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The current theory of evolution, 
known as the "modern synthesis" (I), 
has been challenged by some scientists. 
Gould, for example, has written that 
"The modern synthesis, as an exclusive 
proposition, has broken down on both of 
its fundamental claims: extrapolationism 
(gradual allelic substitution as a model 
for all evolutionary change) and nearly 
exclusive reliance on selection leading to 
adaptation" (2; emphasis added). Gould 
goes on to voice the need for a "new and 
general evolutionary theory [that] will 
embody [the] notion of hierarchy and 
stress a variety of themes either ignored 
or explicitly rejected by the modern syn- 
thesis." Similar statements have been 
made by a few others (3, 4). 

Many evolutionists would be surprised 
to see identified as the two "fundamental 
claims" of the modern synthesis those 
listed by Gould and most would not 
agree that the modern synthesis has 
"broken down." The impression that a 
"straw man" has been erected is con- 
firmed when one discovers that the pro- 
posed new "themes" (2-4) are part and 
parcel of the modern synthesis (1, 5-12). 
However, the critics' appeal to the plu- 
ralistic structure of evolutionary theory, 
to the hierarchical nature of evolutionary 
processes, and to the distinctive contri- 
butions made by the study of macroevo- 
lutionary phenomena deserve attention. 

Mutation and Selection 

Genetic changes underlie the evolu- 
tion of organisms; mutations are the ulti- 
mate source of the genetic variation that 
makes possible the evolutionary pro- 
cess. "Genetic mutations are changes in 
the hereditary materials. . . . They can 
be classified in one of two major catego- 
ries: gene (or point) mutations, which 
affect only one or a few nucleotides 
within a gene; and chromosomal muta- 
tions (or aberrations), which affect the 
number of chromosomes, or the number 
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or the arrangement of genes in a chromo- 
some" (1, p. 57). Gene mutations are the 
source of allelic variation; chromosomal 
mutations make possible the evolution of 
the amount and organization of the he- 
reditary material (DNA). It is misleading 
to criticize the modern synthesis on the 
alleged grounds of its exclusive reliance 
on "point mutations (micromutations)" 

ic theory, "All genetic change is adap- 
tive"; or that "genetic drift certainly 
occurs-but only in populations so small 
and so near the brink that their rapid 
extinction will almost certainly ensue" 
(2, p. 120; 3, pp. 20,23-25). Controversy 
concerning the relative importance of 
random drift vis-a-vis natural selection 
has existed from the very beginning 
among the proponents of the modern 
synthesis. Fisher (12), for example, mini- 
mized the importance of random drift, 
but this is an important and decisive 
process in Wright's "shifting balance" 
version of the modern synthesis (5). 
Some evolutionists have relegated the 
importance of random drift to restrict- 
ed-but by no means trivial-circum- 
stances, such as "founder effects," 
which occur when a population is de- 
rived from only a few colonizers (7). 

During the last decade no other issue 

Summary. The current (synthetic) theory of evolution has been criticized on the 
grounds that it implies that macroevolutionary processes (speciation and morphologi- 
cal diversification) are gradual. The extent to which macroevolution is gradual or 
punctuational remains to be ascertained. Macroevolutionary processes are underlain 
by microevolutionary phenomena and are compatible with the synthetic theory of 
evolution. But microevolutionary principles are compatible with both gradualism and 
punctualism; therefore, logically they entail neither. Thus, macroevolution and micro- 
evolution are decoupled in the important sense that macroevolutionary patterns 
cannot be deduced from microevolutionary principles. 

(2). Chromosomal mutations (traditional- 
ly known as chromosomal abnormalities 
or aberrations) played an essential role in 
the development of the modern synthesis 
and remain one of its pivots (6, 9-10). 

The frequencies of genes and gene 
arrangements change through the gener- 
ations (evolve) owing to four processes: 
mutation, migration (gene flow), random 
drift, and natural selection. These four 
elementary processes of genetic change 
were already characterized by the early 
theorists who established the mathemati- 
cal foundations of the modern synthesis 
(5, 12, 13). The highly organized charac- 
ter of organisms and their obvious adap- 
tations are largely the result of natural 
selection operating under a variety of 
constraints, but responding to the de- 
nands of the environment. The con- 

straints include the existing structure of 
organisms (and, hence, past history), the 
genetic variation available, as well as the 
particular circumstances of the physical 
and biotic components of the environ- 
ment. 

Without natural selection, populations 
of organisms would disintegrate over the 
generations because mutation and drift 
are random with respect to adaptation. 
But it is not correct that, for the synthet- 

has been more actively debated among 
evolutionists than the role of random 
drift. Molecular studies have shown that 
protein polymorphisms are pervasive in 
natural populations and that protein 
changes accompany the evolution of spe- 
cies (14). The neutrality theory of protein 
evolution proposes that evolution at the 
molecular level is largely due to random 
drift rather than being impelled by natu- 
ral selection (15). But many evolutionists 
maintain that natural selection plays an 
essential role even at the molecular level 
(14). The "selectionist" and "neutralist" 
views of molecular evolution are com- 
peting hypotheses within the framework 
of the synthetic theory of evolution (16). 

The Origin of Species 

Living beings do not represent a con- 
tinuum of all possible gene combinations 
generated at random, but are rather natu- 
rally grouped into species: arrays of pop- 
ulations between which intermediates 
are rare or absent. The distinctness of 
species is preserved by reproductive iso- 
lating mechanisms, that is, by biological- 
ly determined impediments to gene ex- 
change, such as ethological or ecological 
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differentiation and hybrid sterility. In 
sexually reproducing organisms, species 
may be defined as "groups of interbreed- 

between different geological strata, may 
involve thousands, at times many thou- 

From Microevolution to Macroevolution 

sands, of years. In the microevolution- We come now to what has been called 
ing natural populations that are repro- 
ductively isolated from other such 
groups" (6, 7). 

Interest in the process of speciation 

ary scale of the population biologist, a 
thousand years is a long time, not an 
instant. 

"the central question" posed by the 
proponents of punctualism, namely, 
"whether the mechanisms underlying 

A more fundamental point is that rapid 
speciation, even in the microevolution- 
ary scale, is not inconsistent with, and 

microevolution can be extrapolated to 
explain macroevolution" (24). The argu- 
ment has been succinctly expressed as 

has recently burgeoned among paleon- 
tologists who sponsor the punctuated 
equilibria model (3, 4, 17), which is con- 
trasted with the gradualistic model of 
macroevolution. Proponents of the 
punctualist model argue that, according 

has been postulated by, the synthetic 
theory. Lewis's model of "saltational" 
speciation (19) and White's "stasi- 

follows: "if species originate in geologi- 
cal instants and then do not alter in major 
ways, then evolutionary trends cannot 

patric" speciation (20) are speciation 
models proposing that new species can 
arise in a few generations, as a result of 

represent a simple extrapolation of alle- 
lic substitution within a population" (2, 
p. 125). 

The question raised is the general is- 

to paleontological evidence, "species 
have tended to last for such long inter- 
vals of geological time that, once the reproductive isolation produced by 
formed, they must have evolved very 
slowly. . . . This condition, when com- 
pared to the rapid pace of large-scale 
evolution, implies that most sizable evo- 

translocations and other chromosomal 
mutations. Polyploidy is the limiting case 
of rapid speciation-requiring only one 

sue of reduction as it applies to the 
different levels of the evolutionary pro- 
cess. Evolutionary trends are high-level 

or two generations-through chromo- 
somal change (6, 10). Rapid speciation 
without chromosomal reorganization has 

phenomena predicated from events that 
encompass different species, as well as 
genera and higher taxa, and that extend 

lutionary steps in the history of life must 
have occurred cryptically from a paleon- 
tological vantage point, during the rapid not only been postulated by the propo- 

nents of the modern synthesis (6, 7, 11) 
but has been studied experimentally. A 
notable example-an incipient neospe- 

over long periods of time. Microevolu- 
tionary studies are, on the contrary, con- 
cerned with evolutionary changes in 

origination of certain species from small, 
localized populations of pre-existing spe- 
cies" (3, p. 3). 

Whether macroevolution occurs ac- 
populations that occur within "instants" 

cies that arose in a Drosophila paulis- 
torum culture, sometime between 1958 
and 1963-was the subject of investiga- 
tion by Dobzhansky for many years (21). 
In brief, the synthetic theory recognizes 
that there are a number of modes of 
speciation and that some of them, vari- 

of geological time. But, as so often hap- 
pens with questions of reductionism, the 
issue of "whether the mechanisms un- 

cording to the punctualist or the gradual 
model is something to be decided empiri- 
cally. Certainly both modes have oc- derlying microevolution can be extrapo- 

lated" to macroevolution involves sepa- 
rate issues that must be distinguished in 

curred in evolution, and the question 
then is their relative importance and the 
identification of factors that determine order to arrive at a satisfactory resolu- 
one or the other mode. Our primary ously grouped under such terms as 

"saltational," "rapid," or "quantum" 
modes, require only a few generations 

tion. 
Three separate questions, at least, are 

involved: (i) whether microevolutionary 
concern here is, however, not this issue 
but rather whether any inconsistencies 
exist between the punctualist mode of and are effectively instantaneous in the 

geological time scale (22). 
According to Gould, "The most excit- 

processes operate (and have operated in 
the past) throughout the different taxa in 
which macroevolutionary phenomena 

evolutionary change and the synthetic 
theory's understanding of the speciation 
process. 

We note, first, that the alleged rele- 
ing entry among punctuational models 
for speciation in ecological time is the 
emphasis, now coming from several 
quarters, on chromosomal alterations as 
isolating mechanisms" (2, p. 123). The 
role of chromosomal mutations in speci- 
ation is, like other important empirical 

are observed; (ii) whether the microevo- 
lutionary processes identified by popula- 
tion geneticists (mutation, chromosomal vance of punctuational evolution to spe- 

ciation is based, at least in part, on two 
misunderstandings. The first one is a 

change, random drift, natural selection) 
can account for the morphological 
changes and other macroevolutionary 
phenomena observed in hightr taxa or, 
rather, whether additional kinds of ge- 
netic processes need to be postulated; 
and (iii) whether evolutionary trends and 

definitional artifact: paleontologists rec- 
ognize species by their different mor- 
phologies as preserved in the fossil re- questions, a subject of continued investi- 

gation and increased understanding. But 
the works to which Gould refers repre- 

cord (18). Thus, speciation events yield- 
ing little or no morphologically different 
products go totally unrecognized. Sibling sent only the most recent accomplish- 

ments of a continuum that extends back 
to the 1930's (6, 9, 10, 23). Summarizing 
in 1950 the earlier work, Stebbins (10) 
concluded that (i) the most effective 
chromosome barriers of reproductive 

other macroevolutionary patterns can be 
predicted from knowledge of microevo- 
lutionary processes. 

(that is, morphologically indistinguish- 
able) species are common in many 
groups of insects, in rodents, and in These distinctions may perhaps be- 

come clearer if we state them as they 
might be formulated by a biologist con- 

other well-studied organisms (6, 7). Spe- 
ciation as seen by the paleontologist al- 
ways involves substantial morphological isolation come from the accumulation of cerned with the question whether the 

laws of physics and chemistry can be 
extrapolated to biology. The first ques- 

small chromosomal changes; (ii) these 
changes may accumulate in a short time, 

change because only when such change 
has occurred is the paleontologist able 
to recognize the presence of a new spe- 
cies. The second misunderstanding con- 
cerns the time scale. When punctualists 
argue that paleontological evidence indi- 

such as 50 to 100 generations, to the 
point of resulting in reproductive isola- 
tion; (iii) these small changes occur 

tion would be whether the laws of phys- 
ics and chemistry apply to the atoms and 
molecules present in living organisms. 

largely independently of changes in the 
genes affecting external morphology; 
and, therefore, (iv) morphologically un- 

The second question would be whether 
biological phenomena can be accounted 
for as the result of interactions between 

cates that speciation is a rapid process 
(3,4, 17), they are using a geological time 
scale. Instantaneous events in the pale- atoms and molecules according to the 

laws known to physics and chemistry or 
differentiated species may exhibit sub- 
stantial chromosomal differences. ontological scale, as in the transition 

SCIENCE, VOL. 213 



whether the workings of organisms re- 
quire additional kinds of interactions be- 
tween atoms and molecules. The third 
question would be whether living phe- 
nomena can be predicted from the laws 
of physics and chemistry. 

As to the first question, it is unlikely 
that any paleontologist would claim that 
mutation, chromosome change, drift, 
natural selection, and other microevolu- 
tionary processes do not apply to each of 
the populations of the higher taxa that 
are considered in macroevolution. There 
is, of course, an added dimension-mac- 
roevolutionists are largely concerned 
with phenomena of the past. Direct ob- 
servation of microevolutionary process- 
es in populations of long-extinct orga- 
nisms is not possible. But there is no 
reason to believe that the processes of 
mutation, random drift, and natural se- 
lection, or the nature of the interactions 
between organisms and the environment 
would have been different in nature for, 
say, Paleozoic brachiopods and ostraco- 
derms than for modern molluscs and 
fishes. Extinct and living populations- 
like different living populations-may 
have experienced quantitative differ- 
ences in the relative importance of one 
or another process, but the processes 
could hardly have been different in kind. 

The Origin of Differences 

Between Higher Taxa 

The second question raised above has 
more substantive implications than the 
first. Can the microevolutionary pro- 
cesses studied by population geneticists 
account for macroevolutionary phenom- 
ena or do we need to postulate new kinds 
of genetic processes? The large morpho- 
logical (phenotypic) changes observed in 
evolutionary history, and the rapidity 
with which they appear in the geological 
record, is one major matter of concern. 
Another issue is stasis-the apparent 
persistence of species, with little or no 
morphological change, for hundreds of 
thousands or millions of years. The ap- 
parent dilemma is that microevolution- 
ary processes apparently yield small but 
continuous changes, while macroev- 
olution as seen by punctualists occurs by 
large and rapid bursts of change followed 
by long periods without change. 

Forty years ago Goldschmidt argued 
that the incompatibility is real: "The 
decisive step in evolution, the first step 
towards macroevolution, the step from 
one species to another, requires another 
evolutionary method than that of sheer 
accumulation of micromutations" (25). 
The specific solution postulated by 

Goldschmidt, that is, the occurrence of 
systemic mutations, yielding hopeful 
monsters, can be excluded in view of 
current genetic knowledge, but the issue 
raised by him deserves attention. 

Single-gene or chromosome mutations 
may have large effects on the genotype 
because they act early in the embryo and 
their effects become magnified through 
development. Single-gene "macromuta- 
tions" have been carefully analyzed, for 
example, in Drosophila melanogaster- 
mutations such as "bithorax" and the 
homeotic mutants that transform one 
body structure, for example, antennae, 
into another, such as legs. These large- 
effect mutations are not incompatible 
with the synthetic theory. Whether the 
kinds of morphological differences that 
characterize different taxa are due to 
such "macromutations" or to the accu- 
mulation of several mutations with small 
effect has been examined particularly in 
plants where fertile interspecific, and 
even intergeneric, hybrids can be ob- 
tained. The results of numerous studies 
do not support the hypothesis that the 
establishment of macromutations is nec- 
essary for divergence at the macroevolu- 
tionary level (10, 23). In animals, even a 
familial character, the presence of three 
ocelli in drosophilids, can be changed 
by artificial selection, demonstrating that 
a family-distinctive trait can be pro- 
duced by the accumulation of small mu- 
tations present in natural populations 
(26). Moreover, Lande has convincing- 
ly shown that major morphological 
changes, such as in the number of digits 
or limbs, can occur in a geologically 
rapid fashion through the accumulation 
of mutations each with a small effect 
(27). In general, the evidence from plants 
as well as from animals supports Fisher's 
(12) theoretical argument that the proba- 
bility of incorporation of a mutation in a 
population is inversely proportional to 
the magnitude of the mutation's effect on 
the phenotype. 

Nevertheless, rapid phenotypic evolu- 
tion may be caused by relatively slight 
genetic changes that affect critical stages 
of development. Alberch (28) has de- 
scribed differences in the number and 
position of tarsal bones in salamanders 
of the genus Plethodon. It is not known 
at present whether only one mutation, or 
several with additive effects, is involved. 
But the important point is that only a few 
of the possible genetic changes can, in 
interaction with the rest of the genome, 
yield a functional phenotype; and, there- 
fore, the organ can change in only one or 
very few directions. Phenotypic evolu- 
tion is thus directed along certain chan- 
nels that may be followed by separate 

lineages. To what extent canalization of 
development restricts the possible direc- 
tions of morphological evolution is a 
question as yet unsolved. 

How often mutations with large phe- 
notypic effects are involved in the origin 
of new taxa is also an unsolved question. 
The punctualists' thesis that such muta- 
tions may have been largely responsible 
for macroevolutionary change is based 
on the rapidity with which morphological 
discontinuities appear in the fossil record 
(2, 3). But the alleged evidence they 
present does not necessarily support 
the proposition. Microevolutionists and 
macroevolutionists use different time 
scales. The "geological instants" during 
which speciation and morphological 
shifts occur may involve intervals of the 
order of 50,000 years. There is little 
doubt that the gradual accumulation of 
small-effect mutations may yield sizable 
morphological changes during periods of 
that length. Anderson's study of body 
size in Drosophila pseudoobscura may 
serve as an example (29). Large popula- 
tions, derived from a single set of par- 
ents, were set up at different tempera- 
tures and allowed to evolve on their 
own. A gradual, genetically determined, 
change in body size ensued, with flies 
kept at lower temperature becoming 
larger than those kept at higher tempera- 
tures. After 12 years, the mean size of 
the flies from the population kept at 16°C 
had become, when tested under standard 
conditions, approximately 10 percent 
greater than the size of the flies from the 
populations at 27T;  the change of mean 
value being greater than the standard 
deviation in size at the time when the 
tests were made. Assuming ten genera- 
tions per year, the populations diverged 
at an average rate of 8 x 10'' of the 
mean value per generation. 

Paleontologists have emphasized the 
"extraordinary high net rate of evolution 
that is the hallmark of human phyloge- 
ny'' (3). Interpreted in terms of the punc- 
tualist hypothesis, human phylogeny 
would have occurred as a succession of 
jumps, or geologically instantaneous sal- 
tations, interspersed by long periods 
without morphological change. Could 
these bursts of phenotypic evolution be 
due to the gradual accumulation of small 
changes? Consider cranial capacity, the 
character undergoing the greatest rela- 
tive amount of change. The fastest rate 
of net change occurred between 500,000 
years ago, when our ancestors were rep- 
resented by Homo erectus, and 75,000 
years ago, when Neanderthal man had 
acquired a cranial capacity similar to that 
of modern humans. In the intervening 
425,000 years, cranial capacity evolved 
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from about 900 cubic centimeters in Pe- 
king man to about 1400 cubic centime- 
ters in Neanderthal people. Let us as- 
sume that the increase in brain size oc- 
curred in a single burst at the rate ob- 
served in Drosophila pseudoobscura of 
8 x of the mean value per genera- 
tion. The change from 900 to 1400 cubic 
centimeters could have taken place in 
540 generations or, if we assume 25 years 
per generation, in 13,500 years. Thirteen 
thousand years are, of course, a geologi- 
cal instant. Yet, this evolutionary 
"burst" could have taken place by grad- 
ual accumulation of small-effect muta- 
tions at rates compatible with those ob- 
served in microevolutionary studies (30). 

We now raise the question of "stasis," 
the long-term persistence of species 
without morphological change. Accord- 
ing to the model of punctuated equilibria, 
most phenotypic macroevolutionary 
change occurs in rapid bursts followed 
by long periods of stasis, during which 
little if any morphological change takes 
place. Phenotypic stability is compatible 
with microevolutionary processes; it en- 
sues from stabilizing selection (1, 6, 8). 
Stebbins (10) in 1950 pointed out the 
morphological similarity, in forest trees 
and some herbs, between populations 
that have been separated from each oth- 
er for millions of years. According to 
Dobzhansky (31), a successful morphol- 
ogy may persist unchanged for extreme- 
ly long periods of time, even through 
speciation events. Some sibling species 
in Drosophila diverged from each other 
millions of years ago, yet their morphol- 
ogies have remained identical to each 
other and to their ancestral species (32). 
Dobzhansky postulated that evolution in 
such cases continues, however, at the 
physiological or biochemical level; a pre- 
diction confirmed by recent molecular 
studies (33, p. 587). 

Whether the phenomenon of paleonto- 
logical stasis is as common as claimed by 
the punctualists needs to be carefully 
examined (34). As indicated by Levinton 
and Simon (18), paleontological taxono- 
my at the species level "requires the 
identification of species-specific charac- 
ters which are invariant with time." Sta- 
sis may often be only apparent, as anoth- 
er artifact of the definition of species 
used. 

Reduction, Hierarchy, and 

Macroevolution 

We have just argued that the macro- 
evolutionary patterns proposed by the 
model of punctuated equilibria-short 
periods of rapid phenotypic change fol- 

lowed by long spans of morphological 
stasis-are compatible with the theory of 
population genetics concerning micro- 
evolutionary processes. But does the 
theory predict that macroevolution will 
be punctuational? This is the third ques- 
tion formulated above, and the answer 
can only be no. The theory of popula- 
tion genetics is compatible with both 
punctualism and gradualism. Logically, 
therefore, it does not entail either. 
Whether macroevolution occurs pre- 
dominantly according to the model of 
punctuated equilibria or to the model of 
phyletic gradualism is a question to be 
decided by studying macroevolutionary 
patterns, not by inference from our 
knowledge of microevolutionary pro- 
cesses (35). 

Levinton and Simon (18) have written 
that "the implications of [the species- 
selection model proposed by the punc- 
tualists] should be of immediate concern 
to population biologists studying micro- 
evolutionary phenomena because it 
claims to negate the importance of popu- 
lation level phenomena in long term evo- 
lution," and they have gone on to "ques- 
tion the [punctualists'] belief that micro- 
evolution is decoupled from macroev- 
olution." Statements of this kind need to 
be clarified. We have established above 
that at least three different issues are at 
stake, and have stated our solution to the 
first two issues. We may reiterate our 
points paraphrasing the terminology 
used by Levinton and Simon. Population 
level phenomena are important to long- 
term evolution because the populations 
in which macroevolutionary patterns are 
observed are the same populations that 
evolve at the microevolutionary level. 
Moreover, the study of microevolution- 
ary phenomena is important to macroev- 
olution because any theory of macroev- 
olution that is correct must be compati- 
ble with well-established microevolu- 
tionary principles and theories; and 
indeed we have argued that the model of 
punctuated equilibria is compatible with 
the theory of population genetics. In 
these two senses-identity at the level of 
events and compatibility of theories- 
macroevolution cannot be decoupled 
from microevolution. But there is one 
sense (which epistemologically is most 
important) in which macroevolution and 
microevolution are decoupled, namely, in 
the sense that macroevolution is an au- 
tonomous field of study that must devel- 
op and test its own theories. In other 
words, macroevolutionary theories are 
not reducible (at least at the present state 
of knowledge and probably in principle) 
to microevolutionary theories. 

Gould (2, p. 121) has pointed out that 

the study of evolution embodies "a con- 
cept of hierarchy-a world constructed 
not as a smooth and seamless continu- 
um, permitting simple extrapolation 
from the lowest level to the highest, but 
as a series of ascending levels, each 
bound to the one below it in some ways 
and independent in others . . . 'emer- 
gent' features not implicit in the opera- 
tion of processes at lower levels, may 
control events at higher levels." 

The world of life is hierarchically 
structured. There is a hierarchy of lev- 
els: from atoms, through molecules, or- 
ganelles, cells, tissues, organs, multicel- 
lular individuals and populations, to 
communities. Time adds another dimen- 
sion of the hierarchy, with the interesting 
consequence that transitions from one 
level to another occur such that as time 
proceeds the descendants of a single 
species may include several species, ge- 
nera, families, and so forth. Hierarchical 
organization often is such that the phe- 
nomena at a given level cannot be in- 
ferred from knowledge of the phenome- 
na at a lower level of the hierarchy. 
Statements about "emergent" features 
imply this inability to predict from one 
level of organization to another. Consid- 
er, for example, the question whether 
water has emergent properties relative to 
its components, hydrogen and oxygen. 
One could argue that among the proper- 
ties of hydrogen and oxygen one must 
include their ability to combine accord- 
ing to the formula H 2 0  and to exhibit the 
properties attributed to water. Proceed- 
ing accordingly, one could claim that the 
properties of oxygen and hydrogen in- 
clude those of hemoglobin and other 
proteins as well as human speech and 
abstract thought, because oxygen and 
hydrogen have these properties when 
combined with other given atoms in cer- 
tain ways. But this is a definitional ma- 
neuver that contributes little to the un- 
derstanding of the relationships between 
complex systems and their constituent 
parts. 

The consideration that is important is 
whether the properties of a complex ob- 
ject or system can be inferred from the 
study of component parts in isolation. It 
is for this reason that we do not usually 
include among the properties of hydro- 
gen those of water, ethyl alcohol, pro- 
teins, or human beings (36). 

The question of whether macroev- 
olution is an autonomous field of knowl- 
edge is more appropriately posed in 
terms of the relationships between mac- 
roevolutionary and microevolutionary 
theories, rather than in terms of hierar- 
chy of levels or emergent properties (37). 
The study of macroevolution is autono- 

SCIENCE, VOL. 213 



mous with respect to microevolutionary 
studies if the theories, hypotheses, and 
models of macroevolution cannot be 
"reduced" to the microevolutionary the- 
ories, hypotheses, or models. Two con- 
ditions are jointly necessary and suffi- 
cient for the reduction of one branch of 
science to another: derivability and con- 
nectability (38). The condition of deriva- 
bility requires that the laws and theories 
of the branch of science to be reduced be 
derived as logical consequences from the 
laws and theories of some other branch 
of science. The condition of connectabil- 
ity requires that the distinctive terms of 
the secondary branch of science be rede- 
fined in the language of the branch of 
science to which it is reduced-this re- 
definition of terms is, of course, neces- 
sary in order to analyze the logical con- 
nections between the theories of the two 
branches of science. 

Microevolutionary processes, as now 
known, are compatible with the two 
models of macroevolution-punctualism 
and gradualism. From microevolution- 
ary knowledge, we cannot infer which 
one of those two macroevolutionary pat- 
terns prevails. Hence, the condition of 
derivability is not satisfied. Needless to 
say, the conflict between punctualism 
and gradualism is not the only macroevo- 
lutionary issue that cannot be decided by 
logical inference from microevolutionary 
principles. Consider, for example, the 
question of rates of morphological evolu- 
tion. Three groups of crossopterygian 
fishes flourished during the Devonian. 
The lungfishes (Dipnoi) changed little for 
hundreds of millions of years and remain 
as relics. The coelacanths became highly 
successful in the open ocean until the 
Cretaceous, then declined and stagnat- 
ed, leaving only the relictual Latimeria. 
The rhipidistians, in contrast, evolved 
into the amphibians, reptiles, and, final- 
ly, birds and mammals (39). Models to 
explain divergent rates of morphological 
evolution must incorporate factors other 
than microevolutionary principles, in- 
cluding rates of speciation and the envi- 
ronmental and biotic conditions that may 
account for successions of morphologi- 
cal change in some but not other lin- 
eages. 

Distinctive macroevolutionary theo- 
ries and models have been advanced 

concerning such issues as rates of mor- 
phological evolution, patterns of species 
extinctions, and historical factors regu- 
lating taxonomic diversity. As long as 
these theories and models are compati- 
ble with the theories and laws of popula- 
tion biology, the decision as to which 
one among alternative hypotheses is cor- 
rect cannot be reached by recourse to 
microevolutionary principles. Such a 
decision must rather be based on appro- 
priate tests with the use of macroevolu- 
tionary evidence (3, 4, 18). Thus, mac- 
roevolution is an autonomous field of 
evolutionary study and, in this epistemo- 
logically very important sense, macroev- 
olution is decoupled from microevolu- 
tion (40). 

References and Notes 

1. A recent summary of the theory of evolution can 
be found in Th. Dobzhansky et a l . ,  Evolution 
(Freeman, San Francisco, 1977). 

2. S. J .  Gould, Paleobiology 6, 119 (1980). 
3. S. M. Stanley, Macroevolution, Pattern and 

Process (Freeman, San Francisco, 1979). 
4. E. S. Vrba, S. Afr. J .  Sci. 76, 61 (1980). 
5. S. Wnght, Genetics 16, 97 (193 1); Evolution and 

the Genetics of Populations (Univ. of Chicago 
Press, Chicago, 1968-19781, vols. 1 to 4. 

6. Th. Dobzhansky, Genetics and the Origin of 
Species (Columbia Univ. Press, New York, 
1937); Genetics of the Evolutionary Process 
(Columbia Univ. Press, New York, 1970). 

7. E. Mayr, Systematics and the Origin of Species 
(Cblumbia Univ. Press, New York, 1942); Ani- 
mal Species and Evolution (Harvard Univ. 
Press, Cambridge, Mass., 1963). 

8. G. G. Simpson, Tempo and Mode in Evolution 
(Columbia Univ. Press, New York, 1944). 

9. M. J .  D. White, Animal Cytology and Evolution 
(Cambridge Univ. Press, London, 1945); Modes 
of Speciation (Freeman, San Francisco, 1978). 

10. G. L. Stebbins, Variation and Evolution in 
Plants (Columbia Univ. Press, New York, 
1950). 

11. H. L. Carson, Am. Nat.  109, 83 (1975); G.  L. 
Bush, Annu. Rev. Ecol. Syst. 6 ,  339 (1975). 

12. R. A. Fisher, The Genetic Theory of Natural 
Selection (Clarendon, Oxford, 1930). 

13. J .  B. S .  Haldane, The Causes of Evolution 
(Harper, New York, 1932). 

14. F. J. Ayala, Ed., Molecular Evolution (Sinauer, 
Sunderland, Mass., 1976). 

IS. M. Kimura, Nature (London) 217, 624 (1968): J. 
L. King and, T. H. Jukes, Science 164, 788 
(1969); M. K~mura and T .  Ohta, Nature (Lon- 
don) 229, 467 (1971). 

16. F. J .  Ayala, in Molecular Evolution and Poly- 
morphism, M. Kimura, Ed., (National Institute 
of Genetics, Mishima, Japan, 1977), p. 73. 

17. N. Eldredge, Evolution 25, 156 (1971); S. J .  
Gould and N. Eldredge, Paleobiology 3, 115 
(1 077) \." ,,. 

18. J .  S.  Levinton and C.  M. Simon, Syst. Zool. 29, 
130 (1980). 

19. H. ~ e w i s ;  Science 152, 167 (1966). 
20. M. J. D. White, ibid. 159, 1065 (1968). 
21. Th. Dobzhansky and 0 .  Pavlovsky, Genetics 

55, 141 (1967); Th. Dobzhansky, Science 177, 
664 (1972). 

22. We have'characterized quantum speciation as 
"rapid, requiring only a few generations. The 
ancestor of new species . . . may consist of only 
one or a few individuals. . . . Quantum specia- 
tion usually and perhaps always includes one or 
more stochastic or chance events" ( I ,  pp. 198- 
199). 

23. J .  Clausen, Stages in the Evolution of Plant 
Species (Cornell Univ. Press, Syracuse, N.Y.. 
1951); V. Grant, Plant Speciation (Columbia 
Univ. Press, New York, 1971). 

24. R. Lewin, Science 210, 883 (1980). 
25. R. Goldschmidt, The Material Basis of Evolu- 

tion (Yale Univ. Press, New Haven, Conn., 
19401, p. 183. 

26. J .  M. Smith and K. C. Sondhi, Genetics 45, 1039 
(1960). 

27. R. Lande, Evolution 30, 314 (1976); ibid. 32, 73 
(1978). 

28. P. Alberch, Am. 2001. 20, 653 (1980). 
29. W. W. Anderson, Evolution 27, 278 (1973). 
30. The mean cranial capacity of modern man is 

1342 cm3, with the standard deviation, based on 
several thousand individuals, being between 169 
and 200 cm3 [P. V. Tobias, The Brain in Homi- 
nid Evolution (Columbia Univ. Press, New 
York, 1971) p. 431. Thus the standard deviation 
for cranial capacity in modern humans is greater 
than 10 percent of the mean-giving a coefficient 
of variation greater than that observed for body 
size in Drosophila pseudoobscura [see (29)l. 

31. Th. Dobzhansky, Am. Nut. 90, 337 (1956). 
32. The common occurrence of sibling species pro- 

vides little support to the punctualists' postulat- 
ed association between speciation events and 
morphological evolution. 
F. J. Ayala, M. L. Tracey, D. Hedgecock, R.  C. 
Richmond, Evolution 28, 576 (1974). 
T. J. M. Schopf, Paleobiology 6, 380 (1980). 
T. Hallam, ibid. 4, 16 (1978); R. Lande, ibid. 6, 
233 (1980). We do not imply that all models of 
macroevolution are compatible with the theory 
of population genetics, but simply that the two 
models under consideration are, in the present 
state of knowledge, compatible with the theory. 
Some models of macroevolution, such as ortho- 
genesis, are not compatible with our knowledge 
of microevolution. The conceptual field of mac- 
roevolurionar) models compdble  a i th  popula- 
tion generics is less than the uni\erse of ~ 0 s s i b k  
models, but is not reduced to only one such 
model. 
Notice that, under the proposal herein made, 
whether or not a property is considered emer- 
gent depends on the state of knowledge; what 
appeared at one point as an emergent property 
might later be predictable from knowledge of the 
component parts. Notice also that the question 
of emergent properties is not limited to the 
world of life. 
The reason is that the hierarchical differentiation 
of the subject matter is neither necessary nor 
sufficient for the autonomy of scientific disci- 
plines. It is not necessary, because entities at a 
single hierarchical level can be the subject of 
diversified disciplines: cells are appropriate sub- 
ject of study for cytology, genetics, immunolo- 
gy, and the like. In fact, identical events can be 
the subject of concern of different disciplines. 
The writing of this note can be studied by a 
physiologist interested in the muscular and 
nerve processes involved, by a philosopher in- 
terested in the epistemological question raised, 
by a psychologist concerned with thought pro- 
cesses, and so on. Moreover, hierarchical differ- 
entiation of subject matter is not a sufficient 
condition for the autonomy of the concerned 
disciplines; relativity theory applies all the way 
from subatomic particles to planetary motions, 
and genetic laws apply to multicellular organ- 
isms as well as to cellular and even subcellular 
entities. 
E. Nagel, The Structure of Science (Harcourt, 
Brace, & World, New York, 1961); F. J .  Ayala, 
Am. Sci. 56, 207 (1968). 
E. H. Colbert, Evolution of the Vertebrates 
(Wiley-Interscience, New York, ed. 3, 1980). 
This does not imply, however, that macroevolu- 
tionary studies cannot be incorporated into the 
synthetic theory of evolution. Quite to the con- 
trary, the modern theory of evolution is called 
"synthetic" because it incorporates knowledge 
from diverse autonomous disciplines, such as 
genetics, ecology, systematics, and paleontolo- 
gy. 
Supported by NIH grant 1-POI-GM-2221. 

28 AUGUST 1981 




