The Evolution of Mimicry: A Solution to the Problem of Punctuated
Equilibrium

John R. G. Turner

The American Naturalist, Vol. 131, Supplement: Mimicry and the Evolutionary Process.
(Jun., 1988), pp. S42-S66.

Stable URL:
http://links jstor.org/sici?sici=0003-0147%28198806%29131%3CS42%3ATEOMAS%3E2.0.CO%3B2-9

The American Naturalist is currently published by The University of Chicago Press.

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www jstor.org/journals/ucpress.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

JSTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of
scholarly journals. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org/
Sun Sep 10 17:19:41 2006



Vol. 131, Supplement The American Naturalist June 1988

THE EVOLUTION OF MIMICRY: A SOLUTION TO THE PROBLEM OF
PUNCTUATED EQUILIBRIUM

JouN R. G. TURNER
Department of Genetics, University of Leeds, Leeds LS2 9JT, England

Once again, ‘‘punctuated equilibrium’’ is oversold to a general audience as the
basis for a new, general theory of evolutionary change that is in reality little more
than a promissory note (Durant 1985)

The superseding of strict Darwinism may establish the Darwinian style of
argument in its most general form as the foundation for a truly synthetic theory of
evolution (Gould 1982)

Punctuated equilibrium is a theory that evolution can be separated into two
processes: microevolution, which accounts for adaptation, and macroevolution,
which accounts for diversity (Gould and Eldredge 1977; Gould 1982). It challenges
the prevailing Darwinian and neo-Darwinian view that both adaptation and diver-
sity have a single prime cause: natural selection.

Punctuated equilibrium is therefore in a tradition of theories alternative to strict
Darwinism, most recently espoused by Goldschmidt (1940) with ancestry in the
mutationist tradition of the early twentieth century (Provine 1971). The study of
butterfly mimicry (Clarke and Sheppard 1960a,b, 1971, 1972; Sheppard 1961,
1962; Clarke et al. 1968; Turner 1977b) has already shown how the gradualist neo-
Darwinian view of evolutionary genetics could be synthesized with the mutation-
ist view of Goldschmidt (1945) and Punnett (1915, 1927). In this paper, I use recent
studies of mimicry to suggest ways of synthesizing neo-Darwinism with the theory
of punctuated equilibrium. Of necessity, I present a summary of much elaborate
data and argumentation; other papers give fuller accounts of our theory of the
evolution of Miillerian mimicry (Turner 1981, 1983b, 1984c¢, 1985a; Sheppard et al.
1985); of the historical relations of mimicry theory, adaptationism, and mutation-
ism during the Modern Synthesis (Kimler 1983; Turner 1983a, 1985b); and of the
critique and synthesis of neo-Darwinism and punctuationism (Turner 1983a,b,
1986).

PUNCTUATIONISM AS A THREE-PRONGED FORK

According to punctuated equilibrium, therefore, evolution is not more or less
smooth, gradual, and continual, as has been supposed for most purposes in most
post-Darwinian theories. Rather, most morphological change is held to take place
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within geologically short periods, separated by vastly longer periods of compara-
tive stasis (Eldredge and Gould 1972). The rapid, large changes all occur during
speciation, that is to say during the branching of the evolutionary tree (clado-
genesis); as a result, the evolutionary tree can be represented by a diagram re-
sembling not a conventional spreading bush but an elaborate candelabra with
horizontal branches and vertical candles (fig. 8a). As a result, speciation acts as a
kind of mutational process, generating species that undergo little change but
merely become extinct, or give rise to new and different species by the muta-
tional, punctuational event. Directions, patterns, and trends in evolution are due
not, as has been supposed, to natural selection within species (microevolution)
but to a process of selection between species (macroevolution) (Gould 1982).

This theory has some profound implications, which can be seen as giving it
revolutionary features when compared with neo-Darwinian theory. First, since
species are restrained from evolving except when branching (speciation) takes
place, there must be some restraining mold in evolution that is broken only at the
formation of a new species. Suggestions for the nature of this restraint and its
relaxation have included internal developmental restraints, internal molecular
restraints, genetic revolution produced by founder effects (invoking the spirit of
Mayr 1954), genetic revolution produced by three-phase evolution (invoking
Wright 1971 and earlier), developmental macromutations (invoking Goldschmidt
1940), and (more conventionally) ecological release.

Second, most of what is important in evolution—the generation of diversity,
trends, and directions—is caused not by natural selection, which produces only
adaptive adjustments within evolving lines, but by the interaction of the punctua-
tional process and the process of species selection. Hence, most features of
organisms cannot be seen as adaptive (Gould and Lewontin 1979). This destroys
most of the intellectual base of the philosophically and politically threatening
discipline of sociobiology (Wilson 1975; Dawkins 1982), as well as the less danger-
ous but equally adaptationist field of evolutionary ecology (Shorrocks 1984).
Punctuationism can be seen as one of a line of theories that can save evolutionary
theory from the more uncomfortable implications of strict Darwinism (Bowler
1983, 1984; Turner 1983a, 1984a).

The punctuational theory has been subject to extensive criticism from neo-
Darwinists (Levinton and Simon 1980; Charlesworth et al. 1982; Hecht and
Hoffman 1986). For the more difficult task of synthesizing it with neo-Darwinism,
I find it useful to imagine the punctuational theory as a three-pronged fork (Turner
1986).

Prong 1: Punctuational Evolution
The fossil record reveals a pattern of stasis alternating with periods of ex-
tremely rapid change.
Prong 2: Evolution in Jerks

This pattern arises because species, morphologically distinct from their closest
relatives, appear rapidly and remain more or less unchanged until they become
extinct. Some of the direction of evolution arises at this stage, as a result of a
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“‘direction bias’’ in the evolutionary jerk (Gould 1982); both this bias and the
maintenance of the phenotypic mold (perhaps even its breaking during the jerk)
are more likely to be generated internally by the organism than externally by the
environment.

Prong 3: The Second Process

Long-term trends and patterns of evolution are therefore created not by evolu-
tion within the relatively static species, but by selection acting between species.
This consists of two processes (Gould 1982): a “‘birth bias’’ (higher rate of
speciation in some clades), and a ‘‘death bias’’ (higher rate of extinction); these
are directly analogous to natural selection through fertility and mortality at the
individual level. (Note that Gould’s arguments normally place ‘‘direction bias’’ in
prong 3 but that it seems more rationally to belong to the jerk than to the second
process.)

I shall argue that prong 1 is an observation that, even if not universal, is
common enough to be taken as a phenomenon in need of explanation; certainly it
is shown by the butterflies that I shall consider. I shall, however, argue that prong
2 is a simple misinterpretation of the fossil record, which can be fully explained by
neo-Darwinian microevolutionary theory. The model of evolution in jerks is at the
very least superfluous; it is in fact less compatible with our overall knowledge than
is the conventional theory. Nonetheless, I shall then further argue that prong 3 isa
correct and a valuable extension of evolutionary theory: while it is in no way
incompatible with neo-Darwinism, it discusses matters beyond the scope of popu-
lation genetics. With the tricky central prong removed, both the observations
(prong 1) and the theory (prong 3) of macroevolution can be painlessly joined onto
existing microevolutionary theory to produce a new synthetic theory of evolution.

It would be possible to argue this case purely theoretically, but I shall use a real
example, in which we are possessed of an exceptional understanding of evolution-
ary dynamics: a case study of adaptive radiation. I believe it shows evolution
occurring according to this synthetic model.

EVOLUTIONARY DYNAMICS OF MIMICRY

The Problem: Mimicry Rings

The rival gradual and mutational models for the evolution of mimicry supposed
respectively that mimics came to resemble their models by a slow, continual
process of change (Fisher 1927, 1930; Brower et al. 1971) or that the mimetic
pattern was achieved by a single, and final, mutational step (Punnett 1915;
Goldschmidt 1945). Empirical work on Batesian mimics in the genus Papilio
showed that the mimicry was better explained by a synthesis of the two theories
(Clarke and Sheppard 1960a,b; Clarke et al. 1968). I call this synthetic theory,
originated by Poulton (1912) and Nicholson (1927), the two-stage model. Accord-
ing to this theory, mimicry normally arises in two steps: a comparatively large
mutation achieves a good approximate resemblance to the model; it is followed by
gradual evolutionary changes that refine the resemblance, in many cases to a high
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Fic. 1.—The five mimicry rings to which most of the long-winged, warningly colored
butterflies of the South American rain forests belong. They are represented here by one
species from each ring, with the patterns as they appear in Trinidad. (From Sheppard et al.
1985.)

degree of perfection (Sheppard 1962; Ford 1964). However, it was generally
accepted, on account of a cogently worded although faulty argument of Fisher
(1927, 1930), that Miillerian mimicry did not evolve in this way, but was, as the
early students of the subject had believed, the product purely of a gradual process
of mutual convergence between the co-mimics (Dixey 1909; Brower and Brower
1972). Only recently have empirical findings about Miillerian mimicry in both
moths and butterflies led two groups of researchers to the conclusions that this
theory was wrong and that major mutations were involved in the origination of
Miillerian mimicry also (Bullini et al. 1969; Turner 1976; Sbordoni et al. 1979;
Sheppard et al. 1985). We have therefore adopted the two-stage theory for the
explanation of Miillerian mimicry as well.

Any theory of Miillerian mimicry has to take into account the phenomenon of
the coexistence of multiple mimicry rings. If one examines the local butterfly
fauna in any area of the world, one finds that between all the aposematic (warn-
ingly colored and defended) species present there are normally only a limited
number of different patterns, normally far smaller than the number of species.
Each cluster of species, all sharing a common pattern, is termed a Miillerian
mimicry ring. Thus, in the rain forests of South and Central America, most of the
long-winged butterflies (ithomiids, danaids, and heliconians) belong to one of only
five different rings (fig. 1; Papageorgis 1975). This phenomenon is worldwide. It
has been amply documented in the butterflies of Africa and southeastern Asia
(Owen 1974; Ackery and Vane-Wright 1984) as well as in the hymenopterans: both
wasps in Hawaii and bumblebees in the northern temperate zone are similarly
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clustered into a limited number of Miillerian mimicry rings (Perkins 1912; Plow-
right and Owen 1980). Since we expect in Miillerian mimicry that all species will
share the same pattern, this phenomenon is puzzling; even if the butterflies and
hymenopterans might fail to mimic each other (some groups of moths do in fact
achieve excellent mimicry of wasps), we would at least expect only one color
pattern among the butterflies and one among the bees. It is necessary to account
for two apparently contradictory phenomena: evolution has produced a high level
of mimicry within each ring, while allowing the separate rings to go on existing
side by side. We have to account for both their existence and their coexistence.

The Theory

We (Sheppard et al. 1985) have therefore considered what is known about the
generalization behavior of vertebrates (Brower et al. 1971) and in particular the
quantitative experiments of Duncan and Sheppard (1965), Schuler (1974), and
Goodale and Sneddon (1977): the protection afforded to mimetic pattern falls
away the less they resemble the model, until a pattern of very different appear-
ance has no effective protection. Thus, if we represent the warning pattern of a
butterfly on a horizontal scale, there will be an envelope of protection around it,
which potentially protects patterns that only imperfectly resemble it (fig. 2a). Now
imagine two such warning patterns in one habitat, similar enough that the en-
velope of protection afforded to one gives some protection to the more extreme
variants of the other (or in ordinary language, suppose that predators that have
sampled species A sometimes avoid the more extreme members of species B
because they mistake them for A). These two species are subject to natural
selection for mutual convergence of their patterns (fig. 2b). Eventually they will
form a rather accurate Miillerian mimicry ring.

By contrast, if the two species have patterns so dissimilar that predators
encountering one never imagine that it might be the other (the envelopes of
protection do not overlap the other species’ phenotype distribution), then there is
no selection whatever for convergence, and the two patterns will remain distinct
indefinitely (fig. 2c). We have an explanatory theory for both the existence and the
coexistence of Miillerian mimicry rings.

But mutations of color patterns are occurring all the time. Suppose that species
B happens to produce a mutation whose pattern falls within the envelope of
protection afforded to species A (fig. 2d). The mimicry need not be perfect, but if
itis good enough (in the figure it must lie between the points x and y), the mutation
will have an advantage and will spread. In this way species B may, by a single
mutation, become a Miillerian mimic of species A; in other words, species B may
switch from one Miillerian mimicry ring to another. Clearly, if the mimicry is not
perfect, the two patterns will then gradually converge, making the resemblance
ever closer. Like Batesian mimicry, Miillerian mimicry can evolve in two stages:
the mutational, one-way convergence stage followed by the gradual, mutual
convergence stage. Note that in the first stage, only the less protected species can
adopt the pattern of the better protected species; mutations in the other direction
are not favored. Note also that one-way convergence is entirely different from the
process of gradual advergence described for Batesian mimicry by Brower and
Brower (1972).
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FiG. 2.—A model for the existence, coexistence, and switching of Miillerian mimicry rings.
The horizontal scale represents a range of potential phenotypes. The phenotypes of existing
species, with their normal variation, are shown by the stippled areas. a, A distasteful species,
generalized by predators that encounter it, protects not only existing patterns but also a wider
range of patterns than actually exists (heavy curve). This species is subject to normalizing
selection. b, Two species already resemble one another fairly closely, such that each gains
some protection from the existence of the other. These species are selected for gradual
mutual convergence and will become Miillerian mimics. ¢, Two species, or rings of species,
with markedly different patterns do not converge on one another, since the predators never
confuse the two. Thus, two or more mimicry rings may persist indefinitely in the same
habitat. d, If two species are not equally protected, one can switch to mimicking the other,
even though gradual convergence is impossible, if the less protected species produces a
mutant that sufficiently resembles the better protected species. (Based on Sheppard et al.
1985, in Turner 19836, fig. 1. By permission of Academic Press, Inc. (London).)
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Fic. 3.—Parallel Miillerian mimicry of the races of Heliconius melpomene (left) and H.
erato (right), somewhat simplified. Each race of one species (with the exception of H. erato
race 12) can be seen to be mimicked by a race of the other, with a closely similar geographical
distribution. (A detailed map showing further variants is given in Sheppard et al. 1985.)
Hybridization zones (see, e.g., Mallet 1986) are omitted. Colors are black, red (stippled), and
yellow or (in Ecuador) white. (From Turner 1981, fig. 2. Reproduced with permission of
Annual Reviews, Inc.)

The Evidence

There is ample experimental evidence for the large mutations that have
switched butterflies and moths from one mimicry ring to another. The simplest
cases were found by Bullini et al. (1969) in Zygaena ephialtes and by K. Brown
and Benson (1977) in Heliconius hermathena. Both species switch mimicry rings
in different parts of their range, and the switching is largely accomplished by a
single mutation that changes large parts of the color pattern (an illustrated map for
H. hermathena can be found in Turner 1982, 19835, 1984¢, 1985a; Sheppard et al.
1985). The most extensive investigation (Sheppard et al. 1985) has been into the
parallel mimics H. melpomene and H. erato, which show an enormous amount of
racial divergence while maintaining nearly completely faithful, strict mimicry of
each other (fig. 3; color illustrations in Turner 1971, 1975). We have good data
about the genetic composition of eight races of H. erato and six races of H.
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melpomene. (Mallet [1986] has added a further race of each species.) In both
species, all the major changes of pattern between the races are switched by major
mutations that remove or add large areas of color: the whole of a red patch or a
yellow bar or extensive parts of several apparently independent yellow markings.
All told, we know of 14 such major genes in H. erato and 12 in H. melpomene
(Sheppard et al. 1985; genetic [linkage] maps illustrated in Turner 1984b,c). We
also have clear evidence for the second, gradual stage in the evolution of the
patterns, in the form of polygenic adjustments to the patterns produced by the
major genes. For example, the thin rays on the hindwings of some races of H.
melpomene, which are under the control of a major gene, remain but become
considerably altered in shape when the gene is backcrossed into a race that does
not exhibit the ray pattern.

THE GENETIC PALEONTOLOGY OF HELICONIUS

Tempo and Mode

Evolution in these butterflies is clearly not gradual in the genetic sense, nor is it
purely saltational. Is it gradual in the longer term? The substitution of a major
gene in the species over a hundred millennia would be a saltational change at the
genetic level but would be a gradual change in geological time. In the absence of
fossils this question cannot be answered for certain, but luckily a combination of
genetics, cladistics, and paleoclimatology allows us to infer what has happened
with a greater than average degree of accuracy. It was first pointed out by Haldane
(1924) that when new mutations become established in populations under natural
selection, there is a large or overwhelming tendency for dominant rather than
recessive mutations to establish themselves. The reason is that recessive muta-
tions cannot be expressed and therefore cannot be selected until they have risen to
a rather high frequency by random drift, whereas dominant mutations are steadily
selected when they are still at low frequencies. In this way most of the genes
producing industrial melanism in moths are dominant to the original form of the
species (Kettlewell 1973). It is not that recessive melanic mutations do not occur;
they do, but they seldom establish themselves in populations. This effect, which I
have called ‘‘Haldane’s sieve’’ (Turner 1981, 1983b) is overwhelming in large
populations and by no means negligible in small ones. It allows us with a high
degree of probability (although obviously not with certainty) to put a direction on
any evolutionary change whose genetics is well understood; normally, the reces-
sive allele is ancestral. With the ancestral and derived genetic states thus estab-
lished, it is a matter of no great difficulty to produce minimum cladograms using
the weighted-invariant-step method (Farris et al. 1970).

Such a piece of genetic cladistics is shown for Heliconius melpomene and H.
erato in figure 4. There are a number of things to note. First, the overall ancestors
and all the extinct patterns reconstructed at the major nodes of the trees show a
very close mimetic resemblance between the two species. They appear to have
been evolving in parallel rather than converging. Brower and Brower (1972)
indeed suggested that Millerian mimicry might arise as the result of parallel
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evolution following the retention of patterns inherited from a common ancestor,
and it is possible that the initial mimicry (a in fig. 4) is an ancestral pattern. This
parallel radiative divergence is indeed the obvious explanation for their extraordi-
nary parallel mimicry; it would be a coincidence beyond belief if the dozen and a
half modern races of H. erato had all converged independently from different
ancestors on the dozen and a half sympatric races of H. melpomene that they now
mimic. Second, the reconstructed patterns all seem to have belonged to mimetic
associations that still exist somewhere in South America, although some are now
only sparsely represented (depicted in the margins of fig. 4). Most importantly, the
reconstructed pattern of the overall ancestors (a in fig. 4) is still exhibited by close
relatives of both H. melpomene and H. erato (one is illustrated at A) and is
therefore probably close to the ancestral pattern as it really was.

The reconstruction reveals that an astonishing diversity of pattern has been
produced by a relatively small number of genetic changes, shown by the cross
bars on the arms of the cladograms. Each of these represents the substitution of a
major gene (fig. 4).

We now ask whether the pattern of evolution is revealed as gradual or punctua-
tional. This amounts to asking how long the substitutions take relative to the total
length of time represented by the branch of the tree. Obviously, there is no
certainty about this, but the overwhelming odds are that the substitutions occupy
a relatively small part of the available time. First, under natural selection, a new
phenotype produced by a single gene moves from a low frequency of 107" to a
high frequency of 1 — 10" in only 10*"*/s generations, where s is the selection
coefficient (Turner 198354). If x = 3 (a generous margin for detecting a rare variant)
and s = 0.01, this period is only 3200 generations or, in Heliconius, about 320 yr
(actually shorter, if we allow s to change in a positively frequency-dependent
manner, which it must do in a Miillerian mimic). Our best guess is that the trees
span at least the period of the last glaciation (a minimum of 30,000 yr), and
possibly much longer. In other words, the gene substitutions probably occupied
only a short period of the available time. Seen in fossils or in time-lapse photogra-
phy, the butterflies would show a clear pattern of punctuational evolution, switch-
ing from one stable, static color pattern to another in something very like a
geological instant.

Extinction as a Driving Force

What causes the stasis and the switching? Stasis in these butterflies is easily
explained by the theory of Miillerian mimicry. Warning patterns are consistently
subject to stabilizing selection (demonstrated experimentally by Benson [1972]),
since deviants are not clearly recognized as having the warning pattern and are
therefore sampied. It is this effect that produces the stable, coexisting mimicry
rings. Our theory of Miillerian mimicry also suggests a reason for the switching:
the capture of H. melpomene and H. erato by other, better protected mimicry
rings at different places and different times. Some of these rings are shown in the
margin of figure 4.

The historical setting in which this capture took place was, we believe, the
shrinkage of the rain forest into a number of more or less isolated refuges during
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Fic. 5.—The probable geographical origin of the extant races of H. melpomene and H.
erato (fig. 3); that is, the approximate location of South American rain forests at the peak of
the last glaciation, ca. 18,000 years ago, deduced from a combination of biogeographical and
paleoecological data. (Redrawn after fig. 16.36 by K. Brown in Prance 1982.)

the progressive drying and cooling of Amazonia during the last glaciation (fig. 5;
K. Brown et al. 1974; Prance 1982). Different races of H. melpomene and H. erato
appear to have adopted different patterns in different refuges, mainly as a result of
the long-term changes in faunal and perhaps even floral composition that must
inevitably occur in such ecological islands (Turner 1977a, 1982, 1985a). As they
become progressively isolated from the other fragments of the once continuous
habitat, plant and animal species become progressively extinct. Once this hap-
pens, the whole ecological structure is changed: some mimetic butterflies may
disappear; over the long term, the abundance of others may be radically altered by
the extinction of food plants, parasites, competitors, competitors of food plants,
and so on. What was formerly a rare and not well protected pattern may become
the pattern that is the best protected in one particular refuge. Any species that can
reach that pattern by means of a single mutation will do so. As a result, the ring
that is best protected and hence most mimicked locally differs from refuge to
refuge, and widespread species like H. melpomene and H. erato differentiate into
numerous sharply contrasted races.
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Mountain peak
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Fi16. 6.—Disorderly but by no means random extinction of species in a group of refuges,
shown by the boreal mammalian fauna of a series of mountain peaks now isolated by desert in
the Great Basin of the western United States. Stippling indicates the presence of a species.
For the names of the species and mountains, see J. Brown (1971), from whose data this
diagram has been constructed. (From Turner 1977a, fig. 3. Copyright by J. R. G. Turner.)

The kind of extinction pattern that I am postulating cannot be demonstrated for
the now rejoined refuges of Amazonia, but it is clearly shown by J. Brown’s (1971)
study of the mammalian fauna of the forested mountaintops in the otherwise arid
Great Basin. As figure 6 shows, each refuge has its characteristic faunal composi-
tion, arising from the disorderliness (not randomness) of the extinctions. Different
species became extinct in different islands.

TESTING PUNCTUATED EQUILIBRIUM

These butterflies then allow us to test the prongs of punctuated-equilibrium
theory. With prong 1 (stasis and change), the butterflies are clearly highly compat-
ible, perhaps showing the effect more strongly than many other organisms. With
prong 2 (evolution in jerks), they are equally clearly at complete variance. The
punctuational changes have not been associated with speciation; they take place
only between races of the same polytypic species. We could, of course, suggest
that these races will eventually become full species, as many of them may, and
that the punctuational changes are therefore associated with speciation. We could
also argue that the punctuational changes must have occurred after a cladogenic
event, even though that led only to the formation of a geographic race. Both these
statements make prong 2 true only in a tautological sense: if there are not two
different branches of the evolutionary tree, then we cannot perceive a difference
between them. We can see this by a little thought experiment. Suppose that
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indeed a punctuational change cannot occur unless there is another population of
the species somewhere that does not undergo the change. Let us say that the
population of H. melpomene in Trinidad is about to change its pattern radically as
a result of changed ecological circumstances in that island. The punctuated-
equilibrium theory, strictly interpreted, states that such a change can take place
only if there is a population of H. melpomene on the mainland that is not evolving.
If H. melpomene is extinct everywhere but in Trinidad, then the punctuational
change cannot occur. The statement is so obviously ridiculous that the reader may
wonder why I have made it. It is the clear implication of the statements made
unequivocally by both Stanley (1979) and Gould (1979) that punctuated phyletic
change does not occur and that all significant punctuational change occurs when
the tree branches. Quite clearly, as all critics have pointed out (e.g., Levinton and
Simon 1980; Charlesworth et al. 1982; Gingerich 1985; Palmer 1985; Seeley 1986),
punctuational change is very likely to occur sometimes without branching.

It might be possible to save prong 2 by claiming that species differences in
Heliconius are of a different kind from those observed between the races of H.
melpomene and H. erato, and that all of this is therefore totally irrelevant to the
question of evolution in jerks (that is certainly the kind of claim made by
Goldschmidt). Although I cannot disprove this suggestion, I think it unlikely.
There is an enormous adaptive radiation and convergence of patterns within this
group (fig. 7) that looks just like the pattern of radiation and convergence between
H. melpomene and H. erato writ large. Our ability to produce, both in theory and
in the laboratory, the patterns of related species by rearranging genes found in
extant races of H. melpomene and H. erato suggests that the genetics of trans-
species differences are no different from the genetics of interracial differences (the
patterns in question are depicted in Turner 19845, 1986).

It is harder to assess prong 3 (the second process) in these butterflies, but 1
believe they probably do demonstrate that it occurs. Within the heliconians, a
considerable preponderance of species have patterns of the same general type as
H. melpomene and H. erato: that is, black with striking yellow, red, white, and
blue marks. Species with a more conventional, complicated fritillary pattern of
black spots on orange are very much in the minority. Although some species have
switched between these patterns, I believe it is more reasonable to suppose that
this evolutionary trend toward the black, simple patterns has been produced by a
greater rate of speciation in the subgenus Heliconius (probably induced by their
tendency to inhabit the interior of the forest and thus suffer population fragmenta-
tion during the glaciation) and by a much lower rate of speciation in Dione and the
similar genera of open-country butterflies that have the more complicated orange
patterns.

THE NOT-THE-PUNCTUATED-EQUILIBRIUM THEORY

“Another Way of Seeing’’ the Candelabra

Accepting that Heliconius conform to prong 1 and prong 3, what sort of
evolutionary theory do we get if we dispense with prong 2, that is if we assume
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that major and/or rapid evolutionary change occurs independently of speciation
and cladogenesis? This assumption leads to the conclusions that speciation with-
out morphological change produces sibling species and that morphological change
without speciation produces the allegedly nonexistent punctuated phyletic evolu-
tion; for some proportion of the time, naturally, both processes (or neither) will be
taking place. The evolutionary tree drawn with these assumptions is shown in
figure 8b. It looks similar to the candelabra tree of figure 8a but separates
morphological change and cladogenic or specific isolation on separate horizontal
axes. Gradual change is omitted, or shown as stepwise punctuational change, not
because I believe it does not occur, but to keep the perspective of the drawing and
of the argument from becoming excessively ambiguous.

The question is, what would evolution following this pattern, the one suggested
by our findings with Heliconius, look like in the fossil record? Obviously, isolation
is extremely difficult to detect (reproductive isolation is impossible, geographical
isolation requires sampling more extensive than is yet available for most groups).
This amounts to saying that all fossil species are merely morphospecies; it means
that what we see in the fossil record is an image of this tree rotated so that the
branches representing cladogenesis are facing end on toward us and are invisible
(imagine the figure as a rotating, three-dimensional computer graphic). This pro-
duces the effect shown in figure 8¢, in which only the morphological changes are
detected. If these are in addition so rapid as to occupy periods shorter than the
best resolution of the fossil record, we see figure 8d, a series of morphological
‘“‘species’’ appearing suddenly and just as suddenly disappearing, with no evolu-
tionary continuity and no apparent evolutionary change. This is indeed the pattern
that punctuationists tell us is observed in the fossil record.

Given figure 8d, it is all too easy to assume that all the ‘‘gaps’’ represent
evolutionary jerks (that is simultaneous morphological change and cladogenesis)
and to connect the vertical bars into the candelabra model of figure 8a. In short, I
suggest that the candelabra model is an attractive but naive misinterpretation of a
fossil record that has been generated by something much more like figure 8b.

If my suggestion is correct, then the usual criterion by which punctuated
phyletic change has been refuted in the fossil record (Stanley 1982)—that the
ancestral species does not disappear when the descendant species appears—
cannot be used as evidence on this point at all. The apparently persistent ancestral
form may well be another related species that speciated from the stock some con-
siderable time before but that is indistinguishable from its relative until one or
the other of them undergoes a punctuational change; then one of the invisible
branches of the tree pops out from behind the sibling form that is concealing it. I
call this the ‘‘popping out from behind’’ model.

It is important to remember, when considering how likely this explanation is,
that while many extant species are sibling species of this kind, many more are
siblings in the fossil record. Whole genera and even families there present indistin-
guishable morphologies because so little of the phenotype survives fossilization.
How many species of butterfly or passerine could we recognize if we were
presented only with their skeletons?
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FiG. 8.—Various ways of depicting and explaining punctuational evolution. a, In the
candelabra model (Eldredge and Gould 1972), large morphological changes and speciation are
assumed to be highly correlated. b, In the ‘‘popping out from behind’’ model, it is assumed
that speciation-cladogenesis and rapid morphological change are not strongly correlated. If
we are unable to detect the branching events (e.g., if the species are sibling species or if the
morphological changes that occur do not fossilize), evolution of type b appears as in c, that is,
as if the tree is viewed directly from in front. If large morphological changes occupy only
relatively short periods of time, as is suggested in the study of Heliconius (fig. 4), then the
fossil record will present the picture shown in d, an illusion of evolution occurring without
intermediate stages, in which branching and morphological change appear to take place
simultaneously. This in turn leads to the misinterpretation of the evolutionary process seen in
a. (From Turner 1983a; 1986, fig. 5, by courtesy of Dahlem Konferenzen. Copyright 1985 by
J. R. G. Turner.)
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The causes of stasis and phyletic punctuational change in Heliconius, both
needed to generate the ‘‘popping out from behind’’ model, seem to be fairly clear.
Stasis is produced by normalizing selection on the warning patterns. Punctua-
tional change is produced by a combination of genetic mutation and a change in
the ecological balance, resulting from extinctions, which alters the ecological
structure of the community in such a way that new phenotypes are favored over
the old. The process is rather like a photographic negative of the opening and
closing of ecological niches: extinction empties or depauperates both niches and
mimicry rings. The species that remain tend to evolve so as to occupy the emptier
ecological niches on the one hand, and the more fully occupied mimicry rings on
the other.

How General Is the Model?

It is, of course, a mistake to think that one organism tells us everything about
evolution. We know that the way things are in Heliconius must be one way in
which evolution proceeds, but we cannot be sure that the result is general. The
best I can claim for these findings is that in science we are safer working outward
from facts we have established, even if these prove to be true only in limited
circumstances, than basing theories on pure speculations unsupported by any
facts at all. The Heliconius system looks like a good starting point.

Many geneticists will question the likelihood that such punctuational changes
are produced by single mutations as in Heliconius (Charlesworth 1982). I leave
this question open. As far as the overall features of evolution are concerned, it
makes little difference whether the changes are produced by single large muta-
tions or by several smaller ones. The speed of evolution depends much more on
the strength of selection (and the generation time) than it does on the genetic
architecture of the trait selected. With a coworker, I have simulated two-locus
systems with various kinds of rather strong epistasis and found that, even with
extremely strong inter-locus epistasis and loose linkage, the time required to alter
the frequency of the phenotype is seldom altered by more than one order of
magnitude from that predicted if the trait is governed by a single gene (Turner and
M. Mukherjee, unpubl. data). It is easy enough to show that except for extremely
large populations of big organisms with long generation times, changes of more
than 50,000 yr demand selection coefficients so small that the directional change
would be swamped by random drift. Except for the tracking of slow secular
changes in the environment, population genetics predicts that evolution by natural
selection will be punctuational! Punctuated equilibrium does indeed arise as a
valid prediction from neo-Darwinian theory.

Of greater uncertainty is the cause of stasis. It is rather simply explained in
Heliconius as the result of normalizing selection on the warningly colored pat-
terns, which are known to be subject to strong pressure to continue waving their
established trademark in the face of the predators (Benson 1972). As I have argued
above, the cause of punctuational change, less certainly but quite probably, is a
change in the ecological balance resulting from changing patterns of colonization
and extinction, which in turn renders ecological niches (mimicry rings) relatively
more or less occupied. It is not clear whether a similar argument necessarily
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applies to other features of other organisms. It is surely true that extinction
creates holes in the ecological hyperspace, into which remaining species may
evolve, and that in the absence of such holes, there may be little evolutionary
change. (This is, more or less, a return to Lyell’s [1832] concept of the occupancy
of stations in the economy of life; see also Hodge 1983.) Punctuation and stasis
might be generated by the alternate saturation and opening of the ecological
space. Against this, one can argue that fossil species appear to remain constant
during periods of time that are so long that they can hardly encompass total
ecological stability. However, this objection again runs up against the problem
that only part of the organism is revealed in the fossil. Parts that are not fossilized
may well be changing. The fossil record must surely overestimate the amount of
stasis.

It is also possible that the hard fossilized parts of animals are atypical of the
phenotype in another way, in that they must represent an approach to optimum
solutions to mechanical problems. Although the occupancy of the ecological
space may change rather frequently, the laws of physics do not. The almost
optimal solution to a mechanical problem may remain adaptive over a wide range
of ecological circumstances.

““‘Species Selection’’

Gould (1982) has named three causes as responsible for prong 3 (the second
process): differential extinction, differential rate of speciation, and a consistent
bias in the direction of the evolutionary jerks. Because no explanation seems to be
forthcoming for such a bias in direction other than natural selection as understood
by neo-Darwinists, I propose that such ‘‘bias’’ is an example of an evolutionary
trend caused by persistent (but if the change is punctuational rather than gradual,
clearly not continual) natural selection. I consider only the first two processes to
belong truly to the ‘‘second process.”’

One must also make clear distinctions between the ways in which these second-
process phenomena might produce evolutionary patterns or trends (Levinton et
al. 1986). Let us say a particular character, such as knobs on the test of a sea
urchin, becomes commoner in some particular phylad, not because of individual
selection within species but because there are two clades. By ancestry, all species
in clade A have knobs, and all species in clade B lack them. By greater rates of
extinction or speciation there come to be more species in the ‘‘with knobs’’ clade
(A) than in the ‘‘without knobs’’ clade (B). Such a trend could be considered a
result of ‘‘species selection’’ (the usually favored term for my second process; for
the many possible meanings of ‘species selection,’” see Hoffman 1984) only if the
knobs were causally contributing to the lowered extinction rate or to the enhanced
speciation rate of the species in clade A. If the increase in knobs resulted simply
from the random extinction of species (which, as is normally the case with random
events, would generate an apparent bias in favor of one clade or the other), it
should more properly be attributed to random species drift. If, however, species
were becoming extinct or speciating nonrandomly, but as a result of possessing
other features quite unconnected with the knobs (such as larger population size,
when the knobs had no effect on population dynamics), then the knobs could be



S60 THE AMERICAN NATURALIST

said to be increasing in frequency by species hitchhiking, a term we developed in
Dahlem by analogy to the hitchhiking effect in population genetics (Maynard
Smith 1978; Levinton et al. 1986). It seems to be the same as the ‘‘effect hy-
pothesis’’ of Vrba (1980, 1984). Such distinctions are, of course, hard to make in
practice on fossils, but it is important to make them in theoretical discussions.

It is also important to note that in terms of the ‘‘popping out from behind”’
model, Gould’s birth bias does not represent the results of true speciation at all. It
results only from the generation of new morphospecies that happen to be distin-
guishable by some character other than the one (the knobs on the sea urchin) that
interests us and defines our clade. The clade appears to have more species not
necessarily because it contains more species, but only because it contains more
species with distinctive morphologies. Indeed, given that some characters are
likely to remain constant within a clade (perhaps that is how we define it) and
others to evolve, the creation of apparent trends in this way is virtually inevitable.

IS PUNCTUATIONISM ‘‘EFFECTIVELY DEAD’’?

Where does this synthesis, if correct, leave the punctuated-equilibrium model?
Since Gould (1982) regarded prong 2 (evolution in jerks) as the essential difference
between punctuationism and neo-Darwinism, its removal might seem fatal to the
Gould-Eldredge model. This, however, is excessively pessimistic. Without prong
2, long-term stasis (prong 1) still requires investigation and, if proved not to be an
illusion produced by the conditions of fossilization, explanation. Likewise, even
without prong 2, evolutionary patterns and trends will still be generated on a
longer time scale and by processes other than those considered in microevolution-
ary theory. (At the very least, such patterns will be generated purely at random by
extinction.) It makes no difference whether the entities (species, phyletic lines)
whose rates of proliferation and extinction generate the pattern have become
phenotypically distinct through evolutionary jerks (punctuational events), through
rapid or punctuated phyletic change, or indeed through gradual phyletic evolu-
tion. The theory of the second process (prong 3) stands quite independent of the
theory of evolution in jerks. If we like, prong 2 is a Wittgenstein ladder: climbing
up it has clearly helped us to understand prong 3, but once we reach that point the
ladder can be kicked away. Or to use terms more familiar to evolutionary theo-
rists, the candelabra model of evolution is analogous to the models that population
geneticists construct: infinite populations (such as can never exist), the better to
understand the action of natural selection, and totally neutral phenotypes (which
probably seldom exist above the molecular level), the better to study the effects of
random genetic drift. The candelabra model is a mental construct that allows us to
see what evolution would be like in the hypothetical absence of microevolutionary
processes. Once we have understood the second process (prong 3) in this way by
removing microevolution from our thoughts, we are in a much better position to
see how the macroevolutionary patterns of prong 3 might be imposed on the
products of microevolution. We can, for instance, understand much more clearly
that an apparent trend in the fossil record is not necessarily the result of cumula-
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tive microevolutionary change; it may be alternatively, or additionally, generated
by the differential patterns of extinction and speciation that constitute the second
process. An example that would, I think, be perfectly acceptable to most evolu-
tionists as a theoretical suggestion (although it might be factually incorrect) is the
familiar one of individual natural or sexual selection tending to increase body size
in mammals, producing a microevolutionary trend, with an additional macro- .
evolutionary counter trend superimposed because species with large body size
tend to become extinct.

Where does such a synthesis as this leave natural selection as the ‘‘onlie
begetter”’ of evolutionary change? Such patterns, be they random or ordered, as
are generated by the second process must be imposed on a diversity of pheno-
types created by microevolution; that is to say, barring whatever proporticn of
these phenotypes are produced by random genetic drift, by natural selection. The
second process does not create organic diversity, any more than natural selection
creates genetic diversity. Selection sorts the genetic diversity created by muta-
tion; the second process sorts the phenotypic diversity created by microevolution.
The truly interesting question is whether natural selection, out of all these pro-
cesses, is the only one that creates functional order. Mutation and random drift
are subspecies of the second law of thermodynamics and create only chaos. Is the
second process similarly chaotic, or does it have powers analogous to those of
natural selection? Whatever answer we obtain, clearly most of the features that
come to distinguish the phenotypes of organisms above the molecular level,
however they may be subsequently sorted, have been generated by natural selec-
tion and are therefore in that sense adaptive.

SYNTHESIS

The synthesis of neo-Darwinism and punctuationism that both Gould (1982) as a
proponent of punctuated equilibrium and I (Turner 1983a) as a critic have antici-
pated seems not to be particularly difficult. That evolution proceeds at an uneven
speed (prong 1) is no great surprise to population geneticists (although most would
question the rigid bimodality of rate implied by the candelabra model). That some
changes can be very rapid indeed was well established in the Modern Synthesis
(Kettlewell 1973). Long-term stasis, although at least one nec-Darwinist (Haldane
1954) had recognized and attempted to explain it, sits less easily with population
genetics. It may be explained by a combination of ecological packing, imperfect
fossilization, and for the fossilized hard parts selection against deviations from
mechanical optima.

Prong 2, the view that speciation is highly correlated with large morphological
changes (evolution in jerks) is probably simply a misinterpretation of the fossil
record: evolution in reality is more like figure 85 than figure 8a. It should be noted,
however, that this prong is neither as essential to punctuationism nor as incompat-
ible with neo-Darwinism as one might think. In particular, providing that no
special ‘‘mold-breaking’’ mechanism is required to account for the evolutionary
jerks, such large morphological changes as are associated with speciation (with
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whatever degree of correlation) are presumably generated by adaptation, selec-
tion, and random drift, mixed in still unknown proportions. All of these are well-
explored aspects of neo-Darwinism.

Similarly, contrary to the impression given by many arguments both for and
against, prong 3 (the second process) does not critically depend on the correctness
of prong 2 (evolution in jerks). The imposition of longer-term and larger-scale
patterns on the products of microevolution is a legitimate area of study indepen-
dent of the formulation of population-genetic theories, and it leaves neo-
Darwinism largely intact. Whether those patterns are significant or nonrandom
and whether the processes that generate them account for more that is interesting
in evolution than do the processes of microevolution are still matters of inquiry.
For instance, that the processes of differential birth and extinction of species may
generate what appear to be evolutionary trends does little to alter my view that
most of the morphological and physiological features of organisms are the result of
adaptation to their past and present environments.

SUMMARY

It has been suggested that the punctuational pattern of morphological change
observed in the fossil record demands a new theory of evolution, largely supersed-
ing neo-Darwinism. I argue here that the processes of microevolution already
known in actual populations account for punctuational evolution and that the
apparent pivot of the punctuational theory—the high correlation of speciation
with large morphological change—is itself an illusion generated by the fossil
record. I suggest that the ‘‘candelabra’” model of evolution of Eldredge and Gould
represents evolution less realistically than the ‘‘popping out from behind’’ model
proposed here.

This argument is supported by a study of the dynamics and genetics of the
evolution of Miillerian mimicry. On the basis of a theory that explains the exis-
tence and coexistence of mimicry rings, one can build a historical and cladistic
reconstruction of evolution in Heliconius, a group of butterflies apparently under-
going punctuational changes that are not accompanied by speciation.

I therefore argue that punctuational theory can be synthesized with neo-
Darwinism: (1) punctuational change is fully compatible with what is known of the
genetics of populations; (2) morphological change and speciation are not closely
correlated; (3) nonetheless, the so-called processes of ‘‘species selection’” may
generate evolutionary patterns additional to those produced by the processes of
microevolution. There is, however, considerable misconception at present about
the nature of ‘“‘species selection.’’ ‘‘Direction bias,”’ for example, appears to be
largely explicable by individual natural selection.

ACKNOWLEDGMENTS

I thank all the participants at the 1985 Dahlem Workshop in Berlin who dis-
cussed this problem so vigorously, and also D. Futuyma, M. Hecht, and A.
Hoffman for letting me see some of their unpublished critiques.



MIMICRY: MICROEVOLUTION OR PUNCTUATIONISM? S63

LITERATURE CITED

Ackery, P. R., and R. I. Vane-Wright. 1984. Milkweed butterflies: their cladistics and biology. Cornell
University Press, Ithaca, N.Y.

Benson, W. W. 1972. Natural selection for Miillerian mimicry in Heliconius erato in Costa Rica.
Science (Wash., D.C.) 176:936-939.

Bowler, P. J. 1983. The eclipse of Darwinism: anti-Darwinian evolution theories in the decades around

1900. Johns Hopkins University Press, Baltimore, Md.

. 1984. Evolution: the history of an idea. University of California Press, Berkeley.

Brower, L. P.,and J. V. Z. Brower. 1972. Parallelism, convergence, divergence, and the new concept
of advergence in the evolution of mimicry. Trans. Conn. Acad. Arts Sci. 44:57-67.

Brower, L. P., J. A. Alcock, and J. V. Z. Brower. 1971. Avian feeding behaviour and the selective
advantage of incipient mimicry. Pages 261-274 in R. Creed, ed. Ecological genetics and
evolution: essays in honour of E. B. Ford. Blackwell, Oxford.

Brown, J. H. 1971. Mammals on mountaintops: nonequilibrium insular biogeography. Am. Nat.
105:467-478.

Brown, K. S. 1981. The biology of Heliconius and related genera. Annu. Rev. Entomol. 26:427-456.

Brown, K. S., and W. W. Benson. 1977. Evolution in modern Amazonian non-forest islands:
Heliconius hermathena. Biotropica 9:95-117.

Brown, K. S., P. M. Sheppard, and J. R. G. Turner. 1974. Quaternary refugia in tropical America:
evidence from race formation in Heliconius butterflies. Proc. R. Soc. Lond. B, Biol. Sci.
187:369-378.

Bullini, L., V. Sbordoni, and P. Ragazzini. 1969. Mimetismo mulleriano in popolazione italiane de
Zygaena ephialtes (L.) (Lepidoptera, Zygaenidae). Arch. Zool. Ital. 44:181-214.

Charlesworth, B. 1982. Neodarwinism—the plain truth. Pages 23-26 in J. J. Cherfas, ed. Darwin up to
date. IPC Magazines, London.

Charlesworth, B., R. Lande, and M. Slatkin. 1982. A neo-Darwinian commentary on macroevolution.
Evolution 36:474-498.

Clarke, C. A., and P. M. Sheppard. 1960a. The evolution of mimicry in the butterfly Papilio dardanus.
Heredity 14:73-87.

———. 1960b. Supergenes and mimicry. Heredity 14:175-185.

———. 1971. Further studies on the genetics of the mimetic butterfly Papilio memnon L. Philos.
Trans. R. Soc. Lond. B, Biol. Sci. 263:35-70.

———. 1972. The genetics of the mimetic butterfly Papilio polytes L. Philos. Trans. R. Soc. Lond. B,
Biol. Sci. 263:431-458.

Clarke, C. A., P. M. Sheppard, and I. W. B. Thornton. 1968. The genetics of the mimetic butterfly
Papilio memnon L. Philos. Trans. R. Soc. Lond. B, Biol. Sci. 264:353-402.

Dawkins, R. 1982. The extended phenotype: the gene as the unit of selection. Freeman, Oxford.

Dixey, F. A. 1909. On Miillerian mimicry and diaposematism. Trans. Entomol. Soc. Lond. 1908:559—
583.

Duncan, C. J., and P. M. Sheppard. 1965. Sensory discrimination and its role in the evolution of
Batesian mimicry. Behaviour 24:269-282.

Durant, J. R. 1985. Selecting for confusion. New Sci. 107(1473):59.

Eldredge, N., and S. J. Gould. 1972. Punctuated equilibria: an alternative to phyletic gradualism.
Pages 82-115 in J. M. Schopf, ed. Models in paleobiology. Freeman, Cooper, San Francisco.

Farris, J. S., A. G. Kluge, and M. J. Eckardt. 1970. A numerical approach to phylogenetic system-
atics. Syst. Zool. 19:172-191.

Fisher, R. A. 1927. On some objections to mimicry theory—statistical and genetic. Trans. Entomol.

Soc. Lond. 75:269-278.

. 1930. The genetical theory of natural selection. Clarendon, Oxford.

Ford, E. B. 1964. Ecological genetics. Methuen, London.

Gingerich, P. D. 1985. Species in the fossil record: concepts, trends and transitions. Paleobiology
11:27-41.

Goldschmidt, R. B. 1940. The material basis of evolution. Yale University Press, New Haven, Conn.
Reprinted 1982 with an introduction by S. J. Gould.




S64 THE AMERICAN NATURALIST

. 1945, Mimetic polymorphism, a controversial chapter of Darwinism. Q. Rev. Biol. 20:147-
164, 205-230.

Goodale, M. A., and I. Sneddon. 1977. The effect of distastefulness of the model on the predation of
artificial Batesian mimics. Anim. Behav. 25:660-665.

Gould, S. J. 1979. The episodic nature of change versus the dogma of gradualism. Sci. Nat. 2:5-12.

. 1982. The meaning of punctuated equilibrium and its role in validating a hierarchical approach

to macroevolution. Pages 83-104 in R. Milkman, ed. Perspectives in evolution. Sinauer,
Sunderland, Mass.

Gould, S. J., and N. Eldredge. 1977. Punctuated equilibria: the tempo and mode of evolution
reconsidered. Paleobiology 3:115-151.

Gould, S.J., and R. C. Lewontin. 1979. The spandrels of San Marco and the Panglossian paradigm: a
critique of the adaptationist programme. Proc. R. Soc. Lond. B, Biol. Sci. 205:581-598.

Haldane, J. B. S. 1924. A mathematical theory of natural and artificial selection. Part I. Trans. Camb.
Philos. Soc. 23:19-41.

———. 1954, The statics of evolution. Pages 109-121 in J. Huxley, A. C. Hardy, and E. B. Ford, eds.
Evolution as a process. Allen & Unwin, London.

Hecht, M., and A. Hoffman. 1986. Why not neo-Darwinism? A critique of paleobiological challenges.
Oxford Surv. Evol. Biol. 3:1-47.

Hodge, M. J. S. 1983. Darwin and the laws of the animate part of the terrestrial system (1835-1837): on
the Lyellian origins of his zoonomical explanatory program. Stud. Hist. Biol. 6:1-106.

Hoffman, A. 1984. Species selection. Evol. Biol. 18:1-20.

Kettlewell, H. B. D. 1973. The evolution of melanism: the study of a recurring necessity. Clarendon,
Oxford.

Kimler, W. C. 1983. Mimicry: views of naturalists and ecologists before the modern synthesis. Pages
97-127 in M. Grene, ed. Dimensions of Darwinism: themes and counterthemes in twentieth-
century evolutionary theory. Cambridge University Press, Cambridge.

Levinton, J. S., and C. M. Simon. 1980. A critique of the punctuated equilibria model and implications
for the detection of speciation in the fossil record. Syst. Zool. 29:130-142.

Levinton, J. S., K. Bandel, B. Charlesworth, G. Miller, W. R. Nagl, B. Runnegar, R. K. Selander,
S. C. Stearns, J. R. G. Turner, and J. W. Valentine. 1986. Genomic versus organismic
evolution. Pages 167-182 in D. M. Raup and D. Jablonski, eds. Patterns and processes in the
history of life. Report of the Dahlem Workshop, Berlin, June 16-21, 1985. Life Sci. Res. Rep.
36. Springer-Verlag, Berlin.

Lyell, C. 1832. Principles of geology. Vol. 2. John Murray, London.

Mallet, J. 1986. Hybrid zones of Heliconius butterflies in Panama and the stability and movement of
warning colour clines. Heredity 56:191-202.

Maynard Smith, J. 1978. The evolution of sex. Cambridge University Press, Cambridge.

Mayr, E. 1954. Change of genetic environment and evolution. Pages 157-180 in J. Huxley, A. C.
Hardy, and E. B. Ford, eds. Evolution as a process. Allen & Unwin, London.

Nicholson, A. J. 1927. A new theory of mimicry in insects. Aust. Zool. 5:10-104.

Owen, D. F. 1974. Exploring mimetic diversity in West African forest butterflies. Oikos 25:227-237.

Palmer, A. R. 1985. Quantum changes in gastropod shell morphology need not reflect speciation.
Evolution 39:699-70S.

Papageorgis, C. 1975. Mimicry in Neotropical butterflies. Am. Sci. 63:522-532.

Perkins, R. C. L. 1912. The colour-groups of the Hawaiian wasps, etc. Trans. Entomol. Soc. Lond.
1912:677-701.

Plow1..ht, R. C., and R. W. Owen. 1980. The evolutionary significance of bumblebee color patterns: a
mimetic interpretation. Evolution 34:622-637.

Poulton, E. B. 1912. Darwin and Bergson on the interpretation of evolution. Bedrock 1:48—65.

Prance, G. T., ed. 1982. Biological diversification in the tropics. Columbia University Press, New
York.

Provine, W. B. 1971. The origins of theoretical population genetics. University of Chicago Press,
Chicago.

Punnett, R. C. 1915. Mimicry in butterflies. Cambridge University Press, Cambridge.

. 1927. Mendelism. 7th ed. Macmillan, London.




MIMICRY: MICROEVOLUTION OR PUNCTUATIONISM? S65

Sbordoni, V., L. Bullini, G. Scarpelli, S. Forestiero, and M. Rampini. 1979. Mimicry in the burnet
moth Zygaena ephialtes: population studies and evidence of a Batesian-Miillerian situation.
Ecol. Entomol. 4:83-93.

Schuler, W. 1974. Die Schutzwirkung kiinstlicher Batesscher Mimikry abhingig von Modellahnlich-
keit und Beuteangebot. Z. Tierpsychol. 36:71-127.

Seeley, R. H. 1986. Intense naturai selection caused a rapid morphologicai transition in a living marine
snail. Proc. Natl. Acad. Sci. USA 83:6897-6901.

Sheppard, P. M. 1961. Recent genetical work on polymorphic mimetic papilios. Symp. R. Entomol.
Soc. Lond. 1:20-29.

———. 1962. Some aspects of the geography, genetics, and taxonomy of a butterfly. Pages 135-152 in
D. Nichols, ed. Taxonomy and geography. Systematics Association, London.

Sheppard, P. M., J. R. G. Turner, K. S. Brown, W. W. Benson, and M. C. Singer. 1985. Genetics and
the evolution of mueilerian mimicry in Heliconius butterflies. Philos. Trans. R. Soc. Lond. B,
Biol. Sci. 308:433-607.

Shorrocks, B., ed. 1984. Evolutionary ecology: the 23rd symposium of the British Ecological Society,
Leeds, 1983. Blackwell, Oxford.

Stanley, S. M. 1979. Macroevolution. Freeman, San Francisco.

. 1982. Macroevolution and the fossil record. Evolution 6:460-473.

Turner, J. R. G. 1968. Some new Heliconius pupae: their taxonomic and evolutionary significance in
relation to mimicry. J. Zool. (Lond.) 155:311-325.

——. 1971. Studies of Miillerian mimicry and its evolution in burnet moths and heliconid butterflies.
Pages 224-260 in R. Creed, ed. Ecological genetics and evolution: essays in honour of E. B.
Ford. Blackwell, Oxford.

————. 1975, A tale of two butterflies. Nat. Hist. 84(2):28-37.

———. 1976. Muellerian mimicry: classical ‘beanbag’ evolution and the role of ecological islands in
adaptive race formation. Pages 185-218 in S. Karlin and E. Nevo, eds. Population genetics
and ecology. Academic Press, New York.

. 1977a. Forest refuges as ecological islands: disorderly extinction and the adaptive radiation of
muellerian mimics. Pages 98-117 in H. Descimon, ed. Biogéographie et évolution en Amé-
rique tropicale. Publications du Laboratoire de Zoologie de 1'Ecole Normale Supérieure,
Paris, No. 9.

———. 1977b. Butterfly mimicry: the genetical evolution of an adaptation. Evol. Biol. 10:163-206.

———. 1981. Adaptation and evolution in Heliconius: a defense of neoDarwinism. Annu. Rev. Ecol.
Syst. 12:99-121.

———. 1982. How do refuges produce biological diversity? Allopatry and parapatry, extinction and
gene flow in mimetic butterflies. Pages 309-335 in G. T. Prance, ed. Biological diversification
in the tropics. Columbia University Press, New York.

———. 1983a. ‘“The hypothesis that explains mimetic resemblance explains evolution™’: the gradual-
ist-saltationist schism. Pages 129-169 in M. Grene, ed. Dimensions of Darwinism: themes
and counterthemes in twentieth-century evolutionary theory. Cambridge University Press,
Cambridge.

———. 1983bH. Mimetic butterflies and punctuated equilibria: some old light on a new paradigm. Biol.
J. Linn. Soc. 20:277-300.

———. 1984a. Why we need evolution by jerks. New Sci. 101(1396):34-35.

———. 1984b. Darwin’s coffin and Doctor Pangloss—do adaptationist models explain mimicry? Pages
313-361 in Shorrocks 1984.

———. 1984¢. Mimicry: the palatability spectrum and its consequences. Symp. R. Entomol. Soc.
Lond. 11:141-161.

———. 1985a. Extinction as a creative force: the butterflies of the rain forest. Pages 195-204 in A. C.
Chadwick and S. L. Sutton, eds. Tropical rain-forest: the Leeds Symposium. Leeds Philo-
sophical and Literary Society, Leeds, England.

————. 1985b. Fisher’s evolutionary faith and the challenge of mimicry. Oxford Surv. Evol. Biol.
2:159-196.

———. 1986. The genetics of adaptive radiation: a neo-Darwinian theory of punctuational evolution.
Pages 183-207 in D. M. Raup and D. Jablonski, eds. Patterns and processes in the history of

|



S66 THE AMERICAN NATURALIST

life. Report of the Dahlem Workshop, Berlin, June 16-21, 1985. Life Sci. Res. Rep. 36.
Springer-Verlag, Berlin.

Vrba, E. S. 1980. Evolution, species and fossils: how does life evolve? S. Afr. J. Sci. 76:61-84.

. 1984. Patterns in the fossil record and evolutionary processes. Pages 115-142 in M.-W. Ho and

P. T. Saunders, eds. Beyond neo-Darwinism. Academic Press, London.

Wilson, E. O. 1975. Sociobiology: the new synthesis. Belknap Press of Harvard University Press,
Cambridge, Mass.

Wright, S. 1970. Random drift and the shifting balance theory of evolution. Pages 1-31 in K. Kojima,
ed. Mathematical topics in population genetics. Springer-Verlag, Berlin.




