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Stephen Jay Gould, remarkable paleontologist and revered
popularizer of science, died of cancer on May 20, 2002. With
his death, he passed into the history that he loved; a history,
as he well knew, whose mills grind exceedingly fine. Those
mills have started work on his writings, just as he ruminated
memorably over books by Lamarck, Cuvier, Goethe, Geof-
frey St. Hilaire, Darwin, Weismann, de Vries, Bateson, Fish-
er, Haldane, Wright, Goldschmidt, Simpson, Schindewolf,
Dobzhansky, and many others. The Structure of Evolutionary
Theory, his intellectual last will and testament, was the first
book he had written for a professional audience since 1977.
He worked on it intermittently for twenty years and rushed
to finish, so it seems, as he saw the end nearing. It sum-
marizes, ties together, and places in historical context his
major evolutionary interests: punctuated equilibria, espe-
cially stasis; hierarchical selection, especially species selec-
tion; internalist, as opposed to externalist, explanations of
evolutionary patterns; exaptations and the exaptive pool;
spandrels and other avatars of constraint; evo-devo and hox-
ology. It does so at great, needless, and self-defeating length:
at about five pounds, it is heavy enough for a stewardess to
have insisted that I store it in an overhead compartment for
takeoff and landing lest it endanger the passengers. It will
be bought more often than read and used as a bookend more
often than as a book. Much of it deserves attention, some of
it is exciting, and some of it is beautiful, but the gems are
hard to locate amidst the sesquipedalian verbiage.
Had you told me in 1970 that an evolutionary biologist

would succeed in influencing the discourse of our field as
much as Gould did for the last thirty years with so little use
either of data or of equations, I would have laughed—but he
did it, he did it well, and he did it primarily with rhetoric
and historical analysis, tools deployed more often in the hu-
manities than in the sciences. With those tools he helped to
reinvigorate paleontology, launch macroevolution on a new
course, and provide a context in which development could
be integrated into evolution. Those are not minor accom-
plishments.
But what was his contribution to evolutionary theory, the

focus of this book? Here I argue that he deserves quite a bit
more credit than his severest critics would grant (zero) but
less than he has here attempted to award himself (a great
deal indeed).2 To prepare that argument, I first consider an

1 The Structure of Evolutionary Theory. Stephen Jay Gould. 2002.
Harvard University Press, Cambridge, Massachusetts. xxii ! 1433
pp. HB $39.95, ISBN 0-674-00613-5.
2 For briefer reviews, with both of which I completely agree, see

Wake (2002) and Futuyma (2002). Of the many obituaries that had
appeared as of this writing, Carol Kaesuk Yoon’s front-page obit
in the New York Times (May 21, 2002) remains the best I have
seen.

aspect of his rhetorical stance that has consistently obscured
the debate over his contributions and induced resistance—
some needless, some appropriate—among a variety of evo-
lutionary biologists.

Steve Gould, Revolutionary

In a revealing aside, Gould states, ‘‘if I were to cite any
one factor as probably most important among the numerous
influences that predisposed my own mind toward joining
Niles Eldredge in the formulation of punctuated equilibrium,
I would mention my reading, as a first year graduate student
in 1963, of one of the twentieth century’s most influential
works at the interface of philosophy, sociology, and the his-
tory of ideas: Thomas S. Kuhn’s The Structure of Scientific
Revolutions (1962). (My friend Mike Ross, then studying with
the eminent sociologist of science R.K. Merton in the build-
ing next to Columbia’s geology department, ran up to me
one day in excitement, saying ‘you just have to read this
book right away.’ I usually ignore such breathless admoni-
tions, but I respected Mike’s judgement, and I’m surely glad
that I followed his advice. In fact, I went right to the book-
store and bought a copy of Kuhn’s slim volume.)’’ (p. 967)
Gould cites Kuhn in this context specifically for the anal-

ogy that Kuhn’s punctuational change of ideas has for punc-
tuational change of morphology in the fossil record, but I
read Gould’s enthusiasm for Kuhn more broadly. His en-
counter with The Structure of Scientific Revolutions (a title
meaningfully echoed in the title of this book) legitimized and
intensified Gould’s predisposition to see himself as a heroic
and interesting rebel against an established and boring or-
thodoxy. Whether or not evolutionary biology needed a rev-
olution, whether or not the stagnation of early-sixties pale-
ontology could be generalized to evolution as a whole, wheth-
er or not the field had been driven into a state of internal
contradiction by its own results, it was going to get a rev-
olution, and Gould was going to lead it.
Doing so required that the orthodoxy of the Modern Syn-

thesis first be made excruciatingly clear so that the hetero-
doxy of the rebels could stand out in sharp relief. The dom-
inant population geneticists had to be trimmed down to size
to free up enough space at the core of evolutionary theory
for the new ideas. Because modern evolutionary theory was
moving fast and presented an inconveniently sophisticated
target, it made sense to cast the argument in the broad his-
torical context and concentrate on Darwin’s century-old de-
ficiencies, particularly the gradualism and uniformitarianism
he had absorbed from Lyell, in the process letting Gould
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climb onto the stage with the most distinguished evolutionist
of them all. It was a bold strategy. And it worked.
But these moves raised hackles, for many who saw them-

selves as open-minded, flexible, and perhaps even a bit rev-
olutionary did not appreciate being tarred with the brush of
orthodoxy and dipped in the paint of a stodgy intellectual
conservatism they themselves disdained. Nor did they—nor
did the real conservatives—necessarily buy the argument that
evolution was in a state of intellectual crisis that could only
be resolved with a paradigm-shifting revolution. In attacking
the extreme with a vigor that was often inappropriately in-
discriminate and exaggerated, Gould alienated the moderates
and induced much more resistance than was warranted by the
bare bones of the facts to which he pointed and the logic he
deployed. Although his attack reached the peak of intensity
two decades ago (Gould 1980), and while he has moderated
his stance since then and in this book, emphasizing that he
seeks to extend, not to overthrow, a Darwinism he respects,
much of the revolutionary rhetoric remains, scattered in strata
of text twenty years deep, and reminding the reader frequently
of a subtext that has been modified extensively but never
discarded. Gould cherished and advertised his self-image as
a revolutionary opposing stodgy orthodoxy to the end.
Thus Gould’s style, as much as his message, provoked

opposition. With that on the table, let us consider Gould’s
major scientific preoccupations: hierarchical selection, punc-
tuated equilibria, and internalist explanations from the point
of view of standard realist science. Are they logical, what
problems do they solve, and do we need them badly enough
to keep them around?

Hierarchy, Hierarchy, Hierarchy

I have no trouble at all with the idea that selection can
work simultaneously at several levels of a hierarchy, nor do
many other evolutionary biologists. Gould seems to have
thought to the end that this was a revolutionary idea, but he
did not invent it, and he was preaching to the choir for at
least the last decade and in some cases for much longer than
that. Price (1970, 1972) published the idea about the same
time that Eldredge and Gould came up with punctuated equi-
libria, admittedly as a somewhat impenetrable equation, but
Price did have the good grace to state the principle simply
in English: ‘‘effect of selection " intensity of selection #
variation on which selection acts’’ (Price 1972, p. 488) for
all levels of a nested hierarchy. Price’s covariance mathe-
matics formalized well-known examples with a much longer
history, such as meiotic drive and the evolution of virulence
in myxomatosis in rabbits in Australia (see references in Le-
wontin 1970). His formulation of the relative strength of
selection at two levels is critical for our understanding of
multilevel selection and genomic conflict, one of the more
fascinating recent developments in microevolutionary theory
(e.g., Haig 1992; Hurst et al. 1996).
The idea of multilevel selection is now a well enough

established part of the orthodoxy to appear even in an ele-
mentary text:

Organisms consist of a hierarchy of replication levels,
at each of which natural selection may occur simulta-
neously. Organisms occur in groups, and under some

conditions groups are also subject to natural selection,
for they may form new groups and disappear at different
rates, depending on their composition. Replicating units
that occur in few copies and whose replication and seg-
regation are strictly controlled, such as cell nuclei and
their chromosomal genes, do not easily cause genomic
conflicts. Replicating units that occur in many copies
and whose replication and segregation are not strictly
controlled, such as cytoplasmic genetic elements, more
easily cause genomic conflict. Sexual organisms are
more prone to experience genomic conflict than asexual
organisms. Genomic conflicts can generate evolutionary
change and may have been involved in several key evo-
lutionary events, such as the evolution of the male-fe-
male distinction. Genomic conflicts can also account for
uniparental inheritance of cytoplasmic genomes, male
sterility in plants, and genomic imprinting of growth
genes in mammals. Whether they can account for spe-
ciation . . . is not yet clear. (Stearns and Hoekstra 2001,
p. 212)

Note that we did not mention species selection, which at
the time we did not think was very important but is the level
of the hierarchy that Gould emphasizes. Nor did Gould cite
Haig or Hurst, who had provided him with outstanding ex-
amples of multilevel selection operating in systems that can
be studied in the laboratory and whose dynamics is readily
analyzable with standard microevolutionary tools. That mu-
tual lack of communication is easily understandable because
of what each person was trying to explain—genomic conflict
for Stearns and Hoekstra, macroevolutionary patterns and
trends for Gould. While we were aware of Gould’s position
on species selection, we did not mention it because we did
not think it contributed to the analysis of adaptation and were
insensitive to its potential role in shaping macroevolutionary
patterns. Although Gould was aware of Price’s formulation
(p. 663) and Lewontin’s review (p. 657), he chose not to push
the analogy of abundant examples of multilevel selection at
levels below that of the species, perhaps because he simply
was not very interested in evolutionary processes within spe-
cies.

Species Selection

Species selection is a central element of Gould’s macro-
evolutionary theory. He needs punctuation and stasis to give
him a clear definition of species in the fossil record, and he
needs species to be regarded as individuals rather than col-
lectivities for species selection to work. Wake (2002), who
knows a species when he sees one, doubts that many species
can be usefully characterized as individuals—their spatial and
temporal genetic borders are too fuzzy—and sees greater
hope for clade than for species selection. Gould held the
opposite view—species selection must be strong and real to
have produced the macroevolutionary patterns that we see,
whereas clade selection is probably too weak to have had
much effect. (Both Wake and Gould could be right with an
appropriate adjustment of the unit of selection. What pale-
ontologists perceive as species in the fossil record might have
been species swarms with fuzzy edges. One would then talk
about selection of species swarms rather than species.)
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The proper criteria by which to judge the strength and
importance of species selection were laid out by Price (1970).
Two concepts and a link between them explain both adaptive
and neutral evolution. The two concepts are heritable vari-
ation in traits and variation in reproductive success. The link
is the correlation between the two. When the correlation be-
tween reproductive success and a trait is significantly positive
or negative, natural selection is operating; when that corre-
lation is zero, selection disappears, even though variation in
reproductive success remains, and what is left is neutral evo-
lution. Thus drift is not only a property of small populations,
for it works in large populations whenever the correlation
between the effect of a gene on the phenotype and repro-
ductive success is zero. If that were not the case, molecular
evolution as we interpret it would not work. For species se-
lection, variation in reproductive success results from vari-
ation in speciation and extinction rates. Whereas individual
selection often consists of millions or billions of events, spe-
cies selection consists of many fewer. The sample sizes in-
volved differ by orders of magnitude. That is the point, as
Gould acknowledges, that Fisher (1930) emphasized when
he pointed out that adaptations result from very large numbers
of selective events.
When we look at species selection this way, several points

become a bit clearer. First, as Gould points out, species se-
lection does not produce the polish, efficiency, and elegant
design that we associate with adaptations: it takes millions,
not hundreds or thousands, of selective events to do that.
Millions of selective events (births and deaths) are readily
present in the family histories of organisms and genes; they
are not present in the family histories of species. Second,
drift at the species and clade level produces the arbitrariness
of history: that is much of what macroevolution generates.
Gould acknowledges that, but it is not what interests him.
He wants species selection to create macroevolutionary
trends and patterns. Well, third, the ability of species selec-
tion to create macroevolutionary trends depends on the mag-
nitude and significance of the correlation coefficient between
variation in the trait involved in the trend and variation in
species reproductive success. For species selection to be ef-
fective, that correlation must be large and significant.
That is an empirical issue. When such data are produced,

and agreement is reached on their quality and admissibility,
and when they show a strong and significant correlation be-
tween a species-level trait like geographic range and species
reproductive success, then species selection is producing a
macroevolutionary trend. I have no problem with that, and I
do not want to fault Gould for not citing more data of that
nature, for such data are hard to get. We do have Jablonski’s
(1987) correlation between geographic range and species du-
ration in Cretaceous mollusks and Wagner’s (1996) analysis
of the roles of individual selection, constraints, and differ-
ential extinction in shaping shell morphology in early Pa-
leozoic gastropods. But at the moment, it is fair to say that
we do not have evidence that forces us to conclude that spe-
cies selection has produced very many striking macroevo-
lutionary trends. More such work is needed.
What about other patterns? What about the fact that some

clades are speciose and others impoverished? What about the
species richness of beetles and snails and the species poverty

of priapulids and phoronids? Is that not evidence of the power
of species selection to shape a major feature of ‘‘life’s elegant
tapestry’’? Gould claims that it is, but look at what he is
saying: clades in which speciation rates exceed extinction
rates become more speciose; those in which speciation and
extinction are balanced tend to remain impoverished; those
in which extinction rates exceed speciation rates disappear.
That is true enough, but it is neither surprising nor striking.
Thus species selection could contribute to trends, but we do
not know if it does; it generates variation in the species rich-
ness of clades, but that is elementary.
Things get more interesting when Gould discusses general

features of species that predispose them to high or low spe-
ciation or extinction rates. Here we have to deal with the
possibility that variation in the trait at the species level and
in the speciation and extinction rates are byproducts of pro-
cesses at the individual level (Vrba’s effect hypothesis).
Gould concludes that species extinction must often be a by-
product of individual fitness, that differential extinction is
therefore not a strong motor of species selection, and that
differential speciation must account for most of it. Although
he acknowledges such connections between micro- and mac-
roevolution, and moved, in this respect as in many others, a
long way from his initial positions, Gould remained com-
mitted to the end to a separate realm of macroevolutionary
causation with a clear break from microevolutionary causa-
tion. He did so because he wanted paleontology to be an
independent and important source of evolutionary explana-
tion and because he wanted to be seen as a major architect
of evolutionary theory, not because he was driven logically
to that position by a paradox in the data that could only be
solved by that adjustment of the theory.
That may be understandable from a feisty paleontologist

seeking legitimacy for his field, but it results in an unpro-
ductive and inappropriate strategy for chunking reality and
defining big problems. If we want to understand life as a
whole, not in separate compartments of paleontology and
neontology, macro- and microevolution, then the links be-
tween those compartments become as fascinating and as cru-
cial as what goes on within them. I say that not in the belief
that a proper study of the links will reduce macro- to micro-
evolution completely, although I think it will do so partially.
Nor do I rule out an important macroevolutionary influence,
driven by species selection, on some species-level charac-
teristics of great interest to microevolutionists, such as sexual
versus asexual reproduction, semelparity versus iteroparity,
ecological specialization versus ecological generalization, or
selection of a narrow versus a broad range of habitats in which
to settle. All those distinctions would plausibly impact the
vital rates of species, and it will be interesting to see if they
do.
No, the reason I find the interaction of micro- with mac-

roevolution important and do not want it defined out of ex-
istence by walling the two off from each other is that in other
cases of multilevel selection (meiotic drive, male sterility,
uniparental inheritance, intragenomic conflict over parental
investment), the interaction between levels has been crucial
to our understanding, the quantitative balance of selection
forces at the higher and lower level have been decisive for
the outcome, and if we had ignored those interactions we
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would have understood very little about what was going on.
I hope that anyone willing to ignore intellectual turf wars
and to use any useful tool, intellectual or material, to get at
the truth without regard for disciplinary boundaries, is in-
clined to agree.

Stasis Is Data

This Eldredge-Gould mantra was coined in the seventies
to emphasize the empirical basis of their hypothesis of punc-
tuated equilibria: stasis is data, stasis is data. I agree com-
pletely, consider the observation well founded, and think this
is one of the most important points that Eldredge and Gould
uncovered. Why do many, but by no means all, species not
change for very long periods of time, and why do ancestral
species persist unchanged after daughter species have formed
and diverged, as shown, for example, by Jackson and Chee-
tham (1999)?
At least two answers can be given: an externalist or se-

lectionist answer and an internalist or structuralist answer.
Gould draws this distinction and I agree that it is useful. The
externalist answer suggests that young organisms select the
habitats in which they live, that they thereby select the se-
lection pressures they will experience as adults, that virtually
only adult morphologies are fossilized, that the selection
pressures operating on the adults are stabilizing, and that all
this is particularly important in the marine invertebrates with
larval stages that dominate the fossil record and provide the
best evidence for stasis. Thus the externalist answer is, stasis
results from stabilizing selection as a byproduct of faithful
and precise habitat selection. This may be plausible, but I do
not know how to test it in the fossil record.
The internalist answer can take at least two forms. The

first says many traits are internally connected. When such
connections exist, it is often the case that the fitness gained
when one trait changes is compensated by a fitness loss when
other, connected traits change. Such connections can cause
stabilizing selection on the traits involved. When they are
present, and they appear to be omnipresent, stasis arises and
persists as a result of stabilizing selection that exists for
internal, not external, reasons. The most important part of
the environment of a trait is thus its connections to other
traits, not the external environment with which the whole
organism interacts. When stasis is caused by internal con-
nectedness, it is not particularly surprising that morphology
persists unchanged through periods of rapid change in the
external environment, for that is not the part of the environ-
ment of the traits that matters most. Such is the first internalist
explanation, and it is not Gould’s, it is mine (see also
Schwenk and Wagner 2001).
The second internalist explanation is based on develop-

mental constraints and supported by the abundant recent data
on deeply conserved developmental control genes, to which
Gould enthusiastically refers as hoxology (although the field
studies many genes outside the hox cluster). The idea is that
the genetic and developmental control networks that specify
the basic features of body plans are incredibly ancient and
broadly shared. They can be modified in interesting ways,
but in general they appear to have served as constraints on
the kinds of organisms that evolution can produce and can

thus explain why phenotypes are clumped in morphospace.
Gould was not concrete about how that could explain stasis,
and for good reason: we do not yet know.
A few years ago in a memorial issue for one of Gould’s

longtime opponents, the distinguished Polish paleontologist
Toni Hoffman, I suggested a scenario (Stearns 1994) that
could form part of the answer: A developmental control sys-
tem evolves in a distant ancestral species. Whether it gets
canalized, or you get ‘‘canalization for free’’ out of its struc-
ture (Wagner 1996), is not known and is not critical for the
next step. The essential starting point is that basic devel-
opmental control is somehow constrained not to change. The
traits within the lineage that are still variable then co-evolve
relatively rapidly with the relatively slowly changing devel-
opmental control system. ‘‘This step embeds the [develop-
mental control system] in a network of interactions with other
traits in such a way that the continued successful function of
the organisms depends upon that [system] remaining cana-
lized’’ (Stearns 1994, p. 221). Constraints result because the
invariant developmental system cannot now be changed with-
out incurring costs too high to be paid in the fitness contri-
butions of the still-variable traits. ‘‘If this process is repeated
many times, one trait after another will be canalized and then
fixed by a web of developmental, physiological, and bio-
mechanical interactions’’ (Stearns 1994, p. 221). This em-
bedding process is one way to go in principle from the ob-
servation of deeply conserved developmental control genes
to the observation of shorter-term, more superficial stasis in
the external morphology of a single species over a couple of
million years (see also Reidl 1978).
Such an embedding process creates as many problems for

punctuation as it solves for equilibria. How can you have
strong internal constraint causing stasis for a long period of
time followed by a quick relaxation of internal constraint
during a speciation episode? This scenario is a better expla-
nation of the long-term evolutionary channeling discussed in
the next section, than of stasis within species, for which
stabilizing selection resulting from a combination of habitat
selection and internal trade-offs still seems the most plausible
explanation currently available. Gould agreed: ‘‘I now be-
lieve . . . that the theme of constraint, while not irrelevant
to the causes of stasis in punctuated equilibrium, does not
play the strong role that I initially advocated. (However—
and perverse as this may seem to some detractors—my con-
viction about the general importance of constraint vs. adap-
tationism at other more appropriate scales has only intensi-
fied, particularly in the context of revolutionary findings in
developmental genetics—see Chapter 10)’’ (p. 880).

Internalism (Structuralism) versus Externalism
(Selectionism)

Internalist explanations for evolutionary patterns were a
dominant feature of nineteenth-century thought. They
reached an early peak in the concept of orthogenesis—re-
jected by the Modern Synthesis for its lack of mechanism
and tinge of vitalism—and a later peak in structuralism.
Gould felt that orthogenesis and structuralism both contain
an element of truth that was unwisely discarded in the heat
of earlier controversies: he sought to retrieve the baby from
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the discarded bathwater. There is more to structuralism than
extreme selectionists believe and less than its advocates
claim. Here is the part that I find plausible.
First, structuralism sheds useful light on the meaning of

the word ‘‘random’’ when we say that mutations occur at
random and selection weeds out the ones that do not work.
The many possible meanings of the word ‘‘random’’ have
proven a persistent bugbear in communicating the essence of
natural selection. ‘‘Random’’ in this context does not mean
‘‘randomly drawn from the space of all possible pheno-
types’’; it means ‘‘random with respect to fitness benefit.’’
The scope of possible phenotypic effect of all mutations is
profoundly restricted by the development and physiology of
the organisms in which they occur. Mutations in beetles will
yield variations on beetles; mutations in tigers will yield
variations on tigers; but mutations in beetles will not yield
variations on tigers. That is elementary and important.
Second, much of the restriction in scope of possible phe-

notypic effect results from the effects of developmental con-
trol systems on body plans and the interactions those control
systems have with the range of phenotypic effects that can
be elicited by mutations. No system currently under study
better clarifies that interaction than the butterfly wing patterns
studied by Nijhout, Brakefield, Carroll, French, Monteira,
Beldade, and their colleagues. The number of such systems
is increasing. Their general message may be this: any deeply
conserved developmental pattern can often be tweaked to
elicit an impressive array of variation in local phenotype
space, but it is much rarer that it can be fundamentally re-
modeled in ways that can send evolution on a trajectory into
distant phenotype space (cf. Wray on echinoderms). There
have been no such fundamental remodelings of developmen-
tal systems, at least in animals, for hundreds of millions of
years: much of the evolution of the animal phyla in the Phan-
erozoic can be understood as local variations on basic body
plans controlled by deeply conserved developmental systems
that extend back at least to the Cambrian and Ordovician.
That gives internalist structuralism a large role in the gen-
eration of macroevolutionary patterns: it has held phenotypes
within the basic body plans of the major phyla.
Third, the information stored in genes directs the construc-

tion of material organisms. The properties of the materials
out of which life is built, and the ways in which those ma-
terials are organized to interact with each other, come with
important properties. The ability of a broken bone to remodel
during repair along lines of stress comes largely with the
choice of hydroxyapatite in a protein matrix; it is not specified
in the genes, which do not code for appropriate repair of all
possible breaks in bones. Genes get a lot for free out of
materials. D’Arcy Thompson was right about that.
This is a part of evolution that Gould thought was very

important and lacking in the Modern Synthesis, and he was
right. His role in getting it more heavily emphasized in evo-
lutionary thought, mostly through his 1977 book Ontogeny
and Phylogeny but also here through his analysis of D’Arcy
Thompson’s On Growth and Form, provided an important
impetus, but the exciting results came from molecular de-
velopmental genetics, not from evolutionary biology and
structural morphology. Gould did play an important role in
preparing the anglophone community to receive the results,

to know why they were important, and to place them in the
context of historically significant questions. However in con-
tinental Europe, particularly in Germany, no preparation by
Gould was necessary—they were on top of the history and
issues from other sources already. Therefore if he had never
existed, I suspect the field of evo-devo would have been in
approximately the state today that it actually finds itself in,
busily connecting deeply conserved developmental control
systems with broad phylogenetic patterns and exploring how
far such systems can be fine-tuned to produce observed phe-
notypic variation. But much of the charm of history is its
particularity, and the history of evo-devo that we experienced
was significantly shaped and supported by Gould: it was a
more interesting and colorful history because of him even if
we could have gotten here without him.

Trade-Offs and Constraints in the Exaptive Pool

Gould and Vrba (1982) believed that exaptations form a
reservoir of variability that can be tapped to produce inno-
vations. Species with a large exaptive pool are more evolv-
able than species with a small exaptive pool. I like the idea
of exaptations and think Gould’s suggestion is reasonable,
but I would like to raise a point about the dynamics of ex-
aptations. The point holds for the class of exaptations that
are neutral at all levels of selection prior to being comman-
deered as raw material for innovations. It does not hold for
traits that might be considered exaptations at a higher level
but are adaptations under active selection at a lower level.
According to microevolution a trait no longer under se-

lection will be eroded by mutations unless it is connected to
or a byproduct of other traits or processes that continue to
experience selection. One thinks of the eroded visual function
of cave salamanders and crickets. One also thinks of the
compensatory evolution of antibiotic resistance in bacteria
(Schrag and Perrot 1996). If antibiotic resistance is costly
when the antibiotic is not present, it will disappear rapidly
from the bacterial population when the antibiotic is with-
drawn, with clearly positive epidemiological consequences.
If, however, compensatory evolution occurs during the period
when the bacterial population is under selection from anti-
biotic treatment, then the cost of resistance can be modified,
even to the point where resistance becomes neutral rather
than costly when the antibiotic is withdrawn, and it takes a
neutral trait much longer, in microevolutionary time, to dis-
appear from a large population than it takes for a costly trait
to disappear.
These quintessentially microevolutionary ideas are rele-

vant to the plausibility of a macroevolutionary exaptive pool,
for they help to define the conditions under which we can
expect a neutral trait to stick around for a long time. If the
trait became neutral because it underwent compensatory evo-
lution before a selection pressure disappeared, then it will
remain longer in the exaptive pool than it would have if a
cost appeared when selection shifted. If it is a byproduct of
a process or connected to a trait still under positive selection,
then we can expect it to stick around even longer than if it
is neutral, but in that case the connections it has to other
traits will decrease the degrees of freedom available to use
it in new contexts. Otherwise we should expect it to disappear
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and be only briefly available in the exaptive pool on a mac-
roevolutionary time scale.
The half-lives, indeed the entire distribution of residence

times, of traits in the exaptive pool thus become of interest.
Some spandrels will have dynamics; some (such as the gas-
tropod umbilicus) that result from geometry and architecture
may not. It will be hard to measure the dynamics, first because
it is hard to assess the reliability of a claim that something
is an exaptation rather than an adaptation, second because
the time spans involved will often be geological rather than
ecological. Those facts do not detract from the basic logical
point: if you are going to use exaptations as a source of
variation in macroevolutionary theory, then you need to un-
derstand their dynamics, not just their existence, for the same
reasons that one needs to know the average residence time
of a mutation in a Mendelian population in microevolutionary
theory. Dynamics makes an important difference to our quan-
titative understanding of rates and potentials.

Gould as Historian of His Own Research Field

It is standard practice to spin the history of a topic in the
introduction to a research paper to make clear to the reader
that serious deficiencies desperately need precisely the rem-
edy that one is about to provide with the results and analysis
hereinafter presented. This is a widely recognized petit mi-
gnon, normally tolerated with amusement and compensated
for by readers almost unconsciously. In this book Gould
makes this move on unprecedented scale. For over 500 pages
he takes us through a close reading of the development of
evolutionary thought from Cuvier, Lamarck, and Geoffrey
St. Hilaire to Fisher, Haldane, Wright, Dobzhansky, Mayr,
and Simpson. His reading has a subtext: to expose major
deficiencies that he would later remedy with punctuated equi-
libria and species selection. He presents an extended brief
for the importance of his own interests.
Of course he is entitled to do it. And in the process he

delivers lots of insights—on the influence of Adam Smith on
Darwin, on Cuvier’s treatment of Lamarck, on Herbert Spen-
cer’s logorrhea (sic!), and a nice compare-and-contrast of
Geoffrey St. Hilaire versus Cuvier, Goethe versus Paley,
Owen versus Darwin, Goldschmidt versus Dobzhansky, and
Gould versus Dawkins to demonstrate the depth and persis-
tence of the parallel contrasts represented by those pairs. I
greatly enjoyed parts of this historical prelude to the logic
of evolutionary theory. But I kept noticing that Gould was
selecting topics to build the historical argument for the im-
portance of his own interests, I found that sensation uncom-
fortable, and I do not trust this account as a balanced—al-
though it is an interesting—intellectual history of ninetenth-
and twentieth-century evolutionary thought.

Some Relevant Things Gould Missed

It is difficult to believe that in 1343 pages Gould did not
cover all the relevant material, but I found omissions of things
that would have supported his major arguments. First, he did
not discuss Vavilov’s (1922) Law of Homologous Series,
clear and early documentation that mutational variation is
channeled within a clade, that closely related species have
mutations with strikingly parallel phenotypic effect. Vavi-

lov’s evidence supports Gould’s emphasis on internal factors
in evolution and should be better known. It is a classic. Sec-
ond, he did not discuss Stebbins and Basile (1986), who
reviewed cases in which species could be induced to phe-
nocopy morphological features of distantly related extant taxa
(teeth induced in chickens, radial symmetry induced in liv-
erworts, leafy shoots induced in flowering plants that do not
normally develop them) and invented the term ‘‘phyletic phe-
nocopies’’ to cover this broad and interesting range of phe-
nomena. Phyletic phenocopies are relevant both to evo-devo
and to the exaptive pool and are also good evidence for the
importance of internal factors in evolution.
But those are relative details. Two major things are missing

from the book: an engagement with population genetics se-
rious enough to have internalized what it has to say about
speciation, and an overview of much of the recent literature
(with the exception of evo-devo, on which he was up-to-
date). Gould’s argument was predominantly with the past as
expressed in the state of the field at the time he was in grad-
uate school in the early sixties. Had he stayed on top of the
developing field, he would have had less and less to argue
with, in part because of his own influence, which brings us
to my next point.

On the Astute Creation and Exploitation of Scientific
Controversies

In her incisive analysis of the sociobiology debate, De-
fenders of the Truth, Ullica Segerstråle (2000) points out that
both sides used the debate to increase their publication rates,
their public exposure, and their reputations as holding po-
litically correct positions, at least for the audience to which
they were playing (naturally different for Gould than for
Dawkins or Wilson). In her opinion, Gould did this better
than any of the other participants. He did precisely the same
thing in the debates over evolutionary theory. He says himself
that he used the columns in Natural History as ‘‘a bully
pulpit’’ from which to spread his views, and their impact
was amplified many-fold when they were packaged and mar-
keted as a highly successful series of popular books.
As a result of his public positions on sociobiology, on IQ

and race (in The Mismeasure of Man), and on creation science,
he earned great standing as a Man of the Left, a socially
engaged scholar who defended liberal positions and reaped
liberal reverence, who lent the intellectual respectability of
the academy to popular positions. His death prompted rem-
iniscences in The Nation and a very balanced editorial, as
well as a front-page obituary, in The New York Times. It
reminds me of the funeral of Victor Hugo, when thousands
lined the streets of Paris as much for the social and political
positions that Hugo had defended as for the quality of his
literary production.
Public awareness and reverence extended, moreover, well

beyond the liberal left. I was astounded, when I returned to
this country after 17 years in Switzerland, both at the degree
to which evolution had been accepted by the intelligentsia
(if not by the general public) as something that had really
happened, and at the degree to which it was generally seen
through Gould’s macroevolutionary eyes. This was, on the
one hand, a great service to science vis-à-vis creationism and
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to the status of evolution in general, and at the same time a
great miscommunication of the nature of evolutionary theory
to the general public. I now frequently encounter biology
undergraduates, nonacademics, and even some nonevolu-
tionary biologists who have read Gould and carry quite alarm-
ing misapprehensions about natural selection, adaptation, and
microevolutionary mechanisms, but insist that they have un-
derstood evolution at the hand of a master and need go no
further.

Gould’s Greatest Contribution

The complacency and rigidity of evolutionary biology in
the 1960s were real. The consistency of evolutionary phe-
nomena with population genetics was incorrectly extended
to a general belief that population genetics was sufficient to
account for evolution. This gave population genetics a priv-
ileged position as the standard against which evolutionary
thought should be measured, and it created an atmosphere in
which important evolutionary phenomena not directly tied to
genetic mechanisms were often defined away or ignored, to
the great frustration of those interested in them. Those im-
portant phenomena included innovations, constraints, stasis,
and macroevolutionary trends. Gould’s greatest contribution
was his effectiveness in shattering the complacency of the
field and broadening the range of respected discourse. He had
to fight hard to do so, and the fact that he was not alone in
that fight detracts neither from his independence, nor from
his courage, nor from his contribution. He was a real leader
in opening our minds to important things that had been
missed, and he did our field a great service in reminding the
public that there is more to biology than molecular biology
and that there are interesting unanswered problems whose
solutions will not require DNA sequences.
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