin did?

Darwin simply saw that stasis might indeed be a real phenomenon. And he also
saw that geographic speciation was adequate to explain observed morphological
evolutionary change in the history of life. But he could not see that it happened all
that frequently—so the dominant role had to be played by something else: by his
model of gradual progressive change (later modified in complex ways in his
Principle of Divergence). In other words, geographic speciation could do the job if
it happened regularly. And most adaptive change would happen in the brief spurts
of speciation events.

And so, toward the end of Notebook E, presumably sometime in 1839, Darwin
wrote the following sentence, which I personally find to be amazing:

If separation in horizontal direction is far more important in making species, than time (as
cause of change) which can hardly be believed, then, uniformity in geological formation
intelligible. (Darwin 1837-1839, Notebook E, p. 135).

Allow me to translate, using the special vocabulary Steve invented to put our
thoughts across in our 1972 paper:

If separation in horizontal direction (geographic isolation/allopatric speciation) is far
more important in making species, than time (phyletic gradualism) (as cause of change)
which can hardly be believed, then, uniformity in geological formation (stasis) intelligible.
(Annotated version of Darwin 1837-1839, Notebook E, p. 135).
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Or, even more to the point:

If allopatric speciation through geographic isolation is far more important in making
species, than phyletic gradualism (as cause of change) which can hardly be believed, then,
stasis intelligible. (Paraphrase of Darwin 1837-1839, Notebook E, p. 135), using Goul-
dian terminology,

Just exactly so! In that passage, Darwin was contrasting phyletic gradualism
with the combination of geographic speciation and stasis that we called “Punc-
tuated Equilibria.”

Like Dobzhansky and Mayr before us, Steve and I had to return to the fork in
the road that Darwin had encountered in the late 1830s—and, seriatim, we rede-
veloped and explored the path that Darwin saw but chose not to follow.

One final thought: Had Darwin seen the title of our 1972 paper—particularly
when he too was a young man in the late 1830s, he would have been intrigued, but
would have insisted on the simple change of but a single word: Darwin would have
insisted on Punctuated Equilibria: The Alternative to Phyletic Gradualism.

Steve always hated to be edited—but I think in this case he would be pleased at
the suggestion that ours was not just an alternative, but the alternative to the
standard Darwinian image of evolution through time: phyletic gradualism.
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Stephen J. Gould and Adaptation:
San Marco 33 Years Later

Elisabeth A. Lloyd

Abstract Stephen J. Gould’s concern for the wide variety of explanations for
evolutionary change was one of his chief intellectual contributions. In one of his
most famous papers, “The Spandrels of San Marco”, named in honor of Venice’s
own most gloried church, and which he co-authored with Richard C. Lewontin, he
emphasized the importance of historical, correlational, byproduct, and phyletic
evolutionary explanations, and contrasted these with adaptationist explanations. In
this Article, I take a more formal approach to discussing Gould’s analysis of
evolutionary explanations, now 33 years later. My analysis rests on the “logic of
research questions”, and contrasts a “methodological adaptationist” approach, to
what I call the “evolutionary factors” approach. In the former, the key research
question is: “What is the function of this trait?” while in the latter, the research
question is: “what evolutionary factors account for the form and distribution of
this trait?” I use my case study on the evolution of the female orgasm, which
Gould defended in his column, and was one of his favorite examples, to illustrate
how the methodological adaptationist approach can lead scientists astray. (Reports
of a serious challenge to the byproduct account, based on recent poorly-designed
twin studies, are unsupportable.) Biases induced by methodological adaptationism
have led biologists to a failure to compare the byproduct hypothesis against an
adaptive one with regard to the evidence. Perhaps, then, it is past time to take
Gould’s advice, and reevaluate whether methodological adaptationism is truly as
benign as it is commonly assumed to be.
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1 Introduction

We do not usually think about the logic of our scientific methods leading to close-
mindedness, and the inability to see alternatives, or evaluate evidence, but that’s
exactly what sometimes happens in evolutionary biology with one of its most
popular methods, despite its benign reputation, and true to the warnings given by
Stephen Jay Gould and Richard Lewontin 33 years ago in their profoundly
influential paper, “The Spandrels of San Marco and the Panglossian Paradigm”
(1979).

1.1 Adaptive Explanation

The issues about method revolve around evolutionary adaptations, one of Evolu-
tion’s biggest successes. Evolutionary adaptations are traits that exist today
because they were products of natural selection acting in the past history of the
species. Take the timber wolf, one of Darwin’s examples. Descended from more
generalized and slower carnivores, the wolf evolved specialized traits for hunting
swift prey like deer and elk. There was variation in the past of the traits of speed
and strength, and because there was a reproductive advantage associated with
these traits, and selection for them, we have the wolf’s specialized adaptations for
speed and strength today. There’s an important pattern manifest in the population
distribution of speed in this example. In the ancestral population, speed was highly
variable, with values representing the different speeds distributed widely over the
population, which we can visualize as a very low or squashed bell curve, or even a
flat curve. After selection has acted over evolutionary time, we have a large peak
in the population distribution of speed, up at high speed. Selection processes
normally produce peaks in population distributions of traits, at the value of the trait
with the best fit—or closest-to-best fit—to its environment. The wolf example thus
presents a good example of a natural selection explanation that produces an
adaptation. Our living world is filled with examples of such adaptations.

Now, let us consider a breed of scientist called a ‘methodological’ or ‘heuristic’
adaptationist. This is an evolutionary biologist who assumes, at the beginning of
investigation, that the trait that they are looking at is, indeed, an adaptation. As one
of the founders of modern evolutionary theory, Ernst Mayr, memorably wrote, in
reaction to the Spandrels paper, and in defense of an adaptationist research pro-
gram, “The adaptationist question, “What is the function of a given structure or
organ?’ has been for centuries the basis for every advance in physiology” (Mayr
1983, p. 153).

While this approach may look biased, since it seems that adaptive explanations
would be unfairly favored, this favor is supposed to be only temporary. This more
benign methodological adaptationist method has been advocated by many biolo-
gists since Mayr, and here is a philosopher’s characterization of it:
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... when the hypothesis of optimality [or adaptation] is investigated first, deviation from
the optimum provides evidence that other factors are at work, and perhaps the nature of the
deviation will give clues about where to look next (Godfrey-Smith 2001, p. 342).

This is described as the “most helpful way to proceed”; look for a selective
explanation in every case, and it might lead you to nonselective explanations,
which you could then pursue if that is where the evidence led. But it is still an open
question whether the method in practice allows non-adaptive explanations ever to
win the day. Do researchers who avow such approaches in fact find themselves
willing to embrace non-adaptive explanations when the evidence points toward
them?

1.2 The Spandrels of San Marco and the Logic of Research
Questions

Problems only arise for the methodological adaptationists when a trait appears in a
population that is not the direct consequence of natural selection. In Gould and
Lewontin’s 1979 paper, they discuss the spandrels of the church of San Marco,
which are the triangular areas between the arches holding up the dome, and onto
which saints have been painted, and they write that:

... The design is so elaborate, harmonious, and purposeful, that we are tempted to view it
as the starting point of any analysis... But this would invert the proper path ... Yet
evolutionary biologists, in their tendency to focus exclusively on immediate adaptation to
local conditions, do tend to ignore architectural constraints and perform just such an
inversion of explanation (Gould and Lewontin 1979, pp. 79-82).

In their paper, Gould and Lewontin emphasize a basic fact of evolution,
namely, that not every biological character is adaptive, and that there exist
alternative evolutionary explanations available and sometimes appropriate, such as
evolutionary developmental accounts, architectural byproduct accounts, accounts
that cite correlations of growth, and so on. But they emphasize that there is an
important difference between paying lip service to this view, and using this the-
oretical assumption in actual research.

Now, later in history, we are in a position to see a clear contrast between two
distinct methodologies and corresponding sets of questions. And we know that
different questions make different answers legitimate. I call this the ‘Logic of
Research Questions’. The logic of the research question we ask constrains what
type of answers we can give, so we need to think very hard about the research
questions we ask, because the questions can lead us to actually miss what’s really
going on, and therefore to scientific failure.

The methodological adaptationist asks, echoing Mayr’s rebuttal to Gould and
Lewontin, “what is the function of this trait?” And there are any number of
possible answers to this question, which take the form:
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Possible Answers:

A: The function of this trait is B
A: The function of this trait is C
Etc.

I characterize an alternative approach here, as the ‘evolutionary factors’
approach, whose research question is: “What evolutionary factors account for the
form and distribution of this trait?” And it has a series of possible answers,
including:

Possible Answers:

A: This trait occurs in the population because it has the function B, which is an
adaptation

A: This trait occurs widely in this population because it is genetically linked to a
trait that is highly adaptive in this species

A: This trait has its current form largely because of an ancestral developmental
pattern.

Etc.

Note that the first answer is an adaptation answer, which suggests that adap-
tation is also explored, as a priority, in the evolutionary factors approach.

2 Case Study: The Evolution of the Female Orgasm

Let us turn to a case study in the logic of research questions—it is a provocative
and interesting case study, but please do not lose sight of the fact that it is only a
case study, and not itself the point of the paper.

I use my case study on the Evolution of the female orgasm, which Gould wrote
about and defended in his column in Natural History magazine—in fact, it was one
of his favorite examples of an evolutionary developmental byproduct—to illustrate
and confirm how the methodological adaptationist approach can lead scientists
astray (Gould 1987).

I should say at the start that reports of the demise of the byproduct account of
female orgasm are greatly exaggerated. A recent twin study by Zietsch and Santtila
claimed to have undermined the byproduct account (2011). They first said that the
byproduct account predicted that what they called “orgasmic function” should be
correlated in male and female twins. But their twin study showed that it was not
correlated. The chief and fatal problem with the study is that the traits studied
under the name “orgasmic function” were hopelessly different: they counted the
time to orgasm in men, that is, the time it takes for a man to have orgasm once he
starts copulation, and compared it to a completely different measure in women,
whether or not she has orgasm at all (2011, p. 1098). As you can see, these two
traits are quite distinct, and would not be expected to correlate, in any case. Thus,
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the lack of correlation of these two traits that Zietsch and Santtila found was to be
expected, and says nothing against the byproduct view, contrary to their claim
(2011, p. 1100; Wallen et al. 2012).

In my book published in 2005, The Case of the Female Orgasm, and quickly
translated into Italian (2006), I gave detailed examinations of all 21 published
theories of how female orgasm had evolved; 20 of them claimed that orgasm was
an evolutionary adaptation. With the wolf case, we saw an important kind of
evidence that is at stake when evolutionists consider an adaptive account of a trait.
That is, directional selection produces a peak somewhere in the distribution of the
trait in the population; the same is true of stabilizing selection, the type of selection
(on males) involved in the byproduct account. Now contrast the peak at high speed
in the population distribution of wolves with the distribution we find of orgasmic
performance among women (Fig. 1).

Note that only about 13 % of women always have orgasm from intercourse, and
roughly a third of women rarely or never have orgasm with intercourse in their
whole lives. In Dawood et al.’s data, 13 % of women never have orgasm at all
from any means (2005). These data are consistent with the results from the 35
studies I analyze in my book (2005), and also a more recent, large twin study
(Dunn et al. 2005). As you can see, this curve is basically flat. Simple selective
forces produce peaks in the distribution curves of a trait, as more and more of the
organisms in a population are selected to have the desirable form of the trait. All
except one of the proposed selective explanations for female orgasm predicts a
peak in this curve, but there are no peaks. Hence, all but one of the selective and
adaptive explanations for female orgasm is undermined by these data from
sexology.

There is another way in which all of the adaptive explanations, including the
Female choice theory, are undermined by sexology data, as well. Zietsch and
colleagues (2011) examined correlations of such potentially adaptive traits and
orgasmic activity in a population of nearly 3,000 women, finding zero to very
weak correlations across all 19 traits they examined including libido, social class,
orientation toward uncommitted sex, restrictive attitudes towards sex, lifetime
number of sex partners, and so on. None of the correlations had significant genetic
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components, thus undercutting any ascription of a fitness benefit to orgasm. In
addition, there has never been any evidence linking orgasm to fitness or number of
babies, frequency of intercourse, or any other trait correlated to fitness, and this
new study echoes this very significant lack (Bancroft 1989). In other words, having
orgasms is not associated with having more or better babies, the very basis of
selective change.

2.1 The Fantastico Bonus Account (Aka Byproduct Account)

Now, I would like you to consider the problem of why male mammals have
nipples. Nipples clearly provide a reproductive advantage to female mammals by
providing the means to feed the offspring; they have an evolutionary function. But
there is no known contribution to fitness, or function, for the males.

The evolutionary explanation for the existence of male nipples is a non-adap-
tive one in the males, based on the development of the embryo. Males and females
share the same embryological form at the beginnings of life; they start off with the
same basic body plan, and only if the (chromosomally male) embryos receive a
heavy dose of hormones during the 8th week of pregnancy do any sexually dis-
tinguishing characteristics appear. In females, nipples are adaptations—they were
actively selected for—but the males get them for free. This sort of explanation is a
‘developmental’ or ‘non-adaptive’ one—male nipples are seen as evolutionary
byproducts, with no function of their own.

A parallel explanation was offered, by anthropologist Donald Symons, back in
1979, for the female orgasm. Females have orgasm because orgasm is strongly
selected in males, and both sexes share the common form in the womb. The tissues
involved in orgasm for males and females are homologues, including nerve tissues,
erectile tissues, and muscle fibers. Thus, females get the orgasmic tissues through
this embryological connection and are often capable of having orgasms under the
right conditions of rhythmic stimulation.

There is a variety of evidence supporting this byproduct account of female
orgasm, although it has encountered a great deal of resistance. Part of this is surely
the “byproduct” name, which many women find demeaning. So I'm in the process of
renaming it the “fantastico bonus” account, which is much more accurate, after all.

Symons’s account accords well with the data available about human female
sexuality. Women do not masturbate by simulating intercourse, that is, solely by
vaginal insertion, they do it by stimulating the clitoris directly or indirectly
(Kinsey et al. 1953). Men masturbate the same way, by stimulating the homolo-
gous organ.

Ten of the adaptive accounts assume that women virtually automatically have
orgasm with intercourse, the way men do, and when faced with the real sex
evidence, they cannot account for the lack of orgasmic frequency (Lloyd 2005).
The byproduct theory, though, allows us to make sense of the infrequency with
which women experience orgasm with reproductive sex.
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Symons’s general thesis is also supported by the nonhuman primate evidence,
which shows, among other things, that female stumptail macaques have the dis-
tinctive contractions and other bodily markers characteristic of orgasm.

Note that Symons and I are not denying that the clitoris, as an organ of sen-
sation, almost certainly has been selected because it aids the female in sexual
excitement and induces and prepares her to seek out and have intercourse. But this
reasoning does not extend to the use of these same tissues for female orgasm.
Orgasm is a special reflex that sometimes results from clitoral and genital
excitement. Now it is time to consider the female choice type of sexual selection
hypothesis, which is the only adaptive hypothesis on offer compatible with the
wide variability of orgasmic experience in women, which shows up as the flat
curve of orgasmic distribution.

2.2 Female Choice Hypothesis and the Uterine Upsuck
Account

The basic idea of the female choice hypothesis offered for female orgasm is that
the female will mate with more than one male over either a short period of time, or
over different cycles, and have orgasm preferentially with the higher-quality
males. These theorists assume that orgasm is accompanied by a mechanism of
uterine upsuck that makes it more likely that the female will be fertilized by the
higher quality male. Thus, the orgasmic women are required to respond with
orgasms only sometimes with intercourse—yes with high quality males, and no
with lower quality males (Thornhill et al. 1995; Hosken 2008; Puts et al. 2012).
This type of female choice selection can theoretically produce the flat curve of
wide orgasm variation, but only provided that the force of selection is strong.
Specifically, note that Hosken (2008) appeals to the population genetics models of
Pomiankowski and Mgller (1995) to produce wide variation, and those models
require strong selection. Thornhill et al. (1995) and Puts et al. (2012) produce no
selection dynamics with their account, but something like the available female
choice genetic models would be required to produce the present variation.

But consider what is needed to fulfill this female choice model. It requires
multiple mating by women before insemination. How many women fulfill this in a
given population, and how strong a selection pressure can this be, also given that
selection on one sex is only half as strong as selection on both? The fitness effect in
the selection scenario proposed depends on indirect selection on female orgasm
arising from a difference in offspring quality, not quantity, given the opportunity to
choose by multiple mating. All this is extremely unlikely to add up to the strong
sexual selection required, in order to explain the very high level of phenotypic
variation of orgasm. But now there is a new challenge to this model.

In a new study published by neurophysiologist Kim Wallen and I (2011; see
Fig. 2), those women who reported orgasm with intercourse (white bars) had
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Fig. 2 Average Clitoral-Urinary-Meatus-Distance (CUMD) measurements in the Landis and
Bonaparte samples, for those women routinely experiencing orgasm in intercourse (66 % of the
time or more, white bars) and those not (black bars). Data are shown for the samples combined,
and for the Bonaparte sample’s masturbatory (autosexual) orgasms, as well. Data are all
statistically significant, except for the difference in the two autosexual samples

significantly shorter distances between their clitoris and their urinary opening,
which appears in Fig. 2 as CUMD, than did women who did not report orgasm
with intercourse (black bars). We found this strong correlation in two distinct
datasets, Bonapart and Landis, and the difference was highly statistically signifi-
cant—over two standard deviations, with an » of 0.6 in the combined dataset. We
also found that this anatomical distance was strongly predictive of whether a
woman had orgasm with intercourse. This distance is irrelevant to orgasm with
masturbation, as we would expect.

In other words, we found that an anatomical trait, basically this distance
between the clitoris and a structure near the vagina, strongly predicted whether or
not a woman would have orgasm with intercourse or not. If you think about it, this
makes good sense. The further away the clitoris is from the vagina, the less likely
it is that she will have an orgasm with intercourse, possibly because her clitoris is
not being stimulated enough by the activities going on around the vagina. Clearly,
if her anatomy so strongly influences whether or not she has an orgasm with
intercourse with a male, that leaves little room for the genetic quality of the male
to also strongly influence the outcome of such intercourse. Again, according to the
theorists, the selection pressure of this type of selection scenario needs to be quite
strong in order to produce any result in terms of evolution. Puts et al. (2012)
characterize the anatomical trait and relation we discovered as an aspect of the
environment in which female choice evolved, but it seems that our strong corre-
lations make such a scenario quite unlikely.

Overlooking for now the substantial hurdles embodied by this evidence, female
choice theory can only work if there is a physiological relation between female
orgasm and fecundity, a mechanism that is usually simply assumed. The hypothesis
had achieved widespread acceptance since the nineties through the work of Robin
Baker and Mark Bellis. But examine their data. In one data set, they have 1 out of 11
couples in the sample contributing 93 out of the 127 data points (nearly three
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quarters of the data). 4 of the other 10 couples contributed one data point each, a
combined total of 3 % of the data, and so on (Baker and Bellis 1993; see Lloyd
(2005) for much more analysis of problems with their statistics). But extrapolating to
the population at large based primarily on the results of a single subject badly
violates standard statistical practice. In the end, the Baker and Bellis data are sta-
tistically worthless and no scientific conclusions can be drawn from them.

But many dozens and even hundreds of adaptationists nevertheless used this
paper to support their desired conclusion that female orgasm was an adaptation,
and used it directly against the viability of the byproduct account, despite its
obvious flaws (e.g., Alcock 1998). The human evolution field’s instant acceptance
of the Baker and Bellis paper, and its continuing use of the paper in lectures and
teaching, as well as research, was an example of adaptationist bias getting the
better of scientific judgment or the application of normal statistical standards.
Adaptationist bias consists in favoring adaptive accounts over the nonadaptive
accounts without good evidence for doing so, or, indeed, against the evidence.

Nowadays, the favorite mechanism for the preferential movement of sperm of
the superior male is the effects of oxytocin (Puts et al. 2012). But those experi-
ments used a dose of 400 times the actual level released during orgasm, and are
thus irrelevant to the biological question without further research (Levin 2011). So
both theoretically and empirically, the female choice hypothesis is facing very
substantial hurdles before it could be accepted as a plausible theory of female
orgasm. The byproduct hypothesis, on the other hand, has much evidence sup-
porting it. So how are the two evaluated and compared by biologists? Here’s where
the biases, and above all, methods, really play a central role.

3 Analysis of Methodological Adaptationist Approach
Versus Evolutionary Factors Approach

When a methodological adaptationist does research, and asks their key question,
“what is the function of female orgasm?”, the assumption is that selection brought
the orgasmic structures to their present state; the problem or challenge is to figure
out which selective hypothesis is correct. So far, we have:

Possible Answers:

A: The function of this trait is to cement the pair bond
A: The function of this trait is to aid in preferential insemination by high-quality
males.

But where does the byproduct hypothesis belong? Some of the adaptationists in
this case see the byproduct view as a sort of “null” hypothesis. In general usage in
science or biology, a null hypothesis is usually a negative alternative to a positive
correlational hypothesis. The positive hypothesis would be one in which a trait was
positively correlated with fitness or some component of fitness, while a null
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hypothesis would be simply the non-correlation with fitness, indicating non-
selection. So, on this characterization, the answer would be:

A: The trait is a byproduct of selection on males, and has no function in females.

They often call this a “null” result.

For a methodological adaptationist, the non-selective hypothesis is often treated
as the failure to find an explanation, which they view as akin to scientific surrender
(Alcock 1987, 1998; Sherman 1989). It’s not seen as a positive explanation—in
fact, the byproduct explanation is seen as no explanation at all. This is at least
partly because it cannot be an answer to our adaptive question, it is nonresponsive.

On leading animal behaviorists John Alcock’s and Paul Sherman’s analysis, the
byproduct hypothesis is a null result, and offers only a “proximate” explanation of
how women come to have orgasms. In other words, it explains how female babies
grow up to have orgasms as adult women, but does not offer an evolutionary
account. But Alcock writes that

If we were to discover the female orgasm occurred with positive effects on female
reproductive success, we would gain an evolutionary dimension to our understanding of
this trait that is not covered by any proximate explanation (emphasis mine, emphasis his,
Alcock 1998, p. 330).

Thus, the byproduct account is not seen as an evolutionary account at all—it is
not an answer to any evolutionary question about female orgasm, with its own
supporting evidence and theoretical standing. Alcock and Sherman treat it as a
failure of evolutionary explanation altogether. And this is clearly a result of the
fact that the only answer to their adaptation question had to do with describing a
function for female orgasm. With no reproductive function, the orgasm is seen as
having no evolutionary role at all. This is a consequence of the logic of the
research question.

Similarly, David Barash, the author of the most widely selling textbook on
sociobiology for a couple of decades, and a grandfather of the field of human
evolution, writes, with his wife, regarding the impetus behind those favoring the
byproduct theory, that it involves

a scientifically legitimate desire to explore all possible explanations for any biological
enigma of this sort, including the ‘null hypothesis’ that it might not be a direct product of
evolution after all (Barash and Lipton 2009, p. 133; my emphasis).

And here, note the equivalence of evolution with selection in this statement; the
byproduct explanation is mistakenly not considered evolutionary, just as we saw
before with Alcock and Sherman.

So here we have the situation: we ask the Methodological Adaptationist
Question:

“what is the function of the female orgasm?” And we consider and test the
appropriate answers.
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Possible Answers:

A: The function of this trait is B
A: The function of this trait is C
Etc.

But with too many failures, we get what they call the “null” result: That the
trait has no function in females. They conclude “it may not be a direct product of
evolution at all.” We should correct this answer to: “it may not be a direct product
of selection at all.” So, the byproduct answer seems to be, for them:

A: null result: the trait has no known function or correlation with fitness, and may
not be a direct product of selection at all.

But we should consider the positive alternative:
A: The trait is a byproduct of selection on males, and has no function in females.

Note that in both cases, there is no function in females, which is still nonre-
sponsive to the research question of the methodological adaptationists, because it
requests a function. Instead, Symons’ byproduct explanation should be seen in
terms of the logic of the evolutionary factors research question, specifically, “what
evolutionary factors account for the form and distribution of the trait of female
orgasm?”

Possible answer:

A: This trait has its current form and distribution largely because it is a byproduct
of strong stabilizing selection on the male orgasm. (This is the correct reading of
the byproduct theory, a positive alternative causal hypothesis.)

Contrast this answer with the characterization of the byproduct view offered
under the methodological adaptationist research method:

Possible answer:

A: This trait has no known function or correlation with fitness, and may not be a
direct product of selection at all (what adaptationists call the “null” hypothesis,
which they think is equal to the byproduct hypothesis).

Hence, the methodological adaptationists’ portrayal of the byproduct hypoth-
esis is misleading, and in fact, incorrect. When the byproduct hypothesis is treated
as merely a non-answer to the adaptive evolutionary question asked, it also cannot
be seen as accumulating evidence in its favor. As an answer to the more inclusive
evolutionary factors question, the byproduct account is an alternate causal
hypothesis to an adaptive account, with a set of specific evolutionary mechanisms
involving indirect selection, which can accumulate evidence in its favor: it is not
merely a null result. Thus, even though the methodological adaptationists present
their adherence to their research program and its attendant question as perfectly
harmless and in fact very good and productive science, we can see here, exactly,
where it goes astray.
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In essence, the byproduct hypothesis cannot be an answer to the function
question, while it is a perfectly acceptable answer to the evolutionary factors
question. We can see in these various researchers’ responses to the orgasm case
how confused they become by focusing only on their primary research question.
For example, when a group of adaptationists were launching arguments against
Gould’s presentation of Symons’s byproduct hypothesis that was based on my
analysis, they—very strangely—behaved as if no empirical evidence had been
considered at all. Adaptationist Donald Dewsbury, a very distinguished psychol-
ogist studying animal reproductive behavior, for example, claimed in response to
Gould’s discussions that

... we need to study the consequences of orgasm for differential reproductive success and
then determine whether a plausible case can be made for drawing the loop from present
consequences to the past history of natural selection. These need to be studied, not
asserted or denied a priori (Dewsbury 1992, p. 103; my emphasis).

The perception was, clearly, that no good evidence had entered into the debate,
despite Symons’s entire chapter in 1979 detailing evidence supporting his theory,
and Gould’s appeals to the 66 years of sexology evidence, and so on. But since all
of that evidence seemed to favor the byproduct view, a theory that was considered
only a null account, it was invisible to these researchers. This is where the logic of
research questions really does its damage.

Gould and Lewontin complained in their spandrels paper that if one selectionist
explanation failed to explain the trait under investigation, the adaptationists would
simply turn to another adaptationist explanation, and then another and another;
there seemed no end of selection hypotheses that could be appealed to. In essence,
there is no stopping rule for the research question, “what is the function of this
trait?” As a result, the lack of evidence favoring all the hypotheses proposed so far
for a trait is rightly perceived as no impediment for its future success as an
adaptation of some sort; thus, the so-called “null” hypothesis, or no-function view
of the byproduct hypothesis is neither attractive nor needed, since a new function
story is always available. Note that the repeated failure of adaptationist accounts
does not have any bearing on the positive evidence available supporting the
byproduct account, although many adaptationists incorrectly believe that this is the
sole evidence supporting the account (e.g. Alcock 1998; Lindquist 2006). Because
the logic of the function question demands a function answer, no byproduct answer
can be considered a positive answer to the research question, and thus have support
in its favor, and we do find the participants in the debates following this logic.

On the logic of research questions, though, the evolutionary factors approach
works very differently from the methodological adaptationist one in terms of how
to treat evidence: an adaptive hypothesis can be compared directly to a non-
adaptive, byproduct theory, by comparing evidence in favor of each view. As we
saw, under the function question, the byproduct account gets incorrectly classified
as a null hypothesis, and a null hypothesis cannot have independent evidence in its
favor. But the methodological adaptationists never get a chance to compare the
byproduct hypothesis as a positive causal hypothesis because they have no
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stopping rule, and would have to give up on their quest for a functional hypothesis,
at least temporarily, and switch questions to the evolutionary factors approach. No
researcher opposed to the byproduct account involved in this debate has ever done
this, at least in print. Compare the two questions and their samples of relevant
well-formed answers here:

What is the function of this trait?
Possible Answers:

A: The function of this trait is B

A: The function of this trait is C

A: The function of this trait is D, or E, F....Z, AA, BB,....ZZ, AAA, BBB...7?7?
[Faulty A: This trait has no known function or correlation with fitness, and may not
be a direct product of selection at all (what adaptationists call the “null”
hypothesis, which they think, falsely, is equal to the byproduct hypothesis)]

Etc.

What evolutionary factors account for the form and distribution of this trait?
Possible Answers:

A: This trait occurs in the population because it has the function B, which is an
adaptation

A: This trait has its current form and distribution among one sex largely because it
is a byproduct of selection on the opposite sex’s trait

A: This trait occurs widely in this population because it is genetically linked to a
trait that is highly adaptive in this species

A: This trait has its current form largely because of an ancestral developmental
pattern.

Etc.

Under the logic of research questions, then, those using the methodological
adaptationist approach cannot adequately evaluate the accumulated evidence for
the byproduct approach. This evidence is in some sense only visible on the evo-
lutionary factors approach, where the weight of evidence is the right rule to use in
evaluating the byproduct hypothesis and its alternatives.

The methodological adaptationists also make basic scientific errors arising from
their method. For example, several adaptationists repeatedly complain that under
the byproduct hypothesis, female orgasm would fade away and deteriorate over
evolutionary time, and would tend to disappear from the population. This notion
has been advanced not only by leading scientists such as Alcock, Sherman, and
Barash, but also by outstanding primatologist and human evolutionist Sarah
Blaffer Hrdy, and it is based on a misunderstanding of how the byproduct account
works (Alcock 1998; Sherman 1989; Smith 2005). This misunderstanding is likely
a consequence of their adaptationist bias that a particular trait will only be sus-
tained in a population if it itself is under sustained selective pressure. But under the
byproduct account, the basic muscle, nerve, and tissue pathways involved in
female orgasm would be maintained in the female over the generations in virtue of
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the fact that they are under ongoing strong selection in the male. Thus, method-
ological adaptationist explanatory biases have led to fundamental mischaracter-
izations of the byproduct hypothesis.

4 Conclusions

In conclusion, Gould’s approach to evolutionary biology says that we should not
privilege adaptation explanations automatically above other alternatives, such as
developmental or phyletic ones, and our research methods should not bias our
research outcomes. This is among the main messages of Gould and Lewontin’s
famous spandrels paper, which most biologists say is now passé, and claim that
biologists simply do not make those mistakes any more, if they ever did. This is
clearly false, as we can see from this problematic case. Even in the most recent
discussions in the orgasm controversy, the philosophical, theoretical and evidential
issues are unresolved. And I would like to emphasize that I am not in any way
against adaptationist explanations themselves. In fact, I think that the first type of
explanations that should be considered using the evolutionary factors approach are
adaptationist ones; we should start our examination of any trait by asking whether
it is adaptive. But I am using this case to highlight some risks of a particular
approach to research into evolutionary causes. These risks become obvious when
we examine the logic of the research questions and their relevant answers, within
the methodological adaptationist approach. When a research method makes any
particular types of hypothesis especially difficult to entertain or accept, it deserves
serious scrutiny. The presence of researchers like Symons who engaged in their
research using the more inclusive evolutionary factors approach exemplify an
available alternative method. Evolutionists all say that they have learned their
lessons about an inclusive approach to evolutionary explanation from Gould and
Lewontin’s 1979 spandrels article, but methodological adaptationism seems to
make it very difficult for them to act on those lessons. Grazie molto.
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Kinds of Pluralism: Stephen J. Gould
and the Future of Evolutionary Theory

Telmo Pievani

Abstract Stephen J. Gould’s living legacy is a scientific and epistemological one,
much beyond his talent as science writer and communicator in evolutionary topics.
In the XX century Gould has been one of the most important evolutionary biol-
ogists proposing a new logical and theoretical “structure” for the whole theory of
evolution, not just a description of disjointed innovative emerging fields. He
named this structure “Darwinian pluralism” or extended Darwinism. Ten years
after his death and after a lot of impressing new discoveries in many evolutionary
fields, we discuss the efficacy and limits of his pluralism, also in comparison with
other kinds of pluralistic approaches to the units, the levels and the factors of
evolutionary change. Adopting the methodology of “scientific research pro-
grammes”, we present Gould’s legacy as a peculiar expression of reformist Neo-
Darwinism: polemic targets are referred to the so called “hardenings” of the
Modern Synthesis, whereas the assumptions of compatibility are referred to the
core of the original Darwinian theory.

1 Introduction

Evolutionary biology is a rapidly evolving subject. At an accelerated pace, we are
confronting uproarious advances in several fields like genomics (see for example
“Encode” programme about the non-coding sequences of DNA, or recent dis-
coveries about RNA machinery), lateral gene transfer, symbiosis, epigenetics,
evolutionary developmental biology, new comparative studies, macroevolutionary
patterns such as mass-extinctions, and so on. These wide and diversified domains
of research have both experimental and theoretical impacts: they both enlarge
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additively the empirical basis of the theory of evolution in unpredictable ways and
redefine concepts and terms. Ranging from ecology to molecular biology, they
change evolutionary biology at different levels of analysis, from global ecosystems
to the biochemistry of life. It is unlikely that all these progresses will not have an
impact on the structure of evolutionary theory itself, which is not the same as
decades ago.

The revision and extension of evolutionary theory was one of the main interests
of Stephen J. Gould (hereafter: SJIG), and for many reasons the core of his intel-
lectual legacy. As first thesis of this paper, in terms of theoretical biology, we will
point out that SJG did not have an additive and purely descriptive conception of
these advances. In order to build a somehow “Extended Evolutionary Synthesis”,
he thought that it was not enough to enucleate the more innovative emerging fields
(like the conjunction of phylogeny and embryogenesis foretold by him very early
in 1977 with Ontogeny and Phylogeny 1977a) and sum up the updating lines as a
list of disconnected topics. In the XX century SJG was one of the most important
evolutionary biologists proposing a new logical and theoretical “structure” for the
whole theory of evolution. He named this structure “Darwinian pluralism” or
extended Darwinism. Up to now, there are few other attempts with a similar
ambitious scope. Thus, ten years after his death and after a lot of further
impressing discoveries, it could be interesting to discuss the efficacy and limits of
his pluralism.

A collateral question is steadily emerging, not so crucial in a scientific sense but
very overexposed in mass media: is this new structure still Darwinian or “Neo-
Darwinian”? (in an extended meaning of the latter term, as redefinition in modern
scientific language of the core of Modern Synthesis). The answer to this question
(our second thesis here: SJG as a peculiar expression of reformist Neo-Darwinism)
leads to a contentious theme for the future. Are these extensions so huge and
radical that there is no more a “theory of evolution”, but just a collection of
mechanisms and data searching for coherence? Or is a new structured theory
emerging? In order to reach a consensus about that, maybe the narrow term
“theory” should be replaced by the more articulated epistemological tool proposed
by Imre Lakatos for other disciplines: evolutionary biology today has something
more than a theory, it has a “research programme” (Lakatos 1978; Pievani 2012a).

Is this research programme progressive (outwards empirically successful and
inwards theoretically consistent) or regressive (accumulating anomalies)? Has SJG
well interpreted the extensions and revisions needed? Focusing on his idea of
“hierarchy” of selection units, we could surprisingly discover that SJG was for
some aspects conservative, and that other kinds of pluralism could be even more
far reaching. SJG’s pluralism should be intended as an agenda for future exten-
sions and revisions of the evolutionary research programme: in many cases his
predictions have been confirmed (an outstanding example: in paleo-anthropology)
whereas in other cases they failed. Anyway, it should be acknowledged that SJG’s
living legacy is a scientific and epistemological one, much beyond his talent as
science writer and communicator in evolutionary topics.
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2 Stephen J. Gould’s Pluralism

The heritage of such a polymorphic and productive scientist needs to be studied
with careful methodological principles, in order to correctly analyze his vast
production. SJG is known for his political and sociological thought (Prindle 2009),
his style of communication and writing (Selzer 1993), his famous public contro-
versies and intellectual provocations (Sterelny 2001), his role as a historian and
philosopher of science, his ability to write remarkable works on the history of
science based on primary sources. Thus, his influence was in many cases indirect.
Let us take the case of human evolution (discussed in: Pievani 2012b). As an
invertebrate paleontologist and evolutionary theorist, SJG did not publish any
direct experimental results in palaeo-anthropology (with the exception of Pilbeam
and Gould 1974), but was able to prepare the stage for many debates within the
discipline, frequently concerning some implicit, powerful but misleading concepts
applied to human evolution.

As for strictly technical contributions in formal palaeo-anthropological litera-
ture, Michael Shermer quantified 13 publications in the huge amount of SJG’s
technical papers (479) (Shermer 2002). The role of SJG’s ideas in paleo-anthro-
pology is an example of indirect, successful theoretical influence between a
general scientific “research programme”—that is evolutionary thought at large—
and one of its strikingly changing sub-fields, the study of human evolution (see
also Tattersall 2013). Though indirectly, SJG was able to anticipate some mean-
ingful scientific predictions, i.e. the branching richness of the “bushy tree” of
hominin phylogeny or the role of neoteny in Homo sapiens evolution (Gould 1980,
1989). A similar case could be sketched out about the mass-extinctions debate and
SJG’s contribution to the revival of scientific “Neo-catastrophism” (Gould 1985;
Benton 2003).

The scientific and epistemological production of this eminent Harvard evolu-
tionist was very heterogeneous as well. The proposal of an extended and revised
Darwinism was outlined mainly in the last twenty years of his life (1982-2002)
and depicted in his monumental work, The Structure of Evolutionary Theory
(2002a). In order to detail the structure of his extended theory of evolution we need
to consider the two collective books dedicated to him after his death: Vrba and
Eldredge (2005) and Allmon et al. (2009). The latter presents the first apparently
complete bibliography of Gould’s work, compiled by Warren D. Allmon: 814
titles. Furthermore, we have to consider his famous series of three hundred popular
essays in Natural History magazine, carefully gathered in ten volumes (for an
essential compendium: McGarr and Rose 2006).

One of SJG’s preferred methods was the extraction of “general themes” of
evolutionary thinking from idiosyncratic stories, seemingly insignificant details
and marginal actors of the history of science (Gould 2002b). Surveying his writ-
ings, we could use the same criterion for an evaluation of the whole structure of his
lifelong work, which includes 22 books (with the two most technical at the very
beginning, Ontogeny and Phylogeny, 1977a and at the end, The Structure of
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Evolutionary Theory 2002a), 479 scientific papers, 300 essays in the Natural
History magazine, and dozens of other articles and reviews.

Organizing the huge material by conceptual themes, we propose to divide SIG’s
pluralism in three main fields, each one with a main topic, sub-fields, and more
general philosophical consequences (see Table 1). Each domain has also its spe-
cific polemic targets, because SJIG always followed one of his preferred Darwin’s
epistemological quotations. In a letter to Henry Fawcett two years after the pub-
lication of the Origin, the great naturalist, counterbalancing his typical inductivism
as a methodological background, wrote: “All observation must be for or against
some view if it is to be of any service” (Darwin to H. Fawcett, 18 September 1861;
see www.darwinproject.ac.uk). In Imre Lakatos’ modern terminology, any scien-
tific research programme must be evaluated in comparison with at least one other
rival programme (Lakatos and Musgrave 1974). SJG loved what Gerald Holton
defined antagonistic themata or “thematic pairs” in science: gradualism/punctu-
ationism; holism/reductionism; time’s arrow/time’s cycle; adaptationism/non-ad-
aptationism; contingency/necessity; theory/data (Sulloway 1987).

But each domain has also assumptions of compatibility, because SJG’s overall
proposal is a kind of inclusive pluralism with respect to the Neo-Darwinian tra-
dition of research. As we shall see, polemic targets and thematic pairs are referred
to the so called “hardenings” of the Modern Synthesis, whereas the assumptions of
compatibility are referred to the core of the Darwinian theory. In those thematic
pairs, as SIG’s favourite conclusion claims, not everything can be explained by
just one horn of the dilemma.

The structure of SJG’s pluralism is seen here in a synoptic way (see Table 1).
He wrote 136 peer-reviewed papers about evolutionary theory, 64 about natural
history (zoology, biology and environment) and 115 about paleontology and
paleobiology (including Punctuated Equilibria, paleo-anthropology and geology).
An analogous blending of themes emerges from statistics applied to his 300 essays
in Natural History (the first one, in January 1974, was about “Size and Shape”)
(Shermer 2002). The same impression of integration arises from a diachronic
sketch of the whole scientific production of the Harvard paleontologist (see
scheme 1 in Pievani 2012b, pp. 2-3): with the early technical studies about
allometry, shape and size in West Indian land snails (since Gould 1966), the
strongly debated Punctuated Equilibria initial paper (Eldredge and Gould 1972),
and the first essays against genetic extrapolationism and biological determinism
(Gould 1977b). This scheme aims at putting SJG’s work in a larger and consistent
context, which stresses the global integration of his theoretical heritage. His
writings are neither a collection of separated topics, nor a list of weird evolutionary
stories. They have a visible frame, a pluralistic research programme. The same
property has been highlighted by Michael Shermer in the interconnections of
subjects throughout the broader SJG’s interests in history of science, science
studies, philosophy of science and evolutionary researches (Shermer 2002).
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3 His Way to Be a Darwinian

Summing up the three great domains of his pluralism, we understand SJG’s apical
view of the “nature of history” (Sulloway 1987). Evolution is an irreversible
process, with its specific historical patterns. As SJG repeated, history matters
(Gould 1987) and after Darwin natural history has acquired a scientific status for
the first time. Here we appreciate the everlasting dialectic that SJG engaged with
the founding father of the theory of evolution by natural selection. It was a sci-
entific, historical and epistemological man-to-man fight, with strong attractions
and repulsions. Darwin has been for SJG at the same time a crutch and a straw-
man: a crutch because very skillfully he stressed the contradictions, the ambigu-
ities and the theoretical flexibilities of the English naturalist in order to set them
against the hardenings of the later Modern Synthesis (playing the game of who is
more Darwinian than Darwin); a straw-man because he underlined, sometimes
compulsorily, the supposed mistakes of Darwin as a gradualist and progressionist,
in opposition to the radical reformation he had in mind after the Punctuated
Equilibria paper.

As a matter of fact, despite Darwin’s wedge of progress and liberalist economy
of nature (two preferred polemic and “political” targets of SJG), they were two
authentic pluralists. The main debt of SJG to Darwin is the idea of natural history
as a domain of “laws” (lawlike patterns, regularities) interlaced with the domain
of chance (irreversibility): uniqueness of history and repeatability of nature’s
patterns. Here is the grandeur of Darwin’s view of life, and the key to under-
standing the central concept of contingency in SJIG (Gould 1989, 1991, 1993;
Pievani 2009). It does not mean that evolution occurred merely “by chance”, but
through an entanglement of functional factors (produced by selective pressures),
structural constraints, and historical contingent events: an interplay between ran-
dom events and regularities (Gould 2002a). The massive contingency of history
means that particular events, or apparently meaningless details, were able to shape
irreversibly the course of natural phenomena. We could define contingency (36
popular dedicated essays, but a theme quite everywhere present both in books and
in the 136 peer-reviewed papers devoted to evolutionary theory) as the more
general philosophical consequence of SJG’s pluralism (A + B + C).

In this ambitious proposal of SJG as a philosopher of history, in a dialectic
position with the founder, we recognize that each domain of his pluralism shows
points of continuity and points of rupture with the Darwinian tradition:

e points of continuity are: in A, the role of geographic isolation, the Neo-Dar-
winian forces acting during speciation, the different levels of analysis with
micro-evolutionary gradualism compatible with punctuations at the paleonto-
logical scale; in B, standard natural selection acting on organisms as a central
mechanism being part of a hierarchical multilevel process, selection between
tribes and families tolerated by Darwin in special cases; in C, both standard
adaptations and functional shifts already discussed by Darwin;
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e breaking points are: in A, no all-powerful phyletic gradualism, no progres-
sionism, biological concept of species, neo-catastrophism; in B, no extrapola-
tionism from lower levels (theory of microevolution), top—down interactions,
species selection; in C, no prevailing functionalism as in Darwin, spandrels.

The global sense of SJG’s peculiar operation on the Darwinian tradition has
been the construction of a “third-generation” Darwinism, which (1) contains the
nucleus of Darwin’s theory (common descent, tree thinking, variation, inheritance,
selective processes), (2) enlarges it in a plurality of rhythms, levels and factors, (3)
cleans it from unnecessary hardenings of the late “dogmatic” Modern Synthesis
(phyletic gradualism, extrapolationism, adaptationism). Considering in addition
the growing historical awareness of the original Darwin’s pluralism (about the
three lines above: rhythms, levels and factors), even underestimated by SJG, we
can agree with the very clear and somehow surprising statement of Niles Eldredge
2013

And, I must also say, in an evolutionary context, Steve was as much of an adaptationist as
the next person. I know it sounds strange to say so, given his reputation as a critic of
hyperadaptationism—and his search for alternative explanations for morphological change
in evolution (as witness his enthusiasm for Elisabeth Vrba’s concept of “exaptation”—
published as Gould and Vrba 1982—though the initial idea had been developed by Vrba).
All that is true—but at heart he was a neo-Darwinian always. As am I—and so are we all.

4 Hierarchies and Levels of Selection

But Niles Eldredge stresses also another synthetic point: “Steve, at heart, was first
and always a morphologist and developmentalist” (Eldredge 2013). In other
words, strongly focused on internal constraints, developmental processes, complex
forms: an internalist view of evolution (the third domain of his pluralism, C in
Table 1, maybe the most relevant). We have seen above that points of rupture and
points of continuity (with respect to the Darwinian theory) are consistent with each
other because of the different scaling of evolutionary causality, a crucial issue for
SJG. Nevertheless, as Niles Eldredge points out in his contribution in this volume
(2013), the novelty of Punctuated Equilibria was not only related to the rates of
speciation (the axis of time in representing evolution), a matter given undue weight
in debates, with confusion between Punctuated Equilibria and versions of
“saltationism” (Dennett 1995). The novelty was mainly related to the ecological,
biogeographical and macroevolutionary conditions surrounding speciation pro-
cesses (the axis of space in representing evolution: Vrba and Eldredge 1984;
Eldredge 1989), like climate instability, geophysical disruptions, ecological bar-
riers, fragmentation of habitats, and their consequences (turnover pulses, habitat
tracking, mass or regional extinctions). Then, not only the “tempo” but also and
mostly the “mode” of evolution.
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It is interesting that about the “mode” of evolution (ecology, geography, and so
on) a difference of sensitivity emerged in early times between SJG and Eldredge.
As an extension of Punctuated Equilibria, in SJG, genomes, organisms and groups
(even species for some characters like the degree of internal genetic variability) are
different, inherently hierarchical levels of evolving “Darwinian units”: autono-
mous and integrated levels of the organization of life. In Lloyd and Gould (1993),
species selection on “variability” (intended as a good species-level trait associated
with genuine species-level fitness) was depicted as a major force of macroevo-
lution (see also Gould and Lloyd 1999).

The fact that SJG intended hierarchical levels merely as sets of Darwinian units
is relevant. Defining the levels of selection as units of interaction, rather than units
of inheritance (see also Minelli 2013), SJG showed his mainly antagonistic way to
interpret the “multilevel selection” debate (which is related but theoretically non
coincident with the problem of the evolution of the hierarchical structure of the
living world). He had steadily in mind the intellectual fight against Richard
Dawkins and his gene-centered reductionism, so he thought to simply broaden the
concept of replication. The result is a hierarchy with standard organism-like units
(groups, species, super-organisms), intended as interactors, with the risks related to
a strongly discontinuous concept of macroevolution as independent theoretical
domain. Differently, in Eldredge the “hierarchy approach” is a more externalist
extension of the mode of speciation inherent in Punctuated Equilibria, with a
double genealogical (time) and ecological (space) logic (Eldredge 1999). The two
parallel hierarchies in Eldredge are not a prosecution of Dawkins’ replicator/
interactor scheme, because they are two causally inter-dependent levels of evo-
Iutionary change. On the contrary, in Dawkins interactors are mere vehicles for
replicators and the replicative logic is the fundamental one.

The refusal of the double hierarchy of his friend and colleague is based, in SIG
(2002a, p. 642), on two misleading arguments: useless complexity and overlapping
(see also Minelli 2013). In Eldredge’s “sloshing bucket” model (2008), the nested
evolutionary individualities are defined as kinds of biological organization, from
the point of view of genetic transmission (genealogical or evolutionary hierarchy)
and from the point of view of exchanges of matter and energy (ecological or
economical hierarchy). Thus the groups of organisms inside a species, at the same
population level above organisms, could be organized in two different ways. It is
not essential that replication is a necessary and sufficient criterion for individuality,
because the two hierarchies are not independent, but interdependent. In Eldredge’s
model no faithful inheritance is required and the levels are wider units of evolu-
tionary change (ecological and genealogical). In this case SJIG’s criticism is linked
to a rigid way to see hierarchy in an exclusively selective way (contra Dawkins),
trying to define what exactly should be an “individual” (where species become
“individuals” as well).

Hence all the problems related to “species selection” (and to strong versions of
“group selection”) arose as well. “Interactors with adequate modes of plurifica-
tion” (Gould 2002a, p. 642) is a quite vague definition, with serious difficulties at
higher levels of the hierarchy. Moreover, “selection” is a very demanding causal
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concept and it is not enough to have somehow a discrete individuality for repre-
senting a unit of selection: without species-traits, competition, differential survival
and inheritance of some kind no natural selection occurs. In Eldredge’s (2008)
model, standard natural selection between organisms is the hinge of the scheme,
the locus where ecological logic and genealogical logic melt and coincide at the
organismal level. No other metaphysical and unsteady definitions of “emergent
properties” are needed to see standard natural selection as causation everywhere
compulsorily. Instead, considering a stronger continuity between levels, we could
observe “multilevel selection” processes depending on the different interactions
(ecological and genealogical) below or above organisms: for example, phenomena
of species sorting; phenomena of group selection depending on social organization
and population structure; changes of the units of evolutionary change; trade-offs
between selective forces, random events and structural changes; interplays
between biological and cultural evolution. This kind of pluralistic explanation fits
very well with a lot of contemporary integrated field researches, in which
molecular biology, paleontology, ecology, paleo-climatology, demography, pop-
ulation structures, and other points of views at different levels (ecological and
genealogical) make evidences and patterns to converge in shaping an evolutionary
scenario, for instance in palaeo-anthropology (Jacobs and Roberts 2009; Pievani
2012c).

In this case we have different confronting kinds of pluralism (selective hier-
archy of interactors vs ecological-genealogical hierarchy), that could be surpassed
by new evidence and even appear as oversimplifications in the future. More
generally, not only about the units of selection debate, adopting a “parliamentary
metaphor” we envisage three possible positions about the future of the Neo-
Darwinian research programme:

(a) Conservatives. Extensions are sufficient and they are already incorporated in
the Modern Synthesis (like neutralism and near-neutralism), so the programme
needs just superficial restyling case by case.

(b) Revolutionaries. Extensions are insufficient and the programme is going to
become regressive, because it accumulates more and more serious and fatal
anomalies. A rival research programme, no longer Darwinian, will replace the
present one.

(c) Reformists. Extensions are insufficient, but they could be incorporated in a
revised research programme, still Darwinian in its core but re-established both
experimentally and theoretically, or in multiple theories with specific mech-
anisms and explananda.

As a matter of fact, it seems that the consensus of the many involved in the-
oretical issues of evolutionary biology is concentrated at present in the third
position (see also Miiller 2013). SJG proposed a “new synthesis”, a new version of
Darwinism, as an expression of the reformist claims. He envisaged neither an
alternative “paradigm” (despite his attraction for Thomas Kuhn’s “punctuational”
way to see the history of science, SJG used this term for his opponents, for
example labeling the “adaptationist paradigm”), nor a rival research programme.
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He tried to trace the lines for updating the existing one (Pievani 2012a) . Then it is
inaccurate to say that SJG has been a “failed revolutionary” (Dennett 1995). As a
reformist, he was radical in some points and quite moderate in others. Provident or
not has he been in this enterprise, he understood that it is not enough to say that a
research programme (the Modern Synthesis) is in the middle of a crisis (regres-
sive), and that recent advances are deeply innovative. He proposed a frame for the
future evolutionary research programme to be “progressive” (in Lakatos’ termi-
nology), and any proponent of “extended” new syntheses should acknowledge it.

5 Discussion: How Much Extended the “Synthesis”?

As main focus of his heritage, SJIG was not a science communicator, but an
evolutionary biologist skillfully using history and philosophy of science for an
ambitious proposal of revision and extension of the structure of evolutionary
theory. He was not an anti-Darwinian (i.e. saltationist) or a post-Darwinian. He
was historically aware in his scientific challenges, defending the autonomy of
paleontology, the role of natural sciences and the morphologist and develop-
mentalist traditions of research.

SJG’s pluralism (A 4+ B + C) is an “adaptive radiation” of possible directions
of change in contemporary evolutionary research programme. In other words, an
agenda for future research. In these first ten years without SJG, his proposals and
provocations suffered a differential survival. Probably SJIG was partly wrong about
the non-functional role of non-coding DNA, claiming for a vague role of “bio-
logical redundancy” and flexibility. His analysis of the Burgess Shale general
dynamics has been questioned (Collins 2009). Species selection is very seldom
considered in current literature. Even some historical interpretations in his
anthropological essays have been criticized (Lewis et al. 2011; see also Tattersall
2013).

On the contrary, if we focus on the main topics of A + B + C, according to
Pagel et al. (2006), Punctuated Equilibria are far from being “a tempest in a
teapot”, as Richard Dawkins imprudently asserted. Their relative frequency, as
one of the patterns of speciation, is substantial (for a reconstruction of the debate:
Sepkoski 2012). Group selection, whatever its frequency or rarity in natural his-
tory, seems a real pattern, empirically testable (Goodnight and Stevens 1997;
Nowak 2006; Wilson 2012). From a theoretical point of view, we have by now in
the literature several proposals of multilevel or hierarchical selection theories,
even if each author has a different version (Okasha 2006). About the present uses
of three crucial SJG’s concepts—such as heterochrony, developmental constraints
and constructional non adaptive byproducts—as powerful theoretical frameworks
see Miiller (2013). Exaptations received growing quotations as mechanisms of
change, not only in strictly biological fields (Pievani 2003, 2011; Pievani and
Serrelli 2011).
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Discussions are open about the empirical importance and relative frequencies of
these patterns, but around the basic issues of SJG’s overall proposal a pluralistic
consensus seems to be gaining ground (Lewontin 2008). The future will say if this
extension of the theory is becoming too large and frayed, and requires a more
fundamental reduction to few principles. A first account of these ten years of new
researches after SJG’s death gives apparently two preliminary results:

(1) The amount of new discoveries with relevant evolutionary consequences (gene
regulatory evolution, plasticity, epigenetics, niche construction, evolvability,
and so on) went much beyond SJG’s pluralistic expectations, making the
“conservative” attitudes more and more anachronistic.

(2) In front of “revolutionary” temptations (the dawn of a new theory of evolution
is coming), the reformists split between those who think that we need a suc-
cession of extended “special theories” with delimited explananda and
mechanisms (see Miiller 2013) and those who think that we need a third-
generation “general theory” of evolution still Neo-Darwinian (after the ori-
ginal Darwinian one and the Modern Synthesis, like the “pluralist Darwinism”
outlined by SJG). The former has the problem to figure out the theoretical and
methodological relationships between the extended “special theories” and the
supposedly basic “general theory”. The latter has the problem to explain how
the tumultuous empirical updates could be incorporated in a still coherent and
unitary structure able to cover all kinds of evolutionary phenomena.

According to the methodology of scientific research programmes (Lakatos
1978), the “general theory” could be represented as an extended core of the
programme (still Neo-Darwinian and corroborated) and the “special theories” as
provisional extensions of the protective belt, subject to falsification. What is inside
the core and outside the core depends on the relative empirical frequencies of the
explanatory patterns (for an example of a very high frequency pattern: genetic
drift), according to the current scientific literature. The internal theoretical
coherence (in the core) and the increase of explanatory effectiveness and predic-
tive power (in the belt) are two criteria to judge the scientific programme as
“progressive” or “regressive”, also with respect to possible rival research
programmes.

Despite his stressing on cultural biases in science, “empiricist myths” and
theory-data complex relationships (143 essays), SJG was not a sociological rela-
tivist, and never abandoned his scientific rationalism and even objectivist realism
(Gould 2002a, p. 969). Thus, about the future of the structure of evolutionary
theory, we could imagine that he would suggest to search for further empirical
evidence in order to receive new, often unpredictable, answers from nature. In a
Gouldian view: let us give the final word to the history of science, through a
passionate and hopefully fair contest between pluralists and non pluralists.
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Part 11
Genome and Development



Molecules and Macroevolution:
A Gouldian View of the Genome

T. Ryan Gregory

Abstract Stephen Jay Gould was a paleontologist by training, but his writing
covered a wide range of topics and his thinking exerted an influence on several
fields. Although he only discussed genome evolution only occasionally, it is clear
that several “Gouldian” principles apply equally to this topic. These connections
are explored in this review by using the evolution of genome size diversity—the
so-called “C-value enigma”—as a case study. In particular, the hierarchical
conception of macroevolution espoused by Gould is brought to bear on phenomena
including the evolution of transposable elements within genomes and the effects of
total genome size on higher level properties including at the cellular, organismal,
and ecological scales. Conversely, some implications of an improved under-
standing of genome evolution for macroevolutionary theory are considered.

1 Introduction: Lessons from Prof. Gould

It is a testament to Stephen Jay Gould’s enduring influence that a meeting cele-
brating his legacy can include so many disparate topics, ranging from paleontology
to philosophy, from the history of science to developmental biology, and from
anthropology to genomics. In part, this is because of Gould’s unique ability to
draw connections between seemingly unrelated topics and to synthesize infor-
mation from a diversity of scientific disciplines. Indeed, he wrote on all of these
topics to varying degrees during his prolific career.
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The breadth of Gould’s influence also stems from the fact that he provided

several important lessons that are applicable well outside of his own area of
specialization. As notable examples, Gould’s work frequently emphasized the
importance of the following themes:

1.

Narrative: It is important to understand the specific series of changes that have
occurred over time, be it in an evolutionary lineage, a human institution, or
even an individual lifetime. In other words, the details of “pure history” are
relevant.

. Origins: Not all aspects of complex biological systems are functional or

adaptive. Many aspects of such systems evolve as byproducts of other changes
(“spandrels”; Gould and Lewontin 1979) or first evolve for a function that is
quite different from any role they may now serve. Thus, an examination of a
trait in its current state or an assessment of its current utility (if any) does not
provide an adequate view of how or why the trait originated in the first place.

. Exaptation: Regardless of why they originated, be it adaptively or non-adap-

tively, features can become co-opted to serve new functions—that is to say,
“exaptation” is a common process in evolution (Gould and Vrba 1982).

. Development: It is not enough to consider either genes or phenotypic traits in

isolation. Instead, we require an understanding of how they are connected
through the process of development. Changes to the rate, proportions, quantity,
or timing of developmental steps can be very important in shaping phenotypes
(Gould 1977).

. Pluralism: Small genetic changes accumulating slowly over time due to natural

selection is not all there is—genetic changes may be large in effect, rates of
change may vary dramatically over time, and non-adaptive processes may
dominate in many cases (Gould 1980).

. Contingency: Unique events can exert a large influence in the long run, even if

they seem to be of only minor significance initially.

. Hierarchy: Macroevolutionary questions often require complex answers that

incorporate processes occurring at multiple scales, from within genomes to
among species (Gould 2002).

. Scholarship: Tt is important to know the history of one’s field, lest one repeat

the missteps of the past or neglect to recognize priority of discovery.

Although Gould’s primary focus tended to be on paleontology and organismal

biology, I have found each of these lessons to be highly applicable in my own
research on evolution at the level of the genome.
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2 Genome Size Diversity: A Classic Macroevolutionary
Puzzle

Mass is one of the most straightforward properties of any physical entity, usually
being much simpler than, say, structure or composition. It should therefore come
as no surprise that the measurement of genome size (i.e., total mass of DNA')
began before the structure of DNA had been established and the major components
of genomes identified. The first genome size estimates were performed in the late
1940s, at which time there was found to be “a remarkable constancy in the nuclear
DNA content of all the cells in all the individuals within a given animal species”
(Vendrely and Vendrely 1948; my translation). This observation of a constant and
species-specific DNA amount was taken as evidence that DNA, and not protein,
served as the hereditary material. It also led to the term “C-value” to describe the
haploid nuclear DNA content (Swift 1950), a term still in wide use.

A few years later, Mirsky and Ris (1951) surveyed a taxonomically broad
sample of animals and noted that DNA content and organismal complexity (taken
as a proxy for the number of genes) were clearly unrelated. This finding has been
overwhelmingly corroborated by the measurement of genome size for more than
10,000 species in the ensuing decades (Gregory et al. 2007), but it was a source of
significant concern for many early geneticists. How could it be, they lamented, that
lesser organisms like the “lowly liverwort” or a “slimy, dull salamander” have so
much more DNA than humans (Comings 1972)? Bruised egos aside, there was
also the important question of how it was possible for DNA amount, which is
constant because it is the stuff of genes, to be unrelated to gene number. This
perplexing contradiction became known as the “C-value paradox” (Thomas 1971).
In like fashion, the more recently noted lack of association between organismal
complexity and gene number itself has been dubbed the “G-value paradox” or “N-
value paradox” (Claverie 2001; Betrdn and Long 2002; Hahn and Wray 2002). As
Harrison et al. (2002) asked, presumably with tongue at least partly in cheek,
“How can our own supremely sophisticated species be governed by just 50-100 %
more genes than the nematode worm?”.

In all likelihood, the solution to the G-value paradox lies in differences in the
regulation, expression, and interaction of genes, and in their capability in some
cases to code for more than one protein product. This is, however, an avenue of
post-genomic era research that is only just opening up, meaning that few con-
clusive answers are yet available. The C-value paradox, by contrast, was solved
decades ago with the discovery that not all (or indeed, much) eukaryotic DNA
consists of genes. In the human genome, for example, only about 1.5 % of the
sequence is composed of protein-coding genes, and even if “genes” are defined

! Genome size has traditionally been given in mass units of picograms (1 pg = 107'? g), but is
now also often expressed as total number of nucleotide base pairs (bp). The conversion between
them is as follows: Number of base pairs = Mass in pg x 0.978 x 10° and conversely, Mass in
pg = Number of base pairs x 1.022 x 1072 (Dolezel et al. 2003).
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loosely to include the non-coding intronic portions, this still accounts for less than
30 % (International Human Genome Sequencing Consortium 2001). As noted, at
about 3.5 pg the human genome is unremarkable in size relative to lowly liver-
worts, slimy salamanders, and many other groups whose proportion of non-coding
DNA is much higher.

The presence of so much non-coding DNA dissolved the C-value paradox, but
it also precipitated a new “C-value enigma” (Gregory 2001a), which includes both
proximate and ultimate components: Where does this non-coding DNA come
from? How can it be gained or lost from genomes? Does it have any impacts on the
organismal phenotype? Is any of it functional? Why do some groups have a great
deal of it, while others have relatively little? Clearly, the enigma of genome size
diversity cannot be solved by any single approach (although this has certainly not
stopped theorists from trying to do so). Because it deals with variability among
species and higher taxa, the evolution of genome size is, by definition, a macro-
evolutionary question. And macroevolution, as Gould argued, cannot be accounted
for by processes operating at only one biological level. As described below, at least
four levels of analysis must be invoked for an understanding of genome size
evolution.

3 Level One: Processes Within the Genome
3.1 An Introduction to Transposable Elements

Whereas less than 2 % of the human genome consists of genes, as much as two-
thirds of it is made up of transposable elements (TEs) and their defunct remnants
(de Koning et al. 2011). This represents the largest single contribution to genome
size of any sequence type. Put directly, the story of genome evolution is, in an
important sense, much more about TEs than protein-coding genes. It would
therefore seem worthwhile to provide a brief overview of TE biology before
moving on to discuss their contributions to genome size and evolutionary theory.

Transposable elements, it may be recalled, were discovered in the late 1940s by
Barbara McClintock (whose findings eventually garnered her a Nobel Prize). As
their name implies, TEs are mobile DNA sequences capable of autonomous
movement and duplication within (and sometimes among) genomes. TEs are
placed into two different classes, depending on their mechanism of transposition.

Class I elements (“retrotransposons”) make use of an RNA intermediate when
transposing, and are divided into three main types: (1) long terminal repeat (LTR)
retrotransposons and endogenous retroviruses (ERVs), (2) non-LTR retrotrans-
posons, also known as long interspersed elements (LINEs), and (3) short inter-
spersed elements (SINEs). ERVs constitute about 8 % of the human genome,
whereas LINEs and SINEs (collectively known as “retroposons”) make up
roughly 20 and 13 %, respectively (International Human Genome Sequencing
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Consortium 2001). The LINE-1 element is present in the human genome in more
than 500,000 copies, while the Alu element (a SINE) is found in over 1,000,000
copies (International Human Genome Sequencing Consortium 2001). As Doolittle
(1997) put it, “Our genomes... contain 500,000 to one million copies of a short
sequence called ‘Alu’. Since we probably have [ ~20,000] ‘real’ (protein-coding)
functioning genes, our genomes... might be ironically viewed as vehicles for the
replication of Alu sequences”. SINEs, unlike LINEs, do not encode the enzymes
necessary for their own replication, and appear to be dependent on LINEs for
getting around (e.g., Okada et al. 1997; Smit 1999; Weiner 2000). It has therefore
been suggested that “SINEs are wildly successful freeloaders on the backs of
LINE elements” (International Human Genome Sequencing Consortium 2001).

Class II elements are represented by the DNA transposons, which do not use an
RNA intermediate, but instead propagate by the direct transposition from DNA to
DNA by a “cut-and-paste” mechanism. This mode of transposition is not inher-
ently duplicative and, as a result, these elements are comparatively rare in many
animal genomes; they make up slightly less than 3 % of the human genome
sequence, for example. DNA transposons rely in part on horizontal transmission
(i.e., transfer to non-relatives, including across species boundaries) for their long-
term survival, unlike the long-lived retroposons which rely almost exclusively on
vertical transmission (i.e., from parent to offspring only), or the LTR retrotrans-
posons which make use of both strategies (Burke et al. 1998; Malik et al. 1999;
International Human Genome Sequencing Consortium 2001).

3.2 “Selfish DNA” and Selection Within the Genome

The notion that certain autonomous genetic elements might best be characterized

s “parasites” of the “host” genome dates back at least to Gunnar Ostergren’s
discussion of non-coding “B chromosomes™ in plants in 1945.% As he put it, “I
think reasonable support may be given to the view that in many cases these
chromosomes have no useful function at all to the species carrying them, but that
they often lead an exclusively parasitic existence”. In order to persist, Ostergren
(1945) noted, “they need only be ‘useful’ to themselves”, with the interesting
implication that “a similar antagonism in the evolutionary tendencies as that
between a parasite and its host should be expected between parasitic fragment
chromosomes and the plants carrying them.”

The application of such concepts to sequences located within the primary
chromosome set (e.g., transposable elements) came more than three decades later,
with brief discussions by Dawkins (1976) and Cavalier-Smith (1977), followed by
an explicit development of the “selfish DNA theory” by Orgel and Crick (1980)
and Doolittle and Sapienza (1980). This theory suggested that a substantial

% See Camacho (2005) for a detailed review of B chromosome biology and evolution.
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fraction, perhaps even a large majority, of eukaryotic DNA persists by virtue of its
own capacity for self-propagation, independent of any functional significance for
organisms. In fact, the accumulation of such “selfish DNA” was taken to be
mitigated only when its replication became too costly for the host organism.

This notion of “selfish DNA” was met with some resistance in the early stages
(see Doolittle 1981, 1982). Even Gould (1983, p. 173) objected to the concept,
arguing that “selfish DNA is about the worst possible name for the phenomenon,
for it records the very prejudice that the new structure should be combating: an
exclusive focus on [organisms] as evolutionary agents. When we call repetitive
DNA ‘selfish’, we imply that it is acting for itself when it should be doing
something else, namely, helping [organisms] in their evolutionary struggle.”?
However, since the prevailing view of genomic DNA was that it should have a
ubiquitous organism-level function—the view that the concept of selfish DNA
sought explicitly to challenge—this seems a rather strange criticism. Notably,
Doolittle and Sapienza (1980) included a favourable citation of Gould and Le-
wontin’s (1979) famous “spandrels” paper in the opening section of their article.
Moreover, the “selfishness” of transposable elements need not refer to the level of
the organism at all, but rather to that of the genome, where replicational cooper-
ation with genes and other elements might reasonably have been expected.

3.3 Parasites, and More

Parasitism is only one way for symbionts to interact with their hosts, and in many
cases there can be significant pressures to evolve reduced virulence. Since the fate
of most TEs is ultimately linked to the survival of their genomic hosts, there may
be a tendency toward the evolution of “selfish DNAs with self-restraint” (Doolittle
et al. 1984). The modern view of TEs takes an even broader view, with these
elements seen as operating along the entire ecological continuum from parasitism
to mutualism (Kidwell and Lisch 2000, 2001). For example, while some TEs can
cause potentially serious mutations (including some linked to cancer and other
diseases; e.g., Chen et al. 2006; Schulz 2006; Babushok and Kazazian 2007;
Belancio et al. 2008), others may insert preferentially into non-coding regions so
as to remain mostly benign (or commensalistic, to stick with the ecological ter-
minology; e.g., Dimitri and Junakovic 1999; Hutchison et al. 1999). Examples of
mutualism, in which TEs have taken on regulatory or other generalized functions
in the genome, are also becoming increasingly common (e.g., Brosius 1999;

3 Although Gould appreciated the important theoretical implications of selfish DNA (as
discussed in a later section), he maintained this critical view of the terminology right through to
his last contribution on the subject: “Such genes could only be deemed ‘selfish’, ‘parasitic’, etc.,
from a false and limited perspective that values the organism alone as an agent of evolutionary
success. After all, we don’t call a peacock selfish for evolving such a beautiful tail, and thus
limiting the geological longevity of the species” (Gould 2002, p. 694).
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Kidwell and Lisch 2001). It has been estimated that as much as 25 % of human
regulatory regions are derived from former transposable elements (Jordan et al.
2003). Gould was aware of the potential of TEs to be co-opted into functional roles
at the organism level, having used this as an example in the original “Exaptation”
paper (Gould and Vrba 1982) and even going so far as to propose a new termi-
nology for non-coding DNA to reflect this potentiality (Brosius and Gould 1992).

While certainly more expansive than the purely parasitic view of TEs, this brief
discussion is still somewhat superficial. Transposable element biology can (and
should) often be viewed in ecological terms, with TEs living and interacting within
a diverse genomic ecosystem. This can involve competition for preferred insertion
sites (“territory”) or replicational materials (“resources”) between variants of the
same element type (“conspecifics”) or unrelated ones. Some TEs may be reliant
on others for their survival, as with the dependency of SINEs on LINEs for
propagation. The list of ecological parallels could go on, and shows that there is
much more to evolution within the genome than simple antagonism between TEs
and their hosts (Linquist et al. 2013). Of course, this is only one level of interest
among several.

4 Level Two: Effects on the Cell
4.1 The Ubiquitous Correlation

It has been recognized for well over a century that nucleus size and cell size are
strongly positively correlated (e.g., Gulliver 1875). For more than 60 years, this
has also been known to extend to correlations with genome size itself (e.g., Mirsky
and Ris 1951). The correlation is found in both animals and plants, and has been
particularly well demonstrated using vertebrate red blood cells (see Gregory
2001a, b, 2005a, b, c, d for reviews). In fact, this positive relationship with cell size
is what Cavalier-Smith (1982) called “the most reliably established fact about
genome evolution”. The rate of cell division, on the other hand, is negatively
correlated with genome size, meaning that a large genome is associated with large,
slowly dividing cells.

In mechanistic terms, a link between genome size and cell size may arise via the
intermediate of cell division rate. Specifically, because cellular growth occurs
throughout the cell cycle, any delay in division will result in the production of
larger daughter cells. Not only does more DNA take longer to replicate (i.e.,
prolong the synthesis phase, or S-phase), but larger nuclei may also delay the
accumulation of molecules (cyclins) that trigger the progression from one phase to
the next (most notably, from the first gap, or G;-phase, to S-phase) (see Gregory
2001a for a detailed discussion of the model). This approach has the advantage that
it accounts for both the cell size and division rate correlations, and is also able to
explain some otherwise puzzling observations. For example, red blood cell size
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and genome size are positively correlated in mammals, even though mature
mammalian erythrocytes do not contain nuclei (Gregory et al. 2000). If DNA
content influences the division of the progenitor cells (which do contain nuclei),
then this effect would be carried over to the enucleated red blood cells.

5 Level Three: Impacts on the Organismal Phenotype

Whatever its mechanistic basis, a causative link between genome size and cellular
parameters means that bulk DNA amount, much of it consisting of transposable
elements, can clearly exert important effects at higher levels of biological orga-
nization. This is not restricted to the cell level, because cell size and division rate
may in turn impact upon key organism-level features. Most obviously, if the
number of cells is not adjusted accordingly, then a change in individual cell size
will necessarily induce a change in body size; ion and gas exchange rates are
greatly affected by shifts in cell surface area to volume ratios (which decrease with
increasing cell size), such that larger cells may be associated with lower metabolic
rates; slower cell division could obviously influence the overall rate of develop-
ment; and so on. While numerous examples of such relationships exist, it is
apparent that the genome size-cell division-cell size correlations play out in dif-
ferent ways at the organism level, depending on the biology of the group in
question.

5.1 Body Size

In mammals, variation in body size is largely a product of differences in cell
number, and so is not generally correlated with cell or genome size (Gregory
2002a). Where correlations with body size are particularly evident is in small-
bodied invertebrates such as flatworms, copepod crustaceans, and certain insects
(e.g., Gregory et al. 2000).

5.2 Metabolism

A high metabolic rate (measured as the rate of oxygen consumption per unit mass)
requires efficient gas exchange, which is aided by having high cellular surface
area to volume ratios, which in effect means having small cells. Because cell size
IndexTerm>Cell size is influenced by DNA content, it has long been argued that
genome size should be associated with metabolic rate in vertebrates (e.g., Szarski
1970, 1983; Cavalier-Smith 1978). To be sure, the hot-blooded homeotherms
(i.e., mammals and birds) generally have much smaller genomes than the more
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lethargic amphibians and lungfishes (Gregory 2001c). However, overall a
relationship with metabolic rate cannot account for all genome size diversity,
given that the smallest vertebrate genomes are found in teleost fishes, and that
reptiles have smaller genomes on average than mammals (this latter point probably
relates to the enucleation of mammalian erythrocytes, which allows them
to achieve much smaller cell sizes despite having somewhat larger genomes;
Cavalier-Smith 1978). Moreover, while metabolic rate does correlate negatively
with genome size in both mammals and birds (Vinogradov 1995; Gregory 2002b),
such a relationship is not found within the amphibians despite their 120-fold range
in genome size (other than the difference between frogs, which are relatively
motile and have smaller genomes, and salamanders, which are more sessile and
have large genomes; Gregory 2003).

5.3 Development

In direct contrast to the situation with metabolic rate, amphibians show a clear
association between genome size and developmental rate, whereas mammals and
birds display no such correlation (Gregory 2002a, c). A negative correlation has also
been shown in various arthropods (McLaren et al. 1988; White and McLaren 2000;
Gregory and Johnston 2008). In plants, the clearest relationship is not with devel-
opmental rate per se, but rather with developmental lifestyle. Thus, annuals (species
that complete their life cycle within one year) have smaller genomes than perennials
(which take more than one year) (see Bennett and Leitch 2005 for review).

It is important to note that rate (how quickly it occurs) is only one side of the
developmental coin; the flip-side of this is complexity (how much change must be
accomplished). In this sense, rate is only relevant as a correlate of genome size
when complexity is held essentially constant—that is, if all the species being
compared have roughly the same amount of developing to do. Conversely, if the
time available for development is held constant, then the relevant consideration
will be how much morphological change must be carried out in that limited time
period. The clearest example of this comes from amphibians, in which there is an
obvious time-limited period of intensive morphological differentiation, namely
metamorphosis. Thus, the smallest amphibian genomes are found in frogs that
inhabit short-lived pools and which must therefore complete their development
rapidly before burrowing underground to survive the lengthy dry season. Direct-
developing frogs, which undergo their development within the egg and hatch as
tiny “froglets”, are next on the genome size scale, followed by normally meta-
morphosing (“biphasic”) frogs (Gregory 2002c).

There is no overlap between frog and salamander genome sizes, which itself
could reflect the much simpler metamorphosis of the latter. Within salamanders,
biphasic species have the smallest genomes, followed by direct-developers and
those that metamorphose only occasionally (“facultative neotenes”), those that
normally do not metamorphose but can be stimulated to do so by hormone
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(thyroxin) treatment (“inducible neotenes”), and finally those that can never
metamorphose under any conditions (“obligate neotenes”). By all indications,
obligate neoteny has evolved independently at least three times in the Amphibia,
each time associated with the possession of an exorbitant genome (Gregory
2002c). Importantly, fossil cell size data clearly indicate that extraordinary gen-
ome sizes of both salamanders and lungfishes are derived features, having evolved
along with or after changes in the developmental program (Thomson 1972;
Thomson and Muraszko 1978). A similar process appears to be in operation among
insects, with those orders displaying complete metamorphosis (holometabolous
development) having genome sizes under 2 pg and those with no (ametabolous) or
incomplete (hemimetabolous) metamorphosis exceeding this threshold by a wide
margin in many cases (Gregory 2005a, b, c, d).

5.4 Other Features

The combination of larger cell size and slower cell division can make for some
very interesting effects of large genome size. In the extreme case where cell
number is held constant (“determinate growth™), this can result in impacts on both
body size and developmental rate, as with some copepod crustaceans (McLaren
et al. 1988). In some vertebrates, it is just the opposite problem: the sizes of some
organs cannot increase along with cell size, meaning that cell numbers must be
reduced. This is particularly relevant in miniaturized animals, such as in sala-
manders of the tribe Bolitoglossini (family Plethodontidae) which have both tiny
bodies and large genomes (they are direct-developers). A small body means a
small brain case, but a large genome means large and slowly differentiating
neurons and thus a greatly simplified brain (Roth et al. 1988, 1990, 1994, 1997).
Of course, salamanders are not known for their intellectual prowess in any case,
but here the result has been especially pronounced, with the visual processing
centers compromised in such a way as to make their former lifestyles as active
predators impossible (Roth et al. 1988, 1990, 1997).

6 Level Four: Ecological and Evolutionary Constraints
6.1 Top-Down Constraints

As expected under standard Darwinian theory, pressures derived from external
ecological conditions will affect the evolution of the features described previously,
and therefore indirectly constrain the evolution of genome size. For example,
metabolic rate is an especially important consideration for organisms engaged in
powered flight, and it is notable in this regard that the only truly volant vertebrates,
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birds and bats, have conspicuously small genome sizes among the tetrapods
(Andrews et al. 2009; Smith and Gregory 2009). Some molecular mechanisms
have already been identified that act to keep genomes small in these groups (Baker
et al. 1992; Van Den Bussche et al. 1995). In fact, there is even a significant
association between measures of flight ability and genome size within the birds
(Andrews et al. 2009), with the largest genomes found in flightless groups (Hughes
1999; Gregory 2005a, b, ¢, d) and the smallest in hummingbirds (Gregory et al.
2009).

The case of amphibian development is also informative in this context. It may
be, for example, that the tightly constrained genome sizes of certain frogs are
indirect adaptations (via selection for rapid developmental rate and thus for fast
cell division) to life in short-lived water bodies. Conversely, the relaxation of
ecological constraints may allow an increase in genome size. This is illustrated by
the association between the loss of metamorphosis and the growth of the genome
in neotenic salamanders. In general, metamorphosis from aquatic larva to terres-
trial adult is favoured when conditions in the water are poor (e.g., low food
availability, high predation, low oxygen). Metamorphosis may be eschewed when
conditions are favourable, however, and the longer this persists, the more likely it
will be that a mutation in a crucial gene will make metamorphosis difficult or
impossible (Gould 1977). A persistent avoidance of metamorphosis will not only
allow such genes to mutate freely, it will also remove the constraint on genome
size imposed by the need for rapid tissue differentiation, and thereby permit the
accumulation of non-coding DNA (Gregory 2002c).

6.2 Bottom-Up Effects

While there is good reason to accept that ecological constraints can have down-
ward effects on the evolution of the genome, it may be unwise to view causation as
strictly unidirectional. Thus, it is also possible that small genomes are “pre-
adaptations” for flight, the invasion of temporary ponds, or holometabolous
development (Gregory 2002b, c). Certainly, there is evidence that genome size
reduction had begun in theropod dinosaurs prior to the evolution of flight (Organ
et al. 2007). Similarly, the accumulation of DNA could itself hinder the process of
metamorphosis, and help to make neoteny obligate in certain salamander lineages
(Gregory 2002c). Of course, all of these cases could involve a bidirectional
feedback, so these are not necessarily alternative interpretations.

Clearer illustrations of a bottom-up influence of genome size on ecology can
also be found. In plants, for example, large genomes appear to be associated with
heightened tolerance to drought (e.g., Castro-Jimenez et al. 1989; Wakamiya et al.
1996) and frost (e.g., MacGillivray and Grime 1995). Thus, certain environmental
conditions may favour plants with larger genomes. On the other hand, there is
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growing evidence that large-genomed plants are excluded from extreme envi-
ronments (Knight et al. 2005) and are more susceptible to pollution (Temsch et al.
2010). All of these findings suggest that genome size may play a role in shaping
the distribution of species observed at large geographic and ecological scales,
especially in light of the increasingly severe effects of human activity on the
environment.

Perhaps the most interesting example of a bottom-up constraint is provided by
the miniaturized salamanders described above. To reiterate, the combination of a
reduction in body size and a large genome size has generated simplified brains
consisting of few, large, slowly-dividing neurons. A neurologically demanding
visual predation strategy is no longer possible under these conditions, with the net
result being a shift to a lie-in-wait strategy and the associated evolution of a highly
specialized projectile tongue (Roth et al. 1990, 1997). In this case, an increase in
genome size, together with a major morphological shift towards smaller body size,
has substantially altered the ecological lifestyle of a prominent lineage.

7 Genome Evolution from a Hierarchical Perspective
7.1 Selfish DNA and Its Hierarchical Implications

Whatever one’s feelings about the term “selfish”, the important point is that the
existence of parasitic DNA elements implies the operation of natural selection on
at least one level in addition to the standard organism level. Specifically, the
spread of parasitic forms of non-coding DNA can be seen as proceeding by a
process of “intragenomic selection” (Cavalier-Smith 1980). This has been rec-
ognized since the earliest days of the parasitic DNA approach; as Ostergren (1945)
himself noted, “the units of selection” in such cases are “not the biological
individuals but their genes and chromosomes”. Selection within the genome, as
well as on the organism, would therefore be necessary in order to account for even
the most basic aspects of genome organization (Sapienza and Doolittle 1981;
Doolittle 1989; Gregory 2004a, b).

Thus, even in its very simplest formulation, the selfish DNA theory has obvious
implications for a hierarchical approach to macroevolution. Again, this fact was
well appreciated by Gould (1992), who admitted that “punctuated equilibrium is
but one pathway to the elaboration of hierarchy, and probably not the best or most
persuasive; that role will probably fall to our new understanding of the genome and
the need for [intragenomic] selection embodied in such ideas as ‘selfish DNA’.” A
few years earlier, Doolittle (1989) had published an explicit discussion of the two-
level hierarchical implications of selfish DNA, but for the most part there has been
very little cross-talk between genome biologists and paleontologists, despite this
obvious area of common interest.
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7.2 A Gouldian View of the C-Value Enigma

As Gould (1995) noted, “In the world of hierarchical selection, stable systems
usually represent balances of negative feedback between adjacent levels.” C-
values are examples of stable systems par excellence, and there is much reason to
believe that the genome size of a species is partly the result of a balance among
different levels of selection. Intragenomic selection among transposable elements
may exert a bottom-up pressure toward genomic growth, but the spread of sub-
genomic elements can be constrained by selection on genome size operating at the
organismal level (e.g., metabolic rate, developmental rate). Importantly, the spe-
cific constraints on genome size vary according to the biology of the organisms in
question (e.g., endotherms vs. amphibians). In some groups, constraints on sub-
genomic elements (like TEs) may be released due to a change in organismal
biology (e.g., loss of flight in birds, neoteny in amphibians). An important con-
sequence of this view is that genome size itself may be under selection (at multiple
levels), but a given C-value may or may not be “adaptive” in any particular case.

7.3 An Expanded Hierarchical View

Following Gould (1992), we can see that the study of transposable elements
provides one of the clearest demonstrations of hierarchical selection in action,
meaning that it ought to be of considerable interest to macroevolutionary theorists.
However, true integration between disciplines should proceed in both directions,
and it is therefore worthwhile to ask how concepts derived from paleontological
theory might inform the study of the genome.

An important component of macroevolutionary theory is the distinction
between sorting (a pattern of differential survival and reproduction) and selection
(one possible cause of sorting). Standard neo-Darwinian theory is based almost
exclusively on the organism level, where there is no controversy regarding the
efficacy of selection and other processes (e.g., genetic drift) for producing patterns
of sorting. Selection at the species level, on the other hand, can be very difficult to
demonstrate in practice, and in fact there is only limited agreement as to what
would actually constitute legitimate species selection. For example, under Vrba’s
(1989) “effect hypothesis™, true species selection can be attributed to a pattern of
sorting only when it involves “emergent characters” at the species level which
cannot be reduced to the sum properties of their constituent organisms. When only
“aggregate characters” are involved, this could count only as a bottom-up effect
on species-level sorting, not selection. Lloyd and Gould (1993), by contrast, argue
that so long as the fitness consequences of an aggregate character are felt at the
species level, then sorting based on “emergent fitness” would also count as
selection. Finally, there can also be top-town influences, since the fitness of
organisms is partly dependent on the species-specific context in which they live.
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Vrba (1989) illustrates this notion of “context-dependent sorting” with the fol-
lowing analogy: “To the extent that a national ruler or law dictates that members
of the population with certain characteristics may have more children than others,
or must die at different ages, sorting among humans depends on whether they live
in that nation or in another more liberal one”.

Again, these concepts—selection versus sorting, emergent vs. aggregate char-
acters, the effect hypothesis versus emergent fitness, and context-dependent sort-
ing—were all developed with the species level in mind. The question here is
whether they apply as well (or perhaps even better) to questions of genome
evolution. That they do is apparent when the preceding discussion of genome size
evolution is recast in the following terms: (1) genome size is an aggregate
character, representing the sum of all sequences contained within it, many (but not
all) of which spread by intragenomic selection, (2) in this genome size aggregate,
these sequences exert important emergent fitness effects on the cell, which in turn
are felt at the level of the organism (e.g., body size, metabolism, development) and
above (e.g., ecological parameters such as predation strategy), and (3) ecological
and evolutionary constraints also operate in a top-down manner, with context-
dependence playing a major role in determining the relative success of subge-
nomic elements; from the perspective of a transposable element, the genome of a
bird would be considered a harsh totalitarian regime, whereas that of a neotenic
salamander is extraordinarily tolerant.

As part of his classic hierarchical treatment of selfish DNA, Doolittle (1989)
suggested that “it is not clear that we can so easily understand all of the structures
and evolutionary behaviors of DNA without some further theoretical expansion.”
Based on the above, it would seem that the theoretical expansion needed in this
case is the same as that required at the highest scales of evolutionary analysis.

7.4 Genomes and Macroevolutionary Theory

The development of the theory of punctuated equilibria in the early 1970s raised
an important challenge to the assumptions of neo-Darwinian orthodoxy, namely
that the patterns observed at the highest evolutionary scales do not conform to the
predictions of models based solely on gradual changes in allele frequencies within
populations (Eldredge 1971; Eldredge and Gould 1972). It also lent substantial
support to hierarchical selection theory by granting to species many of the traits
necessary for qualification as Darwinian individuals (i.e., births, relatively stable
lifespans, deaths, and the production of offspring). Not surprisingly, this fed
directly into the long-standing (and still ongoing) debate surrounding the mech-
anistic continuity, or lack thereof, between micro- and macroevolution. What is
perhaps less widely appreciated is that a great many expectations of the Modern
Synthesis regarding the workings of heredity—that is, the lowest evolutionary
scales—have likewise been challenged by new knowledge about genes and gen-
omes. In this context, we should not forget that both Darwinian natural selection
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and neo-Darwinian population genetics were developed long in advance of modern
genomic analysis, and indeed prior to the elucidation of the structure of DNA or
even its identification as the hereditary material.

Consider the following dozen discoveries in genetics and comparative
genomics made after the construction of the Modern Synthesis, none of which was
anticipated by the theory: (1) the existence of “transposable elements” capable of
self-propagation within genomes, (2) the total disconnect between the amount of
DNA in a given eukaryote genome and the complexity of the organism containing
it, (3) the disconnect between number of protein-coding genes and organismal
complexity, (4) the key evolutionary role played by duplications of individual
genes, large sections of chromosomes, and entire genomes, (5) a great prepon-
derance of non-adaptive, “neutral” evolution at the molecular level, (6) the
existence of highly conserved developmental regulatory genes across distantly
related taxa, (7) the staggeringly low gene numbers in the genomes of even the
most complex organisms, (8) the capacity of single coding genes to generate
numerous protein products by “alternative splicing” thanks to the presence of non-
coding introns, (9) the co-option of formerly parasitic genetic elements into reg-
ulatory functions by the host genome, (10) the horizontal transfer of genetic
material among species, perhaps even across kingdoms, (11) the lack of mono-
phyly in numerous classically recognized taxa such as “reptiles” and “fishes”, and
most notably the fundamental divide between the Archaea and Bacteria, and (12)
the pronounced genic similarity between some morphologically divergent species
(e.g., humans and chimpanzees) contrasted against the extensive molecular
divergence found among many otherwise cryptic species.

“That advances in molecular biology contribute to the need for a formal
expansion of evolutionary theory,” Eldredge (1985, p. 86) noted almost three
decades ago, “is an exigency we can hardly hold against the early architects of the
synthesis”. On one level, this will involve an expansion of microevolutionary
theory to accommodate novel mutational mechanisms and a new understanding of
how genotypes result in phenotypes. More broadly, it must also include an explicit
recognition that macroevolutionary questions must be treated at levels in addition
to populations of organisms. Take, for example, the afore-mentioned discovery
that development is greatly influenced by a relatively small set of clustered reg-
ulatory genes. At levels below the organism, genome biologists may inquire as to
what role gen(om)e duplications have played in shaping these gene clusters, how
broadly conserved they are among taxa, and how their structure is linked to
changes in developmental complexity (e.g., Holland et al. 1994; Sharman and
Holland 1996; Martin 1999; Ferrier and Holland 2001; Larhammer et al. 2002;
McLysaght et al. 2002; Ronshaugen et al. 2002). Population geneticists, for their
part, may fairly ask how such genes would have been filtered by the microevo-
lutionary processes of selection and drift within populations in order to reach an
evolutionarily relevant frequency (e.g., Johnson and Porter 2001). Macroevolu-
tionists, meanwhile, may be interested in the importance of such genes for the
emergence of new body plans and other evolutionary novelties with cascading
macroevolutionary consequences (e.g., Carroll 2000; Erwin 2000; Jablonski 2000;
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Shubin and Marshall 2000). Without question, a complete understanding of this
topic would necessarily involve inputs from all three evolutionary scales (as well
as from studies of gene transcription, cell signaling, and developmental biology).

Macroevolutionary questions, from the evolution of genome size to patterns of
diversification in deep time, cannot be fully understood only with reference to the
population level, and thus must be discussed from a perspective outside standard
neo-Darwinian theory. Genome size, in particular, clearly involves bidirectional
interactions among several levels of organization, both above and below organisms
within populations. However, it does not follow from this that microevolutionary
theory is of little relevance to such issues. For one thing, some of the component
questions of the C-value enigma are explicitly microevolutionary in nature, as with
the mechanistic issue of how genomes change in size. The smaller-scale evolution
of transposable elements has been well studied from a microevolutionary per-
spective, and even large-scale changes in genome size (e.g., by wholescale
duplication) must somehow go from rare novelty to observable commonality.
Explaining how this occurs is the domain of an expanded microevolutionary
theory in which any genetic variant, including different genome sizes, can be
considered as an “allele”. The important issue is to identify all of the factors that
contribute to the success or failure of genomic variants, for which reference must
be made to other levels in addition to individual organisms. As Gould (1982) put
it, “nothing about microevolutionary population genetics, or any other aspect of
microevolutionary theory, is wrong or inadequate at its level... but it is not
everything”.

From the point of view of genome size evolution, microevolution and macro-
evolution are neither conflicting alternatives nor different views of the same thing.
Rather, each deals with a different set of questions and both are necessary for a
complete understanding of the complex puzzle at hand. While genome size evo-
lution provides one of the clearest cases in which this is true, it is not the only one.
In order to be properly understood, any macroevolutionary question must be
considered from various perspectives, including mutational processes within the
genome, mechanisms of developmental regulation, the genetics of populations, the
patterns of relatedness among groups, and the input of large-scale historical and
ecological factors.
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Individuals, Hierarchies and the Levels
of Selection: A Chapter in Stephen
J. Gould’s Evolutionary Theory

Alessandro Minelli

Abstract Darwin’s theory of natural selection was a theory about microevolution
which implied (1) that individuals organisms can be unambiguously recognized,
(2) that what identifies the level, or levels, of selection is interaction rather than
inheritance, and (3) that levels of selection other than the individual organism are
either nonexistent, or of little relevance. In The Structure of Evolutionary Theory,
Gould explained why the units of selection must be identified, contra Dawkins, in
the units of interaction rather than in the units of inheritance, and why the whole
theory of selection (and evolution) can be developed by reference to a single
hierarchy of levels, or units, of selection. If Gould and Eldredge’s model of
punctuated equilibria represents the actual, or prevailing mode of evolution, spe-
cies boundaries become less arbitrary than in Darwin’s own view, and species
eventually emerge with an individuality that turns them into potential units of
selection. Recent advances in fields as diverse as symbiosis, lateral gene transfer
and the evolution of development suggest that to shoehorn biological systems into
the levels of the so-called evolutionary hierarchy is an oversimplification. Even the
concept of individual organism as a physically independent unit with its precise
origin in time does not apply so easily and universally as generally accepted.
Evolution, indeed, is not simply matter of change of ‘individuals’, at any and all
levels of the gene-to-clade hierarchy, but also matter of change of the units (or
levels) of selection and of the rules of change themselves.

In his final, comprehensive account of evolutionary theory, Gould (2002) char-
acterized Darwin’s model—articulated around the three notions of variation,
inheritance and selection (Darwin 1859)—as a theory of microevolution, with
three important although very seldom highlighted implications. First, that indi-
vidual organisms can be unambiguously recognized. Second, that what identifies
the level, or levels, of selection is interaction rather than inheritance. Third, that no
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level of selection other than the individual organism exists, or is of some rele-
vance. Are we still happy with these three implications of Darwin’s theory of
evolution? Do we need to revise them, or to add new dimensions to the theory? In
the following pages I will briefly discuss these problems in the light of Gould’s
detailed analysis.

1 Biological Individuals

Occasionally, we are confronted with biological objects that we cannot confidently
classify as individual organisms. The ambiguity of these objects is well expressed
by our contrasting linguistic usage, as we prefer to speak of conjoined twins
(Siamese twins) whenever these weird creatures show up in the human species,
whereas the anatomical equivalent in a nonhuman species is usually described as a
two-headed calf or the like. To be sure, in the case of human beings we are not so
ready to deny individuality even to grossly incomplete units. These are anyway
“monsters” one can perhaps ignore when trying to understand and define bio-
logical individuality. More serious problems are presented by the frequent cases
where full anatomical independence (arguably, the prime criterion of individual-
ity) is not accompanied by genetic uniqueness. This is a very common state of
affair among plants, where physically separated organisms produced by vegetative
reproduction are identical at the genetic level: to use Harper’s (1977) terminology,
those plants are distinct ramets of the same genet.

Comparable occurrences are less common among animals, but examples are
known even in vertebrates, our own species included. This happens, indeed, in the
case of polyembryony, that is, when two or more physically separated embryos
develop out of a single fertilized egg. These identical twins are not so common in
Homo sapiens, but are the rule in other species, for example in the nine-banded
armadillo, where females give regularly birth to sets of four identical twins. Other
organisms where the concept of individual does not apply in a clear, undisputable
way are colonial animals such as corals. Here the single flower-like polyps are
possible candidates to the status of biological individuals, despite their anatomical
interconnections. Alternatively, however, we could recognize as individual the
whole which could otherwise be called a colony—an individual, indeed, because
of its anatomical and functional integration. As a third and possibly best option,
anyway, when dealing with colonial animals be could consider abandoning alto-
gether the use to the category ‘individual’.

In the case of vertebrates, at least, a potential criterion of individuality is offered
by the immunological specificity so obviously manifested in the case of organ
transplants (see, e.g., Pradeu 2010). However, in this respect too there are
exceptions that undermine the universality of an apparently sound criterion of
individuality. In some abyssal fishes belonging to the Ceratioidea, close relatives
of the angler fish, on finding a conspecific female the dwarf male attaches to her
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and the two partners eventually fuse together, even developing vascular inter-
connections, thus demonstrating their full immunocompatibility.

A major difficulty in discussing about the nature of biological individuals and
their place in evolution is due to the lack of reliable and generally agreed defi-
nitions. Gould was perfectly aware of this problem, and remarked that “most
authors use “organism” for the Darwinian body (me and thee) and “individual”
for the generalized unit of selection at any hierarchical level, while others (like
Wilson and Sober) imply reversed definitions” (Gould 2002, p. 601).

Traditional criteria of individuality such as physiological unity, genetic
homogeneity, and genetic uniqueness do not offer a universal solution (Folse and
Roughgarden 2010; Pradeu 2010) and a pluralistic approach to the problem of
biological individuality has been repeatedly defended (e.g., Santelices 1999;
Wilson 1999; Dupré 2010). A largely applicable “generative” foundation of the
concept of biological individual will perhaps derive from a theory of development,
a conceptual tool of which we have at the moment only fragments at best (Minelli
2011).

2 Interaction Versus Inheritance

The second implication of Darwin’s theory of microevolution brings us straight to
Gould’s major contribution to evolutionary biology.

This is the question of what identifies the level, or the levels, of selection. In
Gould’s interpretation, the correct reading of Darwin’s work is that interaction is
what matters, in the case of natural selection sensu stricto as well as in the case of
sexual selection.

This view, however, has been notoriously challenged by Richard Dawkins
(especially in The Selfish Gene, 1976) and by George C. Williams (Adaptation and
Natural Selection, 1966), who have identified genes as the active and fundamental
agents of natural selection, because genes are the elementary units of replication.

This shift from viewing selection as based on interaction to viewing selection as
based on inheritance was one of the darkest bétes noires against which Gould has
being fighting over the years.

In his magnum opus on The Structure of Evolutionary Theory (2002), Gould
explained at length (1) why the units of selection must be identified, contra
Dawkins, in the units of interaction rather than in the units of inheritance, (2) why
Williams’ (1966) and Dawkins’ (1976) efforts to construe all selection processes
as inherently reducible to selection at the level of gene were based on a faulty
reductionism where ‘bookkeeping’ takes the place of causality, and (3) why the
whole theory of selection (and evolution) can be developed by reference to a single
hierarchy of levels, or units, of selection, rather than to parallel hierarchies of units
of interaction and inheritance as suggested by Eldredge (1985) and further elab-
orated by Williams (1992) in his later revisitation of the subject.
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Gould acknowledged that Darwinian evolution requires that individuals must be
able to pass their favourable properties to the following generation, but remarked
that this requirement does not imply that units of selection must literally produce
physical and complete copies of themselves. Instead, heredity only requires that
units of selection be able to bias the genetic endowment of the next generation
towards features responsible for the differential reproductive success of their
parents: “genes would interact directly only if organisms developed no emergent
properties—that is, if genes built organisms in an entirely additive fashion”
(Gould 2002, p. 620).

3 Levels of Selection

Following an attack to the herd, an unlucky prey—possibly the weakest or the
slowest member of the herd, or the one with the worst sight or hearing—falls under
the predator’s claws. The others survive the attack. The predator has thus acted as
a selective agent in front of which the different individuals in the prey species’
herd have shown their unequal fitness.

In this exemplary case, the unit of selection is the conventional individual
organism. The same description applies when a ritualized fight between two rams
assigns to one of them the right to mate in the current reproductive season, while
denying it to its competitor.

Thus, if there is a question about levels of selection, this is apparently not about
the existence, or the relevance, of selection at the level of the individual, but about
the possible existence, or relevance, of additional levels. In principle, one may
look for additional levels of selection both below and above the level of the
individual organism (provided of course that the latter level can be actually rec-
ognized in the biological system we are considering). It seems legitimate anyway
to question whether natural selection actually operates only at the level of the
individual organism, the level on which Darwin and most of his immediate and
later followers restricted attention, a restriction for which there seems to be no
logical line of defence (Williams 1992, p. 38).

This is indeed not a new problem, and not necessarily a contentious one, but
this area of evolutionary theory brings us straight to some of the most important
concepts that Gould has been elaborating over the years, largely though joint work
with his historical partners: Niles Eldredge, Elisabeth Vrba and Elisabeth Lloyd.

Smaller units involved in ‘Darwinian’ competition have been considered since the
embryologist Roux (1881) proposed a view of the biological organism as a battlefield
between parts, these being in turn molecules, cells and organs. Comparable scenarios
of ‘Darwinian’ competition emerge again and again in developmental biology, a
fresh example being provided by the demonstration that most of the cardiac muscle in
the zebrafish heart is the progeny of a small percentage of the organ’s founder cells—
of those capable of more rapid and effective proliferation (Gupta and Poss 2012). One
may dispute, however, whether in these cases the formally Darwinian scenario is
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more than just a convenient metaphor—whether it is indeed a real example of
evolution by natural selection.

Already in the time of the ‘eclipse of Darwinism’ (Huxley 1942; Bowler 1983),
Weismann (1896, 1903) was convinced that selection operates at multiple levels,
that is, “among the biophors which form the protoplasm of the cell-body, among
the cells of tissue, among the tissues of an organ, among the organs themselves, as
well as among the individuals of a species and between species which compete
with one another” (Weismann 1903, vol. 2, p. 119). Later, however, mainstream
evolutionary biology has been increasingly focussing on the level of the individual
organism and even an independent thinker like Waddington eventually dismissed
the levels-of-selection debate of the 1960s as a rather foolish controversy
(cf. Smith 1976, p. 277).

Theories of levels of selection other than the biological individual (e.g., Arnold
and Fristrup 1982; Damuth and Heisler 1988; Grantham 1995; Michod 1997;
Okasha 2006; Godfrey-Smith 2009) have flourished, however, in the last few
decades, growing up from very different empirical and conceptual backgrounds.
Eventually, Gould became involved in the corresponding debates both as a fighter
against models centred on putative intraindividual units of selection (specifically,
Dawkins’ selfish gene, as already mentioned) and as a strenuous defender of at
least one kind of supraindividual units of selection, i.e., the species.

Eventually, acknowledging that selection operates at more than one level lead
Gould to elaborate on the interrelationships among levels, a concern that explains
his interest in developing and defending a hierarchical view of life.

Let’s examine this point more closely before returning to the issue of species
selection.

4 Hierarchies

In general terms, a hierarchical structure of living world is traditionally accepted as
granted (Okasha 2006), although some dissenting views have been occasionally
voiced (e.g., Minelli 1998, 2009; Minelli et al. 2007). Against this widely shared
traditional view, a diversity of questions can be addressed and very different
metaphysical and/or epistemological perspectives can be defended.

In an evolutionary context, in particular, it may be sensible to discuss hierar-
chical organization from the perspective of the major evolutionary transitions
(Smith and Szathmdry 1995), an exercise that translates into identifying a
sequence of progressively larger and more complex (more heterogeneous) indi-
viduals, such as those enumerated by Michod (2005): from the solitary replicator
(the gene), through the chromosome, to the individual cell, the multicellular
organism and the colony.

According to Gould (2002), nested inclusive hierarchies are perhaps not a
necessary, but a sensible framework for living systems. In his opinion, the biotic
world would be different from the world we know, if a pervasive hierarchical
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organization would not support it—to the extent that we could not describe and
understand it using our conventional ordering devices. However, he admitted that
in nature there are exception to the principle of a fully nested hierarchy for evo-
Iutionary individuals. Among these exceptions, Gould (2002) listed the origin of
cellular organelles by endosymbiosis. He regarded such events as “frozen” phe-
nomena of history, quite remote from the main evolutionary forces acting today,
but declared that he would have been ready to revise his views if lateral gene
transport occurs as frequently as research was beginning to suggest in Gould’s late
years.

A different problem is, whether biology should recognize the existence of parallel
hierarchies, of not. This brings us back to Dawkins’ dichotomy between replicators
and interactors, which essentially provides the foundation for Vrba and Eldredge’s
(1984) distinction between genealogical and economic hierarchies, a scheme on
which Eldredge (1989) elaborated further with his idea of parallel hierarchies to
separate the replicative and interactive criteria of evolutionary individuality.

Gould (2002) regarded the latter conceptual schema as an unnecessary com-
plexity and offered two arguments to back his preference for a single-hierarchy
model. The first was, that replication is a necessary but per se insufficient criterion
for defining evolutionary individuality, thus it is not an adequate foundation for an
independent hierarchy of life phenomena. Second, faithful replication (inheritance)
represents one style of hereditary passage, but is neither a necessary mode on
which to recognize evolutionary individuality or a criterion through which we can
identify a unit of selection. Gould opted instead for a “single hierarchy—call it
material, genealogical, or perhaps simply evolutionary—composed of interactors
with adequate modes of plurification. These evolutionary individuals build a
hierarchy of inclusion, with each higher level encompassing the individuals
beneath as parts” (Gould 2002, p. 642, footnote).

5 Species Selection

In discussing about levels of selection, it may be useful to remark that is not just
biologists who are interested in individuals, but also philosophers: as remarked by
Ghiselin (1974, p. 536), “In logic, “individual” is not a synonym for “organism”.
Rather, it means a particular thing”.

Back to biology, particular things are also species, and higher taxa. This is true,
at least, if one accept the metaphysical views of Ghiselin (1974, 1997) and Hull
(1976, 1978), that species (and higher taxa) are not classes, but individuals. This
opens easily the door to a theory of multilevel selection: “Individuality wanders
from level to level, so does the level at which selection can occur” (Hull 1980,
p- 182). If so, why to deny the existence of levels of selection other than the
individual organism? Still worse, why to contend that natural selection operates
only at the level of the gene? “A priori preference for lower levels represents a
claim for reductionism, not parsimony” (Gould 2002, p. 553).
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In particular, if species are individuals, then species can be units of selection.
With the remark, that to speak of species selection means to move into the domain
of macroevolution. Let’s remind that in Darwin’s gradualistic view of evolution
there was no scope for macroevolution as a distinct phenomenon, as everything
was explained as the product of the steadily accumulation of microevolutionary
modifications. In this context, even the distinction between simple intraspecific
variety and ‘true’ species is distinctly blurred.

A first theoretical legitimization of species selection is found in a section on
“the benefit of species” added by R. A. Fisher to The Genetical Theory of Natural
Selection (Fisher 1930) in the second edition of the book (Fisher 1958). Let’s add,
however, that in this work the phenomenon was justified at the level of logics, but
presented as questionable as matter of fact.

On the other hand, if Gould and Eldredge’s (1971, 1977; also Eldredge and
Gould 1972) model of punctuated equilibrium represents the actual, or prevailing
mode of evolution, then species boundaries turn out to be less arbitrary than in the
traditional Darwinian perspective, and species eventually emerge with an indi-
viduality that justifies looking at them as potential units of selection.

This is exactly why, within the framework of his theory of macroevolution,
Gould regarded species selection as the most interesting level at which selection
operates. I dare to say that eventually Gould became obsessed with species
selection and this was probably the topic where his views evolved more con-
spicuously along his career. Two main phases can be distinguished in this intel-
lectual journey, the first of which was marked by Gould’s partnership with
Elizabeth Vrba, the second by his joint work with Elizabeth Lloyd.

In his 2002 monograph, Gould characterized Vrba’s approach to species selection
as a view centered around the concept of “emergent character”, i.e. “a trait
functioning in species selection be[ing] emergent at the species level—basically
defined as origin by non-additive interaction among lower-level constituents”
(Gould 2002, p. 657). Gould and Vrba distinguished between the purely descriptive
observation of “sorting”, i.e. differential reproductive success, and “selection”, i.e.
the causal claim that the observed reproductive success is determined by the inter-
action between properties of the relevant evolutionary individual and its environ-
ment. Applying Vrba’s criterion of emergent characters, Gould eventually counted
differential species proliferation only as sorting at the species level: indeed, selection
acts on characters of the individual organisms, although these characters have
consequences at the species level by effect of upward causation. However, there are
also emergent species characters upon which differential species proliferation may
depend, and it is right these characters that identify selection at the species level.

However, he admitted that fully understanding species selection and eventually
providing a definition for this concept was the most taxing job in his variegated
career as an evolutionary biologist, causing him to publish erroneous interpreta-
tions and to repeatedly change his viewpoint. At first, that is at the time he and
Niles Eldredge formulated the concept of punctuated equilibrium, he prepared
himself to reformulate evolutionary trends in terms of differential species selec-
tion, rather than as examples of anagenesis within lineages. This perspective was
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already floated in Eldredge and Gould (1972) but fully developed only in Gould
and Eldredge (1977) (see also Stanley 1975; Vrba 1980). At the time he applied
the label of species selection to any pattern that admitted a description in terms of
differential success of species, while these were treated as stable elements, under
the assumptions of the theory of punctuated equilibrium. However, in his later
critical view, this meant that selection was not perceived as different from simple
sorting. In the 1980s, Gould moved to the opposite direction, restricting species
selection only to cases based on characters emergent at the species level (Gould
1983; Vrba and Gould 1986). Eventually, he realized that this position was also too
extreme and in his later work with Elizabeth Lloyd (Lloyd and Gould 1993; Gould
and Lloyd 1999) he recognized emergent fitness as a conceptually broader, and
empirically more testable criterion to identify species selection than emergent
characters would have done, as the latter properly identified only a subset of
instances of species selection.

Eventually, the individual organism and the species were singled out by Gould
as the most important levels of selection, in an ascending hierarchy that begins
with the gene and proceeds through the cell, the individual organism, the deme and
the species. Gould was not sure whether independent and effective levels of
selection exist beyond the species, and in his 2002 book still refrained from
committing himself to the idea that clade selection plays a major role in evolution.
In this expanded view of natural selection, the species becomes the unit of mac-
roevolution, similar to the role played by the individual organism in
microevolution.

6 The Evolving Rules of Evolution

A keen theorist of evolutionary phenomena like Gould could not fail to perceive
the contingent nature of biological systems, and also of the overall hierarchy into
which he regarded them to be organized. He remarked (Gould 2002) that the
evolutionary hierarchy is not the product of structural or logical principles but has
been historically deployed, in an a priori impredictable, contingent manner. This
means that species and complex organisms do not exist since the origin of life, but
only came into existence following the inventions of sexual reproduction and
multicellularity, supplanting a previous hierarchy (still to be found today among
the asexual unicellulars) arranged along the four levels of the gene, the cell, the
clone, and the clade.

As reported above, Gould (2002) admitted that “nature presents some exception
to the principle of a fully nested hierarchy for evolutionary individuals”, and cited
with full approval Buss’ (1987, p. 188) remark, that “the major features of
evolution were shaped during periods of transition between units of selection.”

Recent advances in fields as diverse as symbiosis, lateral gene transfer and the
evolution of development suggest that to shoehorn biological systems into the
levels of the so-called evolutionary hierarchy means to opt for an
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oversimplification of the complexity of life phenomena. Even the concept of
individual organism, as a physically independent unit with its precise origin in
time does not apply so easily and universally as generally accepted. Evolution,
indeed, is not simply matter of change of ‘individuals,” at any and all levels of the
gene-to-clade hierarchy, but also matter of change of the units (or levels) of
selection and of the rules of change themselves.

On a similar vein, Okasha (2006) remarked that the building blocks of the
Neodarwinian view of evolution are themselves the product of evolution. This is
true of the mechanisms ensuring fidelity in the transmission of genetic information
from cell to cell (generation to generation), and of the genetic code itself (Godfrey-
Smith 2000; Griesemer 2000).

7 Who Cares for These Conceptual Issues?

No physicist would arguably deny the importance of Galilei, Newton or Maxwell,
but I guess we would be extremely surprised if we would ever find a scientific
contribution by one of these authors being mentioned, not to say explicitly dis-
cussed or tested experimentally, in a paper published today. Things are very
different in the case of Darwin, and also perhaps of Stephen J. Gould. There is a
widespread misunderstanding, even among educated people, about the nature of
studies on biological evolution. Many people imagine that evolutionary biology
mainly revolves about discussing whether, or to which extent, Charles Darwin was
right. Nothing, however, would be more distant from the actual course of scientific
research in this area. Similar to physics, where Newton’s Philosophiae naturalis
principia mathematica are far from being a privileged target of study, evolutionary
biology is largely insensitive to the debate, partly philosophical, partly purely of
historical exegesis, eventually continuing in other corners of our intellectual arena.
To same extent, this is also true of Gould, and of the aspects of evolutionary theory
I have briefly mentioned in these pages, including whether we should recognize
one or more levels of selection.

I have tried to get a quantitative measure of the relevance of the debate on the
levels of selection among the community of researchers who attend the annual
meetings of the Society for the Study of Evolution. Summing together the numbers
of oral and poster presentations, at least one thousand contributions are presented
every year at those meetings. How many among the presentations of the last few
years deal with the levels of selection, with multilevel selection in particular? The
number of such talks or posters is vanishingly small. Browsing through the abstract
volumes of the last two editions, I found only three contributions (Johnson 2010;
Nunney 2010; Goodnight 2011) where these words are mentioned in the title.

The apparent silence of professionals on these aspects of evolutionary theory to
which Stephen Jay Gould devoted a large part of his immensely productive career
must not be construed as a proof that he spent so much time and effort on questions
of marginal relevance. Right to the contrary, his books and articles have been
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uniquely useful in educating people to think about micro- and macroevolution,
selection and speciation, adaptation and exaptation. To fire new debate around
these questions, we need the rare vision and the argumentative strength of people
like him.
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Beyond Spandrels: Stephen J. Gould,
EvoDevo, and the Extended Synthesis

Gerd B. Miiller

Abstract In evolutionary biology, the term “spandrel” infallibly elicits the mem-
ory of Steve Gould. It has become a standard in referring to constructional
byproducts and developmental constraints. More often than not, these were regarded
as lesser facets of evolutionary change, with priority given to population dynamics
and the workings of natural selection. But the fundamental criticism, in the spandrels
paper and other works of Gould, of the absence of organism level factors in the
standard Modern Synthesis account, also helped trigger the EvoDevo revolution and
important reconceptualizations of evolutionary theory. Recent versions of theory
expansion include many of Gould’s propositions but also theoretical changes
emerging from other fields, such as genomics, non-genetic inheritance, niche con-
struction, and others. These amount not merely to a numerical addition of factors to
be taken into account, but also initiate major shifts in theory structure. As a con-
sequence, today’s extended frameworks of evolutionary theory entail a significant
increase in explanatory capacity and predictive power.

1 Introduction

The origin of Evolutionary Developmental Biology (EvoDevo) in the 1980s is
often associated with a methodological breakthrough: the isolation of major reg-
ulatory genes and the visualization of their expression patterns in developing
embryos, which had opened up the comparative study of gene regulation. The
preceding considerations that had prepared the conceptual frame for integrated
developmental and evolutionary studies are mostly neglected, and so is Steve
Gould’s influential role in this process. Many of the evolutionary phenomena
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Gould evoked in his critique of adaptationism, such as non-gradual events, biased
variation, non-adaptive traits, phenotypic novelty, and other forms of organismal
change, now find—at least partial—solutions in the recognition of specific prop-
erties of evolving developmental systems. The research field of EvoDevo has
rapidly expanded and has generated numerous empirical and theoretical approa-
ches to reveal the contributions of development to the evolution of organismal
complexity. The consequences of these endeavors for the standard evolutionary
framework were a major concern of Gould’s and are probably more far reaching
than even foreseen by himself. In concert with theoretical innovation in other areas
of evolutionary biology, EvoDevo elicits a reorganization of theory structure and a
reinterpretation of the role of natural selection. In this chapter I am going to
address some hallmarks of this theory shift and Steve Gould’s fundamental con-
tributions to it.

It is difficult to recall today how frowned upon any allusion to developmental
arguments in evolutionary explanation had been in the decades preceding Evo-
Devo. “There are still those who would Haeckel biology” ran a characteristic
commentary (DuBrul 1971) on early adepts of “ontophyletics,” because recapit-
ulation then was the only apparent way in which the ontogeny-phylogeny relation
could be envisioned, and recapitulation was widely thought to have been proven
wrong. Adaptive thinking reigned supreme, natural selection was the sanctioned
explanatory principle, and population genetics the proper methodology to dem-
onstrate its workings. In this context, development was regarded as an extended, if
complicated, gene activation event, but the general notion among evolutionary
connoisseurs was that “the details of the embryonic developmental process, as
interesting as they may be, are irrelevant for evolutionary considerations”
(Dawkins 1976). In these dogmatic times of evolutionary thought, Stephen Gould
was one of the very few to argue with authority and eloquence that this was not all
there was to development. His 1977 volume “Ontogeny and Phylogeny” con-
vincingly demonstrated this point to an astounded evolutionary audience.

2 Gould’s Early EvoDevo Reasoning

“Ontogeny and Phylogeny” took up themes that had been developed in the
nineteenth century in contrasting ways by Carl Ernst von Baer and Ernst Haeckel,
authors who were confidently considered outdated at the time of Gould’s writing.
He showed that with the rejection of universal recapitulation in the mid twentieth
century, an important mechanistic principle for how evolution was able to modify
developmental processes had been overlooked. It was not a law-like repetition of
phylogenetic stages during ontogeny that mattered, but the mechanism that could
generate evolutionary shifts of developmental timing: heterochrony. Even though
Gould sided with von Baer, casting Haeckel in unfavorable ideological light (for
largely unfounded reasons; cf. Richards (2008)), he reestablished Haeckel’s con-
cept of heterochrony as a valid scientific theme. Expanding on de Beer’s (1930)
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categories of relations between ontogeny and phylogeny, Gould elaborated a new
classification of heterochronic processes. He went on to illustrate their ubiquitous
importance in evolution and coined his own “clock model” of heterochrony,
which concentrated on the evolutionary dissociation between size and shape.

ontogeny and phylogeny had a considerable impact on evolutionary thought at
the time, restoring development to evolutionary biology, and would eventually
become seminal, together with several other volumes in the early 1980s, in the
launching of EvoDevo as a discipline (Miiller 2008). One of its immediate effects
was the stimulation of first methodologies for how to approach the development-
evolution interface in more formal ways. In one of these endeavors, headed by
Pere Alberch, Gould took part in developing a quantitative and dynamical method
for describing heterochronic events, based on the rates and relative times of the
onset and offset of developmental processes (Alberch et al. 1979). The goal of this
work on “ontogenetic trajectories,” as Alberch had called the transitions in
developmental morphospace, was a classification of the possible rules through
which quantitative changes in developmental timing may influence and direct
phenotypic change. Subsequent work provided empirical support for this approach
(Alberch and Alberch 1981).

The conceptualization and later formalization of developmental constraint was
another area in which Gould preconfigured EvoDevo (Gould 1980, 1989; Edwards
2008). Whereas conventional evolutionary wisdom had tacitly assumed the exis-
tence of constraints on the generation of phenotypic variation, it rarely paid
explicit attention to their nature or their true evolutionary consequences. Gould
demonstrated that without understanding the constraints imposed by established
developmental systems it is not possible to explain the kinds of variation that can
arise or, for that matter, cannot arise in a given organismal lineage. Actually, he
would argue that even before elaborate developmental systems were established,
the possible interactions within and among early multicellular assemblies dictated
the morphological outcomes that would become exposed to natural selection, a
view that receives much support from recent work on dynamical patterning
modules (Newman and Bhat 2009). Hence the panoply of bodyplans generated in
the Precambrian and Cambrian radiations may be much more a reflection of
developmental constraint rather than genetic variation. These considerations were
underlying Gould’s thought provoking interpretation of the Burgess shale fauna
and his views on the origins of body plans.

In yet another, if related, conceptual domain Gould once more pointed to
development (and structural integration) as the decisive evolutionary factor. He
argued that organismal form generation would necessarily produce structures that
were not adaptive in origin but emerged as constructional byproducts, which
would become adaptive only secondarily. The famous spandrels paper, coauthored
with Richard Lewontin (Gould and Lewontin 1979), made this point and stirred a
whole new discussion about the possibility and plausibility of non-adaptive traits.
Of course that paper had much larger goals. It not only meant to expose the
overarching adaptationist bias that dominated Anglo-American evolutionary
thought at the time (which the authors suggested to remedy by infusing some
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European “wholistic” thinking), but it also presented a number of alternatives to
the adaptationist explanation. From the point of view of mechanistic causation,
development was again in the foreground, especially the various kinds of corre-
lational developmental effects, such as allometry, material compensation, or
mechanically forced interaction.

By discussing these themes frankly in publications, lectures, public debates, and
scientific meetings, Gould made the topic of development acceptable again at the
evolutionary high tables, even though for a long time it earned little but ridicule
from the Panglossian faction. His zeal may have been one of the crucial factors
that lead to the Dahlem Workshop in 1981, probably the best date for the “official”
starting point of what would become an astonishingly successful scientific enter-
prise: EvoDevo (the term itself born out of scorn). Stephen Gould had set the stage.
Surely he was not alone and had a number of influential predecessors, such as
C. H. Waddington, Gavin de Beer, John Bonner, and others, but in the 1970s there
were not many well-respected evolutionary theorists who had a similarly out-
spoken penchant for development as Gould had.

EvoDevo rapidly gained momentum, developed its own methods and model
systems and was significantly propelled by the application of molecular tools to
comparative and experimental embryology. But the starting point had been the-
oretical. It had become clear—although certainly not universally accepted—that
(a) not all of evolution was the steady, continuous, incremental kind of change
prescribed by the Modern Synthesis, (b) not all organismal features were inde-
pendently adaptive, (c) historical contingency was unaccounted for in the standard
paradigm, and (d) the population approach had no theory for the evolution of
structural complexity. A major deficit pertaining to the information flow relating
genotype to phenotype had been exposed by Gould and his allies in the formal
structure of the received theory: the absence of the rules of development. Gould
had proposed several properties of development from which such rules could be
derived, most prominently among them heterochrony, developmental constraint,
and constructional byproducts (spandrels). What remains of these foundational
concepts today?

3 Present Uses of Gould’s EvoDevo Concepts

Since Gould’s writings and the equally strong advocacy by Raff and Kaufman
(1983), heterochrony has been expanded into a powerful theoretical framework
(McKinney and McNamara 1991; Parichy et al. 1992; West-Eberhard 2003).
Heterochrony, in the sense of relative shifts in the onset, offset, or rates of
developmental processes, has been documented to occur in all major taxa
(McKinney and McNamara 1991) and at all levels of organization, including
molecular and genetic levels (Kim et al. 2000). Genes that affect the timing and
rates of development, originally postulated already by Goldschmidt (1940), have
been demonstrated in animals (Ruvkun and Giusto 1989; Ambros 2000) and plants



Beyond Spandrels: Stephen J. Gould, EvoDevo, and the Extended Synthesis 89

(Dudley and Poethig 1991), and genetic heterochrony effects have been experi-
mentally tested (Zakany et al. 1997). Without doubt heterochrony based on gene
regulatory changes represents a powerful mode for altering morphological char-
acters and bodyplans. Furthermore, many of the direct effects of environmental
influences on embryo development are known to act via timing and rate changes
affecting different parts of life history (West-Eberhard 2003; Gilbert and Epel
2009).

In contrast to these supportive findings on process-related heterochrony, the use
of heterochrony in the sense endorsed by Gould, namely as the age dependent
dissociation of size and shape, has been less productive. Few empirical studies
made successful use of the clock model he had proposed, and indeed the concept
was criticized for being untestable in principle (Mitteroecker et al. 2005). In
particular, the reliance of most shape comparisons on bivariate allometric traits
hampers the conclusive inference of phylogenetic heterochrony, because it is
always true for the standard bivariate case. Modern studies of multivariate
examples show that shape space based heterochronies can be studied appropriately
only with multivariate tools (Mitteroecker et al. 2005) which would permit to
distinguish phylogenetic heterochrony from other forms of timing changes. But
even advanced geometric morphometrics, which relies on multiple landmark
comparisons, rarely provides a clear picture of size and shape dissociation. In this
kind of approach a distinction of heterochronic phenomena that are simply a
consequence of other changes in development from those cases in which hetero-
chrony represents the causal mechanism for the evolutionary modification of a trait
remains difficult.

The second conceptual domain made popular by Gould’s promotion, devel-
opmental constraint, had been seminal in the foundation of EvoDevo, because it
pointed to empirically testable properties of developmental systems that had the
capacity to bias or limit phenotypic variation. Gould was not just a rhetorical
advocate of constraint but himself carried out extensive empirical studies, espe-
cially on the West Indian land snail genus Cerion, in which he described a trade-
off relationship between whorl size and whorl number that results from coiling and
growth allometry (Gould 1989). Other conceptual treatments elaborated constraint
theory (Maynard-Smith et al. 1985; Zelditch et al. 1993), and further empirical
evidence was provided by comparative morphology (Bell 1987; Vogl and Rienesl
1991; Caldwell 1994), experimental embryology (Alberch and Gale 1985; Webb
1989; Streicher and Miiller 1992), plant biology (Donoghue and Ree 2000),
quantitative genetics (Cheverud 1984; Rasmussen 1987; Wagner 1988), and
genomics (Roux and Robinson