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THE SILLIMAN FOUNDATION

IN the year 1833 a legacy of eighty thousand dollars was left to
the President and Fellows of Yale College in the city of New
Haven, to be held in trust, as a gift from her children, in memory
of their beloved and honored mother, Mrs. Hepsa Ely Silliman.

On this foundation Yale College was requested and directed to
establish an annual course of lectures designed to illustrate the
presence and providence, the wisdom and goodness of God, as
manifested in the natural and moral world. These were to be desig-
nated as the Mrs. Hepsa Ely Silliman Memorial Lectures. It was
the belief of the testator that any orderly presentation of the facts
of nature or history contributed to the end of this foundation more
effectively than any attempt to emphasize the elements of doctrine
or of creed; and he therefore provided that lectures on dogmatic
or polemical theology should be excluded from the scope of this
foundation, and that the subjects should be selected rather from
the domains of natural science and history, giving special promi-
nence to astronomy, chemistry, geology, and anatomy.

It was further directed that each annual course should be made
the basis of a volume to form part of a series constituting a me-
morial to Mrs. Silliman. The memorial fund came into possession
of the Corporation of Yale University in the year 1901; and the
present work constitutes the twenty-eighth volume published on
this foundation.



PREFACE

THIS book presents an elaboration of the material which was
used, in less technical and less detailed form, for presenta-
tion in eight Silliman Lectures delivered in December, 1939.
The manuscript was completed in September, 1939, and the
author has tried to include important literature up to Octo-
ber 1. He is greatly indebted to Mr. Richard Blanc, Mrs.
Laura G. Rauch, and Dr. D. F. Poulson for assistance in
editing the text; further, to a number of publishers for per-
mission to reproduce some of the illustrations. Services ren-
dered by the personnel of Works Progress Administration
Official Project No. 465-03-3-192 are hereby acknowledged.

R.G.

Berkeley, California.
October, 1939.
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THE MATERIAL BASIS OF
EVOLUTION

I. INTRODUCTION

THE major part of the genetical work which I performed
during the past thirty years proceeded along three appar-
ently very different avenues: sex determination, physiologi-
cal genetics, and evolution. But even in early stages of these
lines of research it was recognized that such apparently dif-
ferent topics were linked with each other by some generaliza-
tions. These were brought out in a group of essays which I
wrote in the winter of 1917—18, while a guest at Yale Uni-
versity (Goldschmidt, 1920). In these essays I showed that
the work on sex determination led to conclusions regarding
the action of the hereditary material in development. The
same work was simultaneously concerned with a problem in
evolution, the problem of geographic variation, and this led
to a consideration of both these problems, genie action and
evolution, from the same point of view. It was recognized
that a change in the hereditary type can occur only within
the possibilities and limitations set by the normal process of
control of development through the action of the germ
plasm. These possibilities and limitations were a direct con-
sequence of the solution of the problem of genie action which
we had found in terms of reaction velocities. Actually, the
discussion of all these problems was tentative, and decisive
points were mentioned only briefly, even relegated to foot-
notes. The idea was to wait for a full discussion until my own
experimental work on some evolutionary problems as well as
genetic ones would have been finished. It happened that in
the following decades the first two parts of this work, sex
determination and the action of the gene, came to the fore-
ground, and that I could repeatedly work out in detail my
ideas, based upon my own work as well as on the ever-
increasing amount of work by others. Thus this part of the
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old essays finally grew into four elaborate and completely
documented books; two of them, with about ten years' inter-
val between them, on sex determination (Goldschmidt,
1920a, 1931), and two others, again separated by ten years
of more analytical work, on physiological genetics (Gold-
schmidt, 1927,1938). I had always wished to accomplish the
same for the evolutionary part of the essays and I intended
to do so after my own chief experimental contribution to
evolution, the analysis of geographic variation, was finished.
When this finally came to pass (in 1932), other work had
come to the fore and I contented myself with embodying
some of the generalizations in a short paper and in occa-
sional lectures, delivered at different meetings and in differ-
ent European and American universities. Only a few of these
(Goldschmidt, 1932, 1933, 1935) were published. The ap-
pointment as Silliman Lecturer—an honor for which I am
deeply grateful—has finally furnished the necessary stimu-
lus to carry out the plan, for which the material has been
collected for a long time.

II. THE PROBLEM

ACCORDING to the deed of this lectureship, "its general tend-
ency . . . may be such as will illustrate the presence and
wisdom of God as manifested in the Natural and Moral
World." To the naturalist this means the demonstration of
law and order in his chosen field. As evolution is our topic,
this might mean that a full discussion of the facts, laws, and
theories of evolution is to be expected. This, however, cannot
be accomplished. No individual can claim such a mastery of
all facts pertaining to evolution to enable him to present
such a discussion. Moreover, it is not my intention to pre-
sent an objective review of the present status of the problem
of evolution. Though attacking the problem as a geneticist,
I do not even intend to discuss evolution from the geneticist's
point of view alone. What I propose to do is to inquire into
the type of hereditary differences which might possibly be
used in evolution to produce the great differences between
groups, and the title of this book, accordingly, ought to be
something like: The genetical and developmental potential-
ities of the organism which nature may use as materials
with which to accomplish evolution. In the analysis of this
problem I shall try to use whatever viewpoint seems to lead
to progress. Many of the conclusions which we shall reach
will be in disagreement with the views held generally by
geneticists or, on a different basis, by taxonomists. I trust
that negative and sterile criticism will not be found in our
discussion, and that whatever doubt is cast upon established
ideas will be based upon ample facts and will be the type of
doubt which is the sire of progress. There are many im-
portant facts relating to evolution, genetic and otherwise,
which will not be mentioned. This does not mean that I
underrate their importance, but only that they are consid-
ered to be outside the sphere of those problems in evolution
which are selected here for discussion. If I may compare the
individual facts concerning evolution to individual glass
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mosaic cubes, it is not my intention to present a huge bagful
of them to be used on a future day for assembly into a figure.
I intend to build a smaller but finished picture, using only a
selected part of the cubes in the bag. Under such circum-
stances I shall not try to bring together and to review all
literature relevant to the subject. This would be a Herculean
task and it would, in addition, tend to drown the general pic-
ture in a mass of detail. I shall, therefore, have to select my
examples and to use those which best illustrate the argu-
ment. It is my wish to make this selection in as fair and
open-minded a spirit as possible, and I shall try to include
at least all really important facts. This book, then, is no
treatise on evolution and does not intend to compete with
comprehensive treatises like the brilliant texts by Haldane
(1932) and Dobzhansky (1937), and the many other col-
lections of fact presented from different angles, viz.; Berg
(1926), Cuenot (1911, 1936), Guyenot (1930), Hertwig
(1927), Robson (1928), Robson and Richards (1936),
and others.

The problem of evolution as a whole consists of a number
of subproblems, with some of which we are not concerned
here at all. There is, first, evolution as a historical fact. With
all biologists we assume that evolution as such is a fact.
There is the problem of selection or survival of the fittest. It
may be considered as established, both biologically and
mathematically, that given hereditary variations, definite
systems of heredity like Mendelian heredity, and differences
in regard to survival value, selection may wipe out one type
or isolate a new type. This means that there is no difficulty
in the understanding of evolution, provided the necessary
hereditary variations are given. There are the different as-
pects of adaptation, only some of which will be discussed. It
is mainly the problem of the hereditary differences as the
material of evolution which we shall discuss.

The information on this topic is derived from different
fields of study. The basic knowledge is furnished by the
taxonomist who registers the actually existing forms down
to the smallest recognizable units, and states their natural
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affinities, their ecology, and their habitat. A different kind
of information is available to the geneticist. He follows the
origin of hereditary differences and locates their actual basis
in the germ plasm. But it is evident, though sometimes for-
gotten, that the methods of evolution cannot be derived, say,
from the genetics of coat colors of rabbits, without taking
into account the existence of what may be called macrotax-
onomy. The laws which are supposed to explain the diversifi-
cation of species must also account for families, orders, and
phyla: differences rat-mouse, cow-whale, horse-lizard, but-
terfly-snail, must all be explained. This means that the gene-
ticist who comes to definite evolutionary conclusions with his
limited material must test them within the larger field of
macrotaxonomy, the origin of the higher systematic cate-
gories, and admit failure if this test fails.

The same applies, of course, to the taxonomist. He used to
derive his opinions upon species formation from studies of
closely related species. Nowadays he adds to this the study
of the subspecies found in nature and their geographic rela-
tions. We might call this microtaxonomy. Conclusions de-
rived frGnl microtaxonomical studies upon the methods of
evolution are valuable as generalizations only if they can ex-
plain also the facts of macrotaxonomy. It is in microtaxon-
omy that the geneticist and the taxonomist come together.
Macrotaxonomy is practically inaccessible to genetic experi-
mentation, but the range of the subspecies up to, or nearly
up to, the limit of the species is accessible both to the geneti-
cist and the taxonomist. The results of both, therefore, may
be mutually checked, and definite conclusions seem possible.

The field of macrotaxonomy, however, is not directly ac-
cessible to the geneticist, or only to a very limited degree.
Here the paleontologist, the comparative anatomist, and the
embryologist are supreme. The geneticist must try to apply
his findings in microtaxonomy to the materials of macro-
taxonomic order which he finds in those fields, provided this
can be done. This is where the geneticist faces his most diffi-
cult task.

There is, finally, another field which has been neglected
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almost completely in evolutionary discussions; namely, ex-
perimental embryology. The material of evolution consists
of hereditary changes of the organism. Any such change,
however, means a definite change in the development of the
organism. The possibility and the order of magnitude of
genetic changes are therefore a function of the range of pos-
sible shifts in the processes of development, shifts which
may take place without upsetting the integration of em-
bryonic processes. From this it follows that the potentialities
of individual development are among the decisive factors for
hereditary change and therefore for evolution.

This statement of the problem already indicates that I
cannot agree with the viewpoint of the textbooks that the
problem of evolution has been solved as far as the genetic
basis is concerned. This viewpoint considers it as granted
that the process of mutation of the units of heredity, the
genes, is the starting point for evolution, and that the ac-
cumulation of gene mutations, the isolation and selection of
the new variants which afterwards continue to repeat the
same process over again, account for all evolutionary diver-
sifications. This viewpoint, to which we shall allude hence-
forth as the neo-Darwinian thesis, must take it for granted
that somehow new genes are formed, as it is hardly to be as-
sumed that man and amoeba may be connected by mutations
of the same genes, though the chromosomes of some Protozoa
look uncomfortably like those of the highest animals. It must
further be taken for granted that all possible differences,
including the most complicated adaptations, have been
slowly built up by the accumulation of such mutations. We
shall try to show that this viewpoint does not suffice to ex-
plain the facts, and we shall look for explanations which
might evade these and other difficulties and simultaneously
account for such facts as have to be pushed to the back-
ground to make the popular assumptions plausible. At this
point in our discussion I may challenge the adherents of the
strictly Darwinian view, which we are discussing here, to try
to explain the evolution of the following features by accumu-
lation and selection of small mutants: hair in mammals,
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feathers in birds, segmentation of arthropods and verte-
brates, the transformation of the gill arches in phylogeny
including the aortic arches, muscles, nerves, etc.; further,
teeth, shells of mollusks, ectoskeletons, compound eyes, blood
circulation, alternation of generations, statocysts, ambu-
lacral system of echinoderms, pedicellaria of the same, cnido-
cysts, poison apparatus of snakes, whalebone, and, finally,
primary chemical differences like hemoglobin vs. hemocy-
anin, etc.1 Corresponding examples from plants could be
given.

1. The important problem of the chemical differences has been emphasized in the
reviews by Schepotieff (1913), Pantin (1932), Redfield (1936).



III. MICROEVOLUTION

THIS term has been used by Dobzhansky (1937) for evolu-
tionary processes observable within the span of a human
lifetime as opposed to macroevolution, on a geological scale.
It will be one of the major contentions of this book to show
that the facts of microevolution do not suffice for an under-
standing of macroevolution. The latter term will be used
here for the evolution of the good species and all the higher
taxonomic categories.

1. THE MICROMUTATIONS
WHEN Darwin wrote his first drafts of the Origin of Species
(essays of 1842 and 1844) he believed that sports, nowadays
called mutations, played a major part in evolution. Later he
changed his mind and was inclined to assume that it is the
body of small variations which forms the material for selec-
tion. With De Vries' theory of mutation again the large
steps came to the foreground, and though his original mate-
rial, Oenothera, turned out to be of importance in quite a
different direction, the awakening Mendelism took over the
theory of mutants as the basic material of selection and evo-
lution. All the earlier Mendelian studies were done with mu-
tant types which differed rather considerably from the
original form, most of them recessive and the majority
hardly viable under natural conditions, if not actually mon-
strous. Certainly the optimism created by the discovery of
the ubiquity and rather considerable frequency of the mu-
tants ran wild. But soon a reaction set in. Some geneticists
realized that the taxonomists, who looked with scorn at these
mutations as of possible evolutionary significance, were
right, and began to ask themselves whether no better mate-
rials were available. Thus Johannsen (1923) expressed his
doubts in the following words: "Is the whole of Mendelism
perhaps nothing but an establishment of very many chromo-
somal irregularities, disturbances or diseases of enormous
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practical and theoretical importance but without deeper
value for an understanding of the 'normal' constitution of
natural biotypes? The problem of species, evolution, does
not seem to be approached seriously through Mendelism nor
through the related modern experiences in mutation." Jo-
hannsen, however, did not point to any positive possibilities.
In the same year Goldschmidt (1923), who had already in-
sisted on this point in the aforementioned essays, wrote:
"The extraordinary material of analyzed mutants from
Drosophila work demonstrates that the type of gene muta-
tion observed there can hardly play any role in species
formation. . . . This does not mean that such mutants
could not appear and hold their own in nature. . . . [ex-
ample follows]. But never thus a new . . . [example] spe-
cies would be formed. Recently Sturtevant has carried out a
very useful comparison between natural species of Droso-
phila and the experimental mutants. His result, with which
every expert in any group of animals will agree is: Species
differ in innumerable minor characters, mutants in a few
extreme differences. Experimental mutants,, however, show
these large differences because only these are checked. But
it is to be assumed that also the very small mutational steps,
which change the organism very inconsiderably and prob-
ably do not disturb its balance, are just as frequent but
escape notice. If two basic differences were isolated and such
micromutation would recur, finally different species could be
produced, different in numerous genes. This does not remove
all difficulties, as, e.g., the sterility of species hybrids shows.
But one thing becomes clear, rather surprisingly to some
people, that the facts have made us return again to Darwin,
though with the improvement of an exact analysis of varia-
tion." We shall see that the facts which have come to light
since forced me to revise my standpoint.

The replacement of the typical Mendelizing mutations by
the less tangible micromutations whenever questions of evo-
lution are involved has since reappeared many times. Two
more examples from experienced authors may suffice. Baur
(1925) wrote: "By exercising one's senses in the course of
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years one realizes that the conspicuous mutants are only
extreme cases. At least equally frequently, and probably
more so, minute mutants appear, which are not pathological
but quite viable types. . . . These micromutations . . . are
of very different types, small differences in the color of
leaves or flowers, in the relative length of anthers, in the
type of hairiness, size of seed, etc. . . ." It ought to be
added, however, that the work on these assumed micromuta-
tions of Antirrhinum never went beyond such general state-
ments.

One more recent statement of the same views may be
quoted. East (1936) writes: "The situation is so peculiar
that taxonomists have little interest in the characters with
which geneticists deal, maintaining that they are wholly un-
natural material for evolutionary processes. Professor C. T.
Brues has examined the published descriptions of muta-
tional effects in Drosophila at my request, and finds that
only a limited few characteristics of similar type have ever
survived in nature and these often in distant genera. . . .
[There follows a very appropriate discussion of the fact
that nevertheless the rate of Drosophila mutation is made
the basis of theoretical conclusions.] I suggest that construc-
tive mutations are numerous but have ordinarily remained
unnoticed simply because destructive mutations are more
easily described, catalogued and scored, and therefore have
been more convenient in genetic research. There is evidence
of a varied nature, nevertheless, in support of the idea that
constructive mutations occur with remarkably high fre-
quency." The evidence which East derives from his experi-
ence with Nicotiana is actually of the same type as Baur's
from Antirrhinum.

These statements, then, may serve as a starting point. As
far as genetics is concerned, the heritable variations which
Darwinism needs as materials of evolution are available in
constantly appearing mutants, the more conspicuous of
which are deleterious or even monstrous, whereas the small
deviations which may be even more frequent are less easy to
detect and to isolate. Our task now is to find out how far
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these mutants and their accumulation by interbreeding and
selection will explain the successive steps in evolution. For
this part of our discussion it will not make any difference
which theory we accept regarding the nature of mutants. We
therefore use for the first part of our discussion the termi-
nology of the classic theory of the gene, assuming the
chromosome to be a string of units, the genes, each located
at a definite locus of the chromosome and each playing a
definite role in controlling normal development. A mutation
is a localized change in one of the individual genes and there-
fore Mendelizes with the original form. The term "point mu-
tation" or "mutant locus" will appear in the same sense as
"gene mutation." Doubts in regard to the theory of the gene
will appear only later and only where further analysis re-
quires definite ideas about mutation.

2. THE SINGLE MUTATIONS
THE first step to be taken in order to get acquainted with
the materials of evolution in nature is to start with the lowest
taxonomic units and to relate natural conditions to genetic
analysis. There is no doubt that the type of laboratory and
field mutants with which the geneticist works occurs within
wild species in nature where for one reason or another such
a mutant might even become a frequent occurrence. It is
known that occasional albinos are found in many groups of
animals. In the year 1910 in one small area in upper Bavaria
numerous albinos appeared among the field mice (Micro-
tus), so numerous that I saw a dozen within an acre of land,
but they were never observed again. A systematic study of
Drosophila populations in Russia made by Dubinin and
collaborators (1934) revealed that quite a number of flies
were heterozygous for well-known recessive mutants, which
then had a chance to appear as rare visible variations. (A
long time ago I had found the same for Drosophila trapped
in the surroundings of Berlin [Grunewald]. But I did not
trust my observations because of the presence of genetics
laboratories within not many miles. This source of error is
excluded in the Russian work.) Many others have since re-
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ported similar findings. It is also known in the cases of
other animals and plants that rare but typical mutants may
be confined to definite localities where the collector may hap-
pen to find them. The taxonomists have never thought of
these "varieties or aberrations" as being of importance for
evolutionary problems, for they are very frequently of a
type which occurs in the same way not only in different
species but in different families and orders. Obviously, in
these cases one rather generalized process of development is
liable to be affected only in a few simple ways (see below).
Thus, albinism is found in innumerable mammals and birds,
and also in mollusks and insects. Melanism, or partial melan-
ism, or progressive, graduated melanism is a very frequent
type of mutant in the same groups. Wherever red pigment oc-
curs, yellow mutants are found, and white ones arise from
yellow. I have analyzed genetically many such cases in moths
and butterflies showing all the different types of one-factor
Mendelian inheritance. The yellow aberration of the Arctiid
moth Callimorpha dominula, with largely red hind-wings, an
example of a mutant found only in rare localities, is a simple
Mendelian recessive. The dark aberration of the fritillary
Argynnis paphia, the form valesina, is a recessive with sex-
controlled inheritance; the aberration of the gypsy-moth
caterpillar with a black dorsal band is a simple dominant
mutant. These examples from my own experience could be
indefinitely multiplied by adding further facts taken from
the large body of published experiments which have used
mutants of wild species in both animals and plants.

We have already expressed our opinion that we agree with
the taxonomists that these aberrations cannot play any
major role in evolution. But this does not mean that they
may not contribute to microevolution, to diversification
within the species. It is quite conceivable that under definite
circumstances such a commonplace mutational type might
establish itself either by supplanting the original form or by
occupying an independent area. We shall soon meet with
such cases of a little more complicated order. I do not know
of any simple case in which all the relevant facts are known.
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We should certainly suspect such a situation whenever we
find two forms of a species occupying different areas near
each other and distinguished only by a single Mendelian fac-
tor difference. Such cases, however, seem to be very rare
(see below, Harrison). In addition, one has to be cautious in
assuming such a difference on any other basis than an actual
crossing experiment. It may happen that a racial difference
looks to all purposes like a simple Mendelian difference with-
out this being so. The following is an example from my own
experience. As already mentioned, in the Arctiid moth Calli-
morpha dominula with largely red hind-wings a yellow mu-
tant occurs in the environs of Berlin, Germany, and this is a
simple recessive. In Italy a geographic race of the same spe-
cies is found which closely resembles (in some of its forms,
see Goldschmidt, 1924) the yellow mutant, and one might
expect that here the yellow mutant has replaced the red
form. But a cross between the German red and the Italian
yellow form gives an intermediate orange Fi, and in Fa the
whole range from red to yellow is found, indicating a mul-
tiple-factor inheritance. This proves, therefore, a com-
pletely different origin for the two cases.

Many similar instances could probably be quoted. I wish
to emphasize again their importance, as corresponding un-
analyzed cases have frequently been used in erroneous gen-
eralizations. Thus Kinsey (1936), whose work on gall wasps
will be quoted later on, has found forms with small wings
which occur as seasonal variations within a race, as well as in
the form of definite races or hereditary units at different
points of a racial circle. He lists these short-winged forms
simply as mutants, and whereas this wing character has
formerly been considered as of generic value, he makes this a
point of considerable evolutionary significance. As no ge-
netic information is available in this case, his interpretation
may be right and it may be wrong. We shall discuss in a
later chapter the problem of wing rudimentation in insects,
and shall see which possibilities are available. Here we want
only to caution against the use of unanalyzed material for
sweeping conclusions.
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We turn now to another group of cases of this same type
which are of significance for microevolution. There is, first, a
group of interesting data, for which, however, the genetic
facts are more or less unknown; namely, the "mutations" in
birds studied by Stresemann (1923-26). These "mutants"
are known from nature; in a few cases hybrids are known,
and a few crosses made in zoological gardens are available.
These mutants are different from the type in color; e.g.,
melanisms, albinisms, rutilisms, the presence of differently
colored spots or bands. They appear in more or less large
numbers within the typical population, and in some cases
they tend to supplant the original form. The hawk Accipiter
n. novaehollandiae has a white mutant in Australia; in Tas-
mania nowadays only the mutant is found. The white mu-
tant of the gray snow goose Anser caeridescens has almost
supplanted the original form. Only the black mutant of the
red-breasted weaving bird Colius asser ardens is now found
in large areas of West Africa. The egret Demigretta sacra
is found in New Zealand in the original gray form; in other
parts of its area a white mutant is also met with which some
day may replace the gray form, just as has happened in
other species. In a few cases very rapid suppression of the
original form is known. At one time a melanic mutant of the
flycatcher Rhipidura flabellifera was known to occur only in
the southern island of New Zealand. Today it has conquered
the northern island, where it first appeared in 1864. Other
similar cases are reported for the West Indian bird Coereba
saccharina, of which the black "mutant" has completely re-
placed the original form.

But there are also genetically known cases in which a kind
of microevolution is based upon a relatively simple type of
ordinary mutations. The latter belong in part to the group
of the typical mutants and in part may be classed with the
hardly discernible micromutations which we discussed above.
One such case which is rather well known and which actually
was the first evolutionary problem I personally attacked
with genetical methods thirty years ago1 is the case of the

MICROEVOLUTION 15

1. OwJBjlto the war, the results were published only seven years after the work
was finished (Goldschmidt, 1920b).

melanistic nun moth, Lymantria monacha L. This common
pest has typically white wings with black zigzag bands in a
definite arrangement. Up to about eighty years ago this
form was rather constant, though occasional melanic indi-
viduals were found and much cherished by collectors as rare
aberrations. That this type is hereditary was proven in pre-
Mendelian days by Standfuss (1896). It has apparently
always existed, as it is mentioned even in eighteenth-century
literature. During the second half of the last century the
number of these melanic aberrations increased and, starting
from certain centers within the general area of distribution,
spread from there over the whole range. When I started my
work in 1909 and obtained my material from large areas
infested with this pest, the majority of individuals already
showed the different degrees of melanism. It is known that
the same phenomenon was simultaneously observed in a num-
ber of other moths, and that in all these cases the centers of
distribution were found in the areas of high industrializa-
tion, both in England and in Germany. Hence the term, "in-
dustrial melanism."2

The genetic analysis in this case showed that this melan-
ism was the result of at least three mutational steps of un-
equal value, but all of them dominant. Two autosomal gene
mutations increased the breadth of the zigzag bands and
produced some pigment between them. The effect of these
mutations individually is so small that they might be classed
as micromutations. The third gene is sex-linked and pro-
duces the deep black of the higher grades. All these genes
are additive in action and their different combinations pro-
duce the complete series of gradations from white with black
bands to completely black (fig. 1).

There can be no doubt that these mutational changes of a
type which is found in numerous animals—melanism—led to
a definite step in microevolution in this case. This means

2. For references to melanism in 1785 see P. Schulze, Berl. Entomol. Wochenschr.,
57.1912. Schroeder (Ztschr. Wiss. InsekterMol, 4,1908) could hardly find a melanic
specimen, as a young man, in the same localities where they are prevalent now.
Details regarding the spreading of the melanic form may be found in German text-
books on forest entomology.
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that here a mutant, or a set of mutational advances in the
same direction, led to a new condition in the relations of the
species to its environment which permitted the new form to
replace the old one, a process which of course is aided by
the dominance of the mutants. Obviously, the melanistic
forms had a selective value, as the relation to industrializa-

FIG. la. Melanic variation of Lymantria monacha $. Each row represents
another combination of the two autosomal and one sex-linked dominant
mutations. (From Goldschmidt.)
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tion indicates, that was of a definite type. (A calculation-
see Goldschmidt, 1920b—showed that the quick replacement
ot the original form by the melanic one required only a small
selective advantage.) We tried to see whether the dark indi-

FIG lb. Melanic variation of Lymantria monacha $. Each row representsrSnnsrGoMsr sr,autosomal and one sex-iinked dominant
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viduals were larger or stronger,3 but with negative results,
though these individuals were more viable in breeding, an
experience also reported by Harrison (1920) for British
melanic moths. Thus we concluded that the difference must
be a physiological one. The relation to industrialization
seemed to offer a clue. The nun-moth caterpillar feeds on fir
trees, which undoubtedly deposit in their tissues various
chemicals, especially metal salts, from their surroundings.
The idea arose, therefore, that the melanic forms were in
some way changed in regard to their metabolism, and that
this enabled them to feed on the poisoned food of the indus-
trial districts. For a considerable time we performed experi-
ments in this direction, but the susceptibility of the animals
to infectious diseases prevented a solution. I am convinced,
however, that the actual explanation cannot be far from this
one. (As a matter of fact, Harrison [1920] conceived the
same idea in regard to cases of melanism found in England,
which, however, he interpreted in a Lamarckian sense.) I am
encouraged in this belief by the knowledge that these animals
are rather sensitive to the chemical composition of their
food. One of the close relatives of the nun moth is the gypsy
moth, which is much hardier and omnivorous. For years we
tried to make the breeding of a winter generation possible
by using artificial food. Once we were very successful with
shredded pine needles; but the following winter the same
method was a complete failure. It turned out that we had
taken our material from a different tree which had a higher
content of rosin in its needles. The general correctness of
this interpretation, aside from the special features, is demon-
strated by some recent work along similar lines. A number
of authors (Kxihn and collaborators, 1934, for Ephestia;
Timofeeff-Ressovsky, 1934, for Drosophila) have shown
that genetic strains of different viability exist, among them
also some with increased viability. More specific is the find-
ing by Kiihn and Von Engelhardt (1937) that a melanic
mutant of the geometrid moth Ptychopida seriata is better
adapted to lower temperature and higher humidity.

3. A positive claim made in Goldschmidt, 1917, was later corrected.
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An interesting account of the formation of local forms
(races) involving melanism, as in the former examples, as
well as other traits of pattern and color, has been given by
J. W. H. Harrison (1920) for local races of the geometrid
moth Oporabia autumnata. In the short time between 1885
and 1919 a certain region in England changed its character
completely in regard to the food trees of the species and
corresponding microclimatic conditions. Two very different
ecological habitats were formed, separated by a half mile of
heather, one a coniferous wood, the other a birch wood with
some alder. The two habitats now actually contain separate
races distinguished by size, choice of food, color and mark-
ings, time of emergence. Breeding experiments showed the
differences to be hereditary. For one of the characters,
hatching time, an adaptive value to microclimatical condi-
tions of the habitat could be demonstrated. In the same spe-
cies there are also melanic forms, the evolution of which, as
already mentioned, is interpreted by Harrison in a Lamarck-
ian sense. A more probable explanation has already been
presented. (A good review of industrial melanism, especially
the English material, is to be found in Ford [1937].)

To return to our main topic, microevolution by mutation.
A mutant or a combination of mutants with similar effect
had actually changed the species in such a way as to give to
the new type a physiological advantage under proper envi-
ronmental conditions. When, in the case of the nun moth,
these were furnished by the chemical effects of industrial
smoke upon food plants, the mutant began to replace the
original form. The result is that a white nun moth has be-
come a more or less black one. Here this type of evolution
ends. The same conclusion, mutatis mutandis, probably ap-
plies to the ornithological examples already mentioned.

A good example of a situation such as is discussed here
can be derived from a comparison of Lymantria dispar and
monacha. We have already reported on the melanic varieties
of monacha, their adaptational value, and the positive re-
sults of natural selection which has slowly replaced the light
race by the dark one within man's memory. In dispar, the
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nearest relative of monacha but with different ecology,
melanic variations also occur. They nearly duplicate the
monacha series (fig. 1), but for details of pattern. In addi-
tion, the genetic basis in both cases seems to be very similar
though not identical, as far as information goes. But this

FIG. 2. Spilosoma lubricipeda, type form, melanic form (zatima) and hy-
brid in between. (From Goldschmidt.)

melanism is extremely rare and has been found only once, by
Klatt (1928). It never occurred in the hundreds of thou-
sands of individuals of all races which I have bred. Ob-
viously, a very rare set of mutations is involved here, and it
is, in addition, without positive selective value thus far.
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The next question is whether this simple diversification
by Mendelizing mutants could not carry an evolutionary
process one step farther. We have already seen that in many
instances a definite mutant is not found everywhere over the
area of distribution of a species, but sometimes only in defi-
nite localities, as is well known to collectors. From a genetical
point of view this might be a purely chance situation. If a
mutant occurs in a well-isolated population and if there is
no counterselection, it may hold its own and be present in
the population. This, however, will hardly be the explana-
tion if the mutant is present in different localities but only
in those of a similar type. There is, for example, the Arctiid
moth Spilosoma lubricipeda, a small moth with yellow wings
and a few black dots, which is found all over central Europe.
This has a dominant mutant called zatima, (Fi is actually
intermediate) with almost black wings. This mutant fre-
quently appears among the type form on the coasts of Hol-
land, the Friesian Isles, and especially Heligoland4 (fig. 2).
There, undoubtedly, the regular presence of a definite mu-
tant in the population has a relation to a definite geographic
situation with rather definite climatic features, and the
simple problem of mutations of hardly any evolutionary
significance begins to widen its scope, though strictly within
the sphere of microevolution.

3. LOCAL POLYMORPHISM
THE next step is best introduced by a phenomenon which
we might call local polymorphism. Just as a definite locality
might typically harbor a definite mutant, such a locality
might also be inhabited by a group of interbreeding mu-
tants if the situation is as described before; i.e., considerable
isolation and no selective value of the mutants. A group of
mutants appearing under such conditions and interbreeding
freely among themselves and with the original species will
lead to a stable population (under average environmental

4. The genetics of the case has been worked out by Federley (1920) and Gold-
schmidt (1924). There is a difference of one major gene and, in addition, a series of
modifiers for the degree of melanism.



22 THE MATERIAL BASIS OF EVOLUTION

FIG. 3. Polymorphic series of Callimorpha dominula from the Abruzzi.
(From Goldschmidt.)
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conditions) in which the different types and their recom-
binations are represented. The population thus is polymor-
phic. The same type of polymorphism would result if a
series of mutant stocks of flies in a laboratory were mixed
up. An example of this type—if I may be excused for pre-
ferring examples with which I have experimented myself—
is the local polymorphism of the Arctiid moth Callimorpha
dominula. I have already mentioned the yellow Italian form
of this species. In a small area of the Abruzzi mountains at
the base of the Gran Sasso d'ltalia this species occurs in a
series of forms ranging from the typical ones through all
intermediate grades to almost black ones (fig. 3). For many
years a collector who specialized in this form found during
the proper season all the forms on the same spot and pro-
vided me with living material. The genetic analysis (Gold-
schmidt, 1924) showed a multiple-factor inheritance, differ-
ent combinations of genes giving the different types.

There is only a small step from this localized poly-
morphism based upon recombination of Mendelizing mu-
tants to a similar phenomenon on a larger geographic scale.
A long time ago the French conchologist Coutagne (1896)
noticed that each individual colony of Cepaea (=Helix)
hortensis which he studied had its special character. In all
colonies he found a considerable variation with regard to
color and the types of banding. The same material has been
studied since by many authors and in a general way the same
results were obtained. (A fine review of the facts and a dis-
cussion of their significance have been recently presented by
Diver [1939].) Today we know from Lang's genetic studies
that all these diversities are based on Mendelizing mutations
and that therefore a population containing many such types
presents a typical case of polymorphism by interbreeding
and segregation of mutants. But in Coutagne's case the indi-
vidual colonies were typically different with regard to the
types found as well as to their relative numbers. There can
be no doubt that in view of the considerable inbreeding in
these mollusks the composition of a colony may be mainly
due to the mutations which by chance happen to be present
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and are preserved in similar proportions for lack of positive
or negative selection. But it is also conceivable that occa-
sionally one or the other mutant is better or worse adapted
to physiological conditions of soil, water, etc., which would
result in a selection with regard to the composition of the
colony. I do not know of any positive evidence in this respect,
but there are other cases of the same kind which might lead
to the belief that the distribution of the mutants in the popu-
lation is not purely a chance distribution.

Unfortunately, there are not many cases in which the
genetic basis is known. One is the following. The different
color patterns of the ladybird beetle Harmonia axyridis are
mainly based on three pairs of genes, the different combina-
tions of which characterize the forms which have been called
frigida, 19-signata, etc. (Tan and Li, 1934). Dobzhansky
(1933) studied the distribution of these forms in different
populations (see fig. 4). Table 1 is an excerpt from his
material.

TABLE 1
DISTRIBUTION OF COLOR TYPES IN POPULATIONS OF A

LADY BEETLE
From Dobzhansky.

Region
Altai
Irkutsk
W. Transbaikal
Amur
Vladivostok
Manchuria
Japan

succmea
frigida

19-signata
.05

15.1
50.8

100.0
85.6
79.7
27.2

Mutant forms, per cent

aulica axyridis
99.95
84.9
49.2

11.0

specfabilis conspicua

6.0
11.3
14.3

6.8
8.6

47.4

It is not possible to say whether the absence of some mu-
tants in definite localities is a matter of pure chance or
whether they are not fit to exist there. But it seems probable
that such types of distribution which in a similar way seem
to occur also in other Chrysomelid beetles (work of Timo-
feeff-Ressovsky, 1932, and Tower, 1918) are indicative of
an underlying rule.
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Such a rule, however, has hardly anything to do with

problems of evolution, although it might seem to be the
case if large geographic areas are checked as a whole, as was
done in the foregoing example. In Coutagne's Cepaea colo-
nies the different colonies may have been within easy reach
of each other. Rensch also has recently (1933) made a simi-
lar survey for the garden snail Cepaea hortensis. Table 2
gives a part of his results.

FIG. 4. Geographical distribution of four color types of the ladybird Har-
monia axyridis in Asiatic populations. White = signata, shaded = axyridis,
crosshatched = spectabilis, black = conspicua. (Diagram after Dobzhansky
from Timofeeff-Ressovsky.)

This table shows no order or geographic relation of any
kind. Obviously, the situation in each locality is controlled
by chance presence of mutations and perhaps also by chance
selection in favor of or against individual mutants or com-
binations. In a general way such a situation has as many or
as few possibilities for microevolution as in the former ex-
amples. There is reason to believe that this type of poly-
morphism is a typical feature of life in more or less isolated
colonies. Wherever such conditions of life were studied, espe-
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TABLE 2
COLOR AND BANDING OF CEPAEA SHELLS IN ONE LOCALITY
1 2 3 4 5—0 presence or absence of bands 1-5. These are Mendelizing traits.

Per cent individuals
Locality yellow red yellow yellow yellow yellow yellow

00000 00000 00305 10305 10345 12045 10045 12345
East Prussia 32.3 67.7
Ruegen 32.9 26.5 1.2 40.3
Ruegen 36.2 .4 23.5 1.7 .4 37.8
Warnemiinde 77.7 22.3
Ratzeburg 70.3 14.9 2.7 5.4 6.7
Berlin— Buch 10.9 1.4 87.7
Berlin— Spandau 1.1 98.9
Berlin— N 1 72.5 1.1 26.4
Berlin— N 2 65.3 .7 34.0
Berlin— 3 45.3 1.9 52.8
Berlin— 4 45.6 19.3 7.0 28.1
Weimar 52.0 5.5 42.5
Czechoslovakia .1 22.2 .5 77.2
Vienna 93.7 .4 .6 5.3

cially in mollusks, the same phenomenon was found (see
Diver, loc. cit.). I shall only mention at this point the Acha-
tinellidae of Hawaii (according to Welch, 1938), because
this family of snails will be used later to demonstrate other
important types of variation. The facts reported by Lloyd
(1912) upon rat colonies in India, and by Hagedoorn
(1917) for Java, probably belong to the category of facts
discussed here. A huge amount of material relating to
Chrysomelid beetles (Leptinotarsa) is to be found in Tow-
er's monograph (1918), though it is rather difficult to
understand some of the details. But the examples already
discussed illustrate the point sufficiently. In plants a parallel
case can be found in Gregor's work on Plantago (1938).

We have already indicated that we cannot see that the
different types of hereditary variation discussed thus far,
the mutants of the ordinary type, have any meaning for an
understanding of evolution. It is true that here we have a
means for diversification within a species, which under condi-
tions of selection might also be termed a kind of microevolu-
tion. But it is always the same little change of tune which is
produced in these cases, melanisms, albinisms, rutilisms, and
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their like. I cannot see that they could be conceived better
as the beginning of an evolution or as a model of this. They
are a rather unimportant type of variation (as the taxono-
mists correctly interpreted) which becomes important only
as material for genetic experimentation (see the quotation
from Johannsen, p. 9) because it is a material taken from
nature of the same type and significance as the mutants of
domestic breeds or laboratory animals. If we were to use
such cases as the last ones mentioned as a starting point for
evolutionary deliberations it would be as though we visited
numerous dog shows in different countries and took the rela-
tive representation of different breeds in these as a starting
point for an analysis of species formation.

4. SUBSPECIES AND GEOGRAPHIC VARIATION

A. The Taxonomic Facts
UP TO the end of the last century the species concept in
taxonomy was handled in two different ways. Either any
recognizable form was made a new species, thus enlarging
their number immensely, or only a relatively small, well-
established group of species was recognized, and aberrant
forms assigned to them as far as possible. I remember dis-
tinctly the shock which it created in my own taxonomic
surroundings (I was an ardent coleopterologist at that
time) when Matschie claimed that the giraffes and other
African mammals had many different subspecific forms
characteristic for different regions which he could recognize
with certainty; when Kobelt claimed that the mussel Ano-
donta fluviatilis was different in each river or brook; when
Hofer stated that each Alpine lake contained a different race
of the fish Coregonus; or when Heincke claimed the same for
different schools of herring. The ornithologists, Klein-
schmidt, Rothschild, and Hartert, soon followed by the lepi-
dopterologists (Jordan), were the first to base upon these
and related facts a new principle of classification and to
work up their own fields accordingly. Rensch (1934), who
is one of the present-day protagonists of these principles,
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has described their coming into being in the following words,
which I quote verbatim (my translation), as I could not
improve upon his statement:

"In the bird genus Sitta (nuthatch) 19 different species
and one subspecies had been described from the palaearctic
region between 1758 and 1900. . . . All these species dif-
fered in size, color, proportions of beak, tail, wings, con-
struction of the nest, etc. There were no transitions existing
from one to another form. The areas of origin were different
in most cases but some species also lived in the same region.
The taxonomy of the Palearctic Sitta, then, was clear and
unequivocal. With increasing research more and more forms
of Sitta became known which proved to be more difficult to
arrange within existing species. These forms were marked
off more or less clearly but they were so nearly related to
named species that they were considered to be subspecies or
varieties of these. Thus Reichenow (1901) described a form
caucasica which he considered to be a subspecies of the cen-
tral European caesia, while Witherby (1903) considered his
new form persica to be a subspecies of the North European
europaea. But there was no reason why one should not have
made caucasica a subspecies of europaea instead of caesia,
the more so as a very similar form S. europaea britannica
has been described by Hartert (1900). The species concept
thus turned out to be vague; the specialists were unable to
differentiate Sitta europaea with its subspecies from S.
caesia with its subspecies. Similar difficulties appeared with
other species and it seemed as if the increase in material led
to a chaos in nomenclature. In addition, different authors
differed more and more in their definition of species.

"Chaos would certainly have prevailed if one had retained
the old ideas concerning species. It was hardly chance that
in this critical epoch a new school of thought appeared in
ornithology which soon began to become dominant under
the leadership of O. Kleinschmidt and E. Hartert. They put
the study of the geographic distribution of the individual
forms into the foreground and they looked with a systematic
effort for forms which were both morphologically and geo-
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graphically transitional between two 'species.' In the case of
the forms of Sitta it was possible to unite thus not only per-
sica, britannica, and other races, but also the Central Euro-
pean caesia with the species europaea. Thus the difference of
viewpoint, mentioned above, was removed; caucasica was a
geographic substitute both for caesia and europaea. In this
way many 'species' were combined into groups of forms, mu-
tually replacing each other geographically. This was called
geographic rassenkreise (racial circles), or large species,
or formenkreise (Kleinschmidt). In such a rassenkreis
neighboring races are very similar, but geographically dis-
tant ones frequently were very dissimilar. The names of the
races were added as third names to the name of the rassen-
kreis, i.e., the name of the form which happened to be de-
scribed first. When E. Hartert began (1904) publication of
Birds of the Palaearctic Fauna he could simplify the chaos
of twenty-four known Sitta species into four rassenkreise,
leaving three isolated species. In the interim the number of
geographic races has still increased and today the rassen-
kreis Sitta europaea alone contains twenty-six geographic
races (without the contested 'subtilrassen') [i.e., still lower
categories].

"Taxonomy thus has become definite again: the new
'large species,' i.e., the geographic rassenkreise, are clearly
defined, are natural units. There are no transitions from one
rassenkreis to the other: the rassenkreis Sitta europaea
stretches over the whole of the palaearctic region. All its
races (which usually show a continuous gradation among
themselves) are distinguished from the races of the rassen-
kreis neumayeri occupying a stretch from the Balkans to
Belutchistan by chestnut-colored sides in the male, or from
the S. canadensis races by the lack of a black head, etc."

The principle of rassenkreise as the natural taxonomic
unit has conquered taxonomy and largely replaced the other
species concepts.5 Most of the best-known groups of animals
are described in these terms. Whether all points are clear

5. Its history is more completely treated in Stresemann (1936). Criticism is found
in Reinig (1938)
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and beyond debate is not to be decided here. But it is certain
that here a major principle of the diversification within the
lowest systematic categories has been found which therefore
is highly significant for the problem of evolution. Actually,
the taxonomists who worked upon these problems and quite a
number of others have come to the conclusion that the geo-
graphic races are incipient species (see p. 139 for quotation
from Darwin), that the formation of subspecies within a
species over its geographic range (the rassenkreis) is the
first and typical, even obligatory, step in the evolution of
new species and higher categories. There is no doubt that
such a view is very attractive at first sight. The problem is
to find out whether it can stand a closer scrutiny.

We shall begin our discussion with the facts pertaining
to the rassenkreis as such and their analysis, and shall only
proceed afterwards to the decisive point; i.e., whether this
type of microevolution can lead beyond the confines of the
species. In previous discussions it was, of course, tacitly as-
sumed that the differences between the members of a rassen-
kreis were hereditary. Occasionally some nonhereditary mod-
ifications may have passed for geographic races, but as a
rule one may assume that actually hereditary differences are
involved. Wherever they could be tested they turned out to
be hereditary. The most important feature of the geo-
graphic race is that it occupies its own area and that no
other member of the same rassenkreis lives within the same
territory. Where two such races meet, frequently a mixed
population, or a slow intergradation from one to the other,
is found. As far as is known, members of a rassenkreis are
completely fertile inter se (see, however, below), and will
normally breed together if there is a chance (see below).
There are rassenkreise the individual members of which are
so different that there is no difficulty in assigning an indi-
vidual to its race without knowing the place from which the
specimen came. But more frequently the different geo-
graphic races show all intermediate and transitional stages.
In this case the description of a definite race is possible only
from large series and in some cases only with the aid of sta-
tistical methods.
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I might mention one such case in order to show that a

conception very similar to the rassenkreis concept had been
arrived at in a very different way prior to that taxonomic
reform. The herring in the North Sea forms large schools
which are found in definite localities and travel to definite
spawning grounds. These localities are different over the
whole area inhabited by the species, and each area has a dif-
ferent constant race which, however, cannot be distinguish-
ed by ordinary taxonomic methods. Only a biometric study
of a series of variable characters like number of vertebrae,
number of keeled scales, and about sixty others, and their
evaluation by biometric methods, permitted Heincke (1897-
98) to find the constant racial differences. Since that time
similar work with identical results has been performed by
many ichthyologists (Schmidt, Hubbs, Schnakenbeck,
1931; literature in Schnakenbeck's paper).

A very typical feature of many rassenkreise is that the
distinguishing characters of the individual subspecies form a
graded series along the geographic range, beginning with
an extreme minus type and ending with a plus type of the
character in question. When this is the case, the races at the
two ends of the range are also the extremes in regard to the
character in question. This chainlike arrangement of races
of course requires a corresponding linear seriation of geo-
graphic areas, which is not always found (see below).

At this point of our discussion I should like to draw atten-
tion to the fact that the simplicity of the situation as repre-
sented thus far is only an apparent one. There are, no doubt,
cases which agree with the description of rassenkreise as
given thus far. But nature can hardly be expected to be
as diagrammatic as this. In the actual study of manifold
materials many a case has been found which it is difficult to
fit into the general scheme. Such cases are of special im-
portance when the problem of the limit of the species comes
up. We shall report on them in that connection.

Darwin spoke of the "origin of species." He took it for
granted that an explanation for the origin of species auto-
matically also explains the origin of the higher systematic
categories by the same process found to be involved in the
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origin of the lower categories. If, then, the geographic races
within a rassenkreis are incipient species or, if we are more
modest, are models of what incipient species would lock like,
the genetic exploration of a rassenkreis should furnish the
decisive information about the materials of evolution. As I
happened to be in constant contact with a progressive group
of taxonomists in different fields6 and therefore was early
aware of the new developments in taxonomy, I embarked in
1909 upon such a genetic study with a few crosses from
which later an extensive program for an all-round study of
a rassenkreis was developed. A short preliminary report
upon part of the material was published in 1917, and an-
other in 1920. The working hypothesis which I started to
prove was that geographic variation is actually a model of
species formation.7 As I happened to be the first geneticist
who realized this problem and embarked upon its experi-
mental study, and as there is no other work available in
which the same investigator has done all the taxonomic,
ecological, morphological, physiological, cytological, geneti-
cal, and most of the field work with all available geographi-
cal races, I may be pardoned for presenting first and in
more detail my own results, which turned out to comprise
practically all the aspects of the problem, which have also
been emphasized by others.

B. Genetic and Biological Analysis Combined with
Taxonomy

a. Analysis of the rassenkreis of Lymantria dispar L.s

Lymantria dispar, the gypsy moth, spreads over the whole
Palearctic area, of course barring recent introductions by

6. In the R. Bavarian Museum, Munich.
7. The term, "species formation," is nowadays frequently supplanted by the

term, "speciation." Using this term once in a discussion with one of the leading
British taxonomists, I was violently rebuked for adopting this linguistic atrocity.
As a scholar, raised in the traditions of the classical languages, I have to agree with
my critic and shall therefore not use the contested term.

8. For details, pictures, curves, tables, and many points not mentioned here see
Goldschmidt, 1917, 1920, 1924a, 1929, 1932, 1932a, 1932b, 1932c, 1933a, 1933b,
1935.
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man into new areas (U.S.A.). It is found all over Europe
except in its northernmost part, and also in parts of North
Africa (Algiers, Morocco—introduced?). It spreads east
through Russia and Siberia. It has more southern forms in
Russian Turkestan, Caucasus, and the Altai mountains. At
the eastern edge of the Asiatic continent it is found from
Vladivostok to Shantung. It is further found all over Korea
and the Japanese Isles, but not in Sakhalin toward the
north, nor the Ryu-Kyu Islands in the south. Within this
area a chain of geographic races has developed, which, how-
ever, has not received proper taxonomic treatment. A large
number of names has been introduced for aberrant speci-
mens found by collectors. But a closer study revealed that
with one or two possible exceptions these forms were chance
occurrences and not in any way representative of definite
regions. As it could further be shown that some of the most
characteristic racial differences are of a more physiological
nature and therefore inaccessible to the taxonomist, I com-
pletely refrained from naming subspecies, a procedure to
which the taxonomist would certainly object, and rightly so
from his standpoint. (A few names will be introduced later
for purely practical purposes.) I was encouraged in that at-
titude by the fact that in many characters statistical trans-
gression between the different types was found, and the fur-
ther fact that the number of subspecific types could be
greatly increased by going into more and more intricate dif-
ferences. But I might first indicate which races the taxono-
mist, who has only the imago available for study, could
safely distinguish (further details later). (I might mention
that in this piece of work the variation caused by environ-
mental factors was almost excluded, as all the races, col-
lected in the field largely by myself, and in critical regions
exclusively by myself, were bred for years side by side under
identical conditions. Chance results were also excluded, as
the breeding was started with different egg batches from one
locality and carried to many hundreds of thousands of in-
dividuals.)

There are, first of all, two major groups of races distin-
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guishable by the color of the abdominal wool (hair) of the
females (with which the egg batch is covered). All northern
forms; i.e., forms from Germany, Russia, Siberia, etc., have
dark-brown wool: all southern forms—namely, all Mediter-
ranean forms, those from Russian Turkestan, Korea, and
Japan—have a light-yellow wool. A more or less intermedi-
ate color is found in the race from the northernmost Japan-
ese island of Hokkaido (see map, fig. 5). Within the yellow-
wool groups different size groups may be distinguished. The
Mediterranean forms are small, the forms from Turkestan,
Korea, northern and southern Japan are more or less me-
dium-sized; the central Japanese forms are large, or even
very large. Some of these groups show color differences
which are to a certain extent typical. But in all groups indi-
viduals occur which do not conform. Thus, the males of the
Hokkaido race can in most cases be distinguished by light-
colored wings; Japanese males frequently have a chocolate
color not existing outside of Japan; females from central
Japan tend to be gray instead of cream. A taxonomist who
worked up large collections from the whole area could estab-
lish a number of subspecies, allowing for a certain amount
of variation within each of them. But if I should be asked
to pick out from a mixture of forms those collected in Korea
and those collected in the Island of Kyushiu I could not do
it, though I could easily perform this task by a breeding
experiment (see below). I am going into the details of this
situation because ordinarily neither the taxonomist who has
to work with simple differences which he can label, nor the
geneticist who is not overanxious to work with fluctuating
characters, will meet with it. But this is actually the situa-
tion encountered in nature in our case, and, as we shall see,
in most if not all others as well, though it is not always
clearly stated.

There is, of course, no reason why the easily checked traits
of the imago of a moth should be the ones which predomi-
nantly characterize the geographic races or subspecies, since
the life span of the imago is short as compared with the
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larval stage, and egg laying usually begins one day after
hatching. I tried, therefore, to find as many nonimaginal
traits as possible after the discovery of the sex races had
shown the importance of a physiological difference. It can-
not be claimed that these are all the existing differential
traits. Some others have been tried but were given up on
account of their minuteness combined with transgressing
variation, or because of difficulties of classification. The fol-
lowing hereditary traits, which could be studied quantita-
tively on a large scale, were found to behave in a perfectly
regular way within the geographic range of the species.

1. The sex races
A number of sex races exist which are very typical for

their area. They are characterized by different valencies of
their sex determiners, so that crosses between different sex
races upset the sex-determining mechanism. This upset re-
sults in abnormal sex conditions in all 5 9 or all $ $ of a
definite cross, conditions which are always reproduced when
the same cross is made. For example, all daughters of such
a cross are low-grade intersexes, but are medium- or high-
grade in other crosses. In still another racial combination all
daughters are transformed into sons, etc. The details of this
analysis, contained in my extensive work on intersexuality
(1911—33),9 permitted me to characterize the different races
according to their sex behavior in these crosses. If the fe-
males of one race, when crossed to a definite male, produced
intersexual daughters of any degree from low-grade inter-
sexuality to complete sex reversal, we generally called the
female race a weak one, and the male race a strong one. In
this case, in the reciprocal cross in 3?2, part of the grandsons
became intersexual. Within the weak races different degrees
of weakness were distinguished. If a weak 2 mated with a
strong $ produced only sons by sex reversal of the daugh-
ters, we called this a weak race sensu strlcto. If, however,
intersexual daughters were produced, we called the race

9. Complete literature in Goldschmidt, 1934.
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half-weak. Different degrees of this half-weak condition
were found as measured by the degree of intersexuality of
the daughters, after crosses with males from one and the
same strong race. The lowest degree of weakness, called very
weak, was characterized by the complete absence of males or
intersexual males in the reciprocal Fa. The highest grade
of half-weakness merged into the next type called neutral,
because a neutral 9 or $ produces normal offspring with
both weak and strong races. The strong races could also be
classified according to their grade of strength, a less strong
male producing with the same half-weak female a lower
grade of intersexes than a stronger one. In addition to these
main types, special types existed; e.g., a race which pro-
duced sexual mosaics in crosses and which occurred in only
one region of Japan.

These sex races have a most definite geographic distri-
bution (see maps, figs. 5, 6). The typical dark-wooled Euro-
pean and Russian forms all belong to the weak races. The
majority of the light-wooled Mediterranean races are weak,
but in a few localities (Italian Alps) half-weak types were
encountered. Typically half-weak (with additional special
features) are the forms from Russian Turkestan. In eastern
Asia, Korea is inhabited by a typically half-weak race
(halbschwach on the map), but across the Straits of Tsushi-
ma in Kyushiu a form lives which is neutral, but nearer to
half-weak than to strong, as certain tests show. The adja-
cent southwestern part of the main Japanese island (Hon-
shiu) up to the region of Lake Biwa contains neutral forms,
but these are stronger than those from Kyushiu, nearer to
the strong races. In a small zone between Lake Biwa and the
Nagoya Plain the special mosaic-producing type (Gifu
type), an otherwise strong race, is at home, and this whole
region is inhabited by the weakest of the strong races. Far-
ther northeast, in Honshiu, only strong races have been
found (stark on the map), medium-strong (mittelstark) in
the mountainous zone near the Japanese Alps, and very
strong (sehr stark) in all northern Japan. The Tsugaru
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FIG. 6. Map of the border region in central Japan where strong and neu-
tral races meet. Black circles, localities in which strong races were located;
white circles, neutral races; half-black, heterozygotes strong-neutral; dou-
ble circles, the so-called Gifu type responsible for mosaics in crosses. (From
Goldschmidt.)

Strait separates the main island from the northern island of
Hokkaido, and this, we saw, is inhabited by a rather distinc-
tive race, which in addition is the weakest of the weak races
(schwach) ! Unfortunately, the race from the province of
Amur, which I expect to be weak, could not be tested.
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Here, then, we have at least ten types confined to definite
geographic areas and clearly distinguished by a genetic
character which in addition shows a continuous seriation if
we go from Korea south and then northeast over the Japan-
ese Isles. The character partly coincides with the visible
racial distinctions—e.g., Hokkaido; it partly subdivides
groups which can hardly be told apart morphologically
(Korea, Kyushiu, northern Honshiu). In addition, certain
conditions restricted to localized areas are known. The
physiological meaning of this racial character is unknown,
though there are indications that there is a connection be-
tween these sex valencies and certain time phases of the life
cycle. Genetically the difference between the sex races is
conditioned by two major features: first, a condition of the
cytoplasm, inherited maternally, which is responsible for the
changes in female direction; and, secondly, a series of mul-
tiple allelomorphs of the male-determining sex gene (or sex
chromosome?—see below). The strangeness of this physio-
logical character as distinguishing geographic races is some-
what diminished by the fact that at least one and probably
two comparable cases are known in animals. In frogs differ-
ent sex races exist with regard to definiteness of bisexual dif-
ferentiation (Pfliiger, R. Hertwig). Also, here a definite
geographic rule, namely, relation to temperature, seems to
obtain (Witschi, 1923). Another case is found in the so-
called species of killifish in the West Indies. They will be
discussed later. There is also a case in plants, where Oehl-
kers (1938) has described crosses between different species
of Streptocarpus. (In plants subspecies are frequently given
specific rank.) These crosses result in a type of intersex-
uality which closely parallels the Lymantria case, if my
interpretation of the facts (Goldschmidt, 1938a) is correct.

#. Length of time of larval development
This seems at first sight not to be a very important char-

acter. But if we realize that the time from hatching in spring
to pupation in summer is the most important part of the
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moth's life cycle (the imago does not feed), and that this
span has to coincide with the proper conditions for feeding
in nature, we see the great physiological importance of this
character, which is actually hereditarily different in differ-
ent races. But the values are frequently so near each other
through transgressive variability that significant differences
can be observed only for the larger groups of races, the same
groups which were also distinguished in the case of the sex
races. Regarding the Eurasian races we find the same two
large groups as were described above for the character, ab-
dominal wool. All the northern forms (dark wool) have a
relatively short larval period; all the southern forms (Medi-
terranean, Turkestan) (light wool) have a slower develop-
ment. (They were of course bred under identical condi-
tions.) Again, the series of eastern Asiatic races shows a
definite order, which, however, does not coincide with the
order of the sex races. Starting at the northernmost Japan-
ese island of Hokkaido, we find a short larval period of about
the same length as the South European (see table 3.) Going
over to the northern part of the main island we find a much
longer larval time, and to the southwest this increases up
to the borderline separating northeastern from southwestern

TABLE 3
AVERAGE LENGTH OF LARVAL DEVELOPMENT OF L. DISPAR

IN EXACTLY CONTROLLED EXPERIMENTS (IN DAYS)

Racial group 2 $
Hokkaido 47.5 44.9
Northern Japan 53.5 52.0
Mountain region 50.8 46.7
Border near Gifu 57.3 52.1
Border near Lake Biwa 56.7 52.4
Border near Japan Sea 54.7 53.1
Western Japan 52.0 50.0
Korea 51.3 48.1
Southern Europe 47.1 45.2

Japan, passing roughly from the Ise Bay via Lake Biwa
to Tsuruga Bay. In this region the maximum larval time
is reached; and going southwest and finally into Korea it
decreases again.
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Within this general arrangement some special groups of
importance are found, two of which are contained in the
table. The forms living by the Japan Sea have a shorter
larval time than their neighbors inland. The forms living in
the mountainous parts of central Japan have a generally
shorter larval time than other central or north Japanese
forms. This different speed of differentiation, which in the
respective races becomes visible from the beginning of de-
velopment, if larval instars are plotted against time, is quite
obviously a hereditary trait, which adapts each race or
racial group to the seasonal cycle of the inhabited region.
In a northern climate the short summer requires quicker
performance of the animal's life cycle than is needed in a
warmer climate. (Note that the difference in days in the ex-
periment carried out at 25° C., with optimal conditions of
food, moisture, etc., would correspond in nature to differ-
ences of weeks at least.) Actually the data on larval life
parallel most closely the meteorological data on the average
temperature during the period of vegetation in the respec-
tive areas. Such special cases as the shortening of larval life
in the mountain region and near the Japan Sea provide a
good check; these are regions with cold winters and lower
average temperature. But why does the larval time decrease
again from the Lake Biwa region west into Kyushiu, with
temperatures actually increasing, going southwest? As a
matter of fact, temperatures become extremely high in late
summer in these parts. We know that L. dispar never spread
into really warm zones, to which it is obviously not pre-
adapted. In the hot southwest region of Japan, then, the
limiting factor is not the length of the vegetation period but
the onset of too high a temperature. Hence, shortening of
larval time will again be adaptational.

Length of larval time is inherited in crosses. There is a
considerable cytoplasmic element involved and in addition a
Mendelian segregation which is difficult to analyze on ac-
count of transgressive variability. Either a few gene differ-
ences of a multiple-factor type, or a series of multiple alleles,
are involved.
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I do not doubt that this type of subspecific difference is
frequently found in nature, though it cannot be discovered
without special experimentation. In plants the average tem-
perature seems to be the major limiting feature of distribu-
tion, and as we know that in cultivated plants hereditary
differences with regard to time of development exist, it
would be surprising if such a genetic difference were not one
of the distinguishing traits of geographic races (see below:
ecotypes).

3. The number of larval instars
The number of larval instars is a quite distinctive racial

trait, to which a certain general interest is attached because
the ending of larval life by pupation after a definite num-
ber of instars is controlled by a hormone (Wigglesworth,
et al.}. The time of release of a hormone is then a racial
character. There may be four molts in both sexes; or five
molts in both sexes; or four molts in all $ $ , five in all
9 9 ; or four in all $ $ , four or five in the 9 9 ; or five in

all 99, four or five in the males. These types are found in
different races, and they are caused genetically by a number
of multiple alleles: Ti causes four molts in both sexes, T2
causes four molts in $ and five in 9 , and Ts, five molts in
both sexes. The other types found are the result of heterozy-
gosity. The actual method of action of these genes is that Ti
causes a very fast initial growth, whereas Ts causes a small
initial growth. Obviously, the pupation hormone is shed
only when a definite amount of growth has been completed,
which means fewer instars with fast initial growth, and vice
versa. Geographically speaking, there are two main groups
of races: one containing Ti but not Ts, which means the
existence of 4-molter females; another with Ts, which means
also 5-molter males. In addition, there is a third group in
which Ti Ta Ts have been found. Within one group the in-
dividuals may be homozygous or heterozygous for the respec-
tive alleles. All Eurasian forms contain only Ti T2. (In
Spain only Ti was found.) In Japan, starting north Ti Ta
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is also characteristic for the Hokkaido race. But the other-
wise completely different forms from the northernmost part
of the main island have the same constitution. Northern
Japanese races had only T2, and going west Ts appears in
middle Japan and remains present farther southwest. But
in the southwestern island of Kyushiu Ti reappears in addi-
tion to T2 and Ts, and in Korea, adjacent to Kyushiu, Ts is
again missing and Ti T2 are present, as in Europe and Hok-
kaido. It is further remarkable that the Turkestan forms
resemble in this respect the central Japanese, having T£ Ts.
We shall see that this distribution coincides completely with
that for body size, though a different genetic basis is in-
volved. No adaptational value of this trait is discernible.

4- The length of the diapause
The length of the diapause is one of the most character-

istic traits of subspecific significance. In the egg of the
gypsy moth, laid in summer, the caterpillar is immediately
developed. But it hibernates within the eggshell—the dia-
pause—and hatches only in the following spring. One might
expect that this hatching is caused by the action of a definite
temperature, or at least by the sum total of temperature
which has acted upon the eggs during diapause. This, how-
ever, is not the case. A number of factors come into play (for
details see the author's papers), and one of them is the race,
the hereditary constitution. This can, of course, be ascer-
tained only by experiments with all other conditions—tem-
perature, moisture, etc—kept constant. In such conditions
the different races, if given the same opportunity for hatch-
ing, act differently. If, for example, a number of egg batches
from different races are kept near the freezing point for a
definite time and are then transferred into a definite tem-
perature, the time interval until hatching depends for all of
them upon the temperature, the time of previous freezing,
and similar variables. But, in addition, there is a racial dif-
ference, a slower or faster reaction, which is constant for the
individual races in the different types of experiment. As
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these differences can be tested in a very exact way and with
large numbers, this is one of the most reliable physiological
characters for the study of differentiation of geographic
races.

In detail the physiological elements involved in the hatch-
ing reaction which ends the diapause are rather complicated,
and more than one element is involved which may be racially
different. But we do not need to go into such details here, as
the major part of the difference between races is due to one
main factor; namely, the total temperature sum which is
needed to start the hatching reaction. We consider here,
therefore, only the incubation time as the decisive racial dif-
ference to be determined. Incubation time means the time
elapsing between transfer of the eggs from a low tempera-
ture (which practically stops all life processes) into an ap-
propriate hatching temperature, and the moment of eclo-
sion. This incubation time showed actually constant rela-
tions among the different races, whether it was measured
under nearly natural conditions or under diversified condi-
tions of experiment.

The result is the following. A short incubation period
characterizes the races of the northern Eurasian continent;
also, the forms of Korea and Hokkaido, so different in other
respects, belong here. In Japan proper a strange seriation
occurs: northeastern Japan down to the border zone near
Lake Biwa contains races with a long incubation period.
This is shortened in the transition zone near Lake Biwa, and
still more so west of this line. But in western Japan and
Kyushiu the time increases again. An incubation period con-
siderably longer than that of any of these races is found in
the Mediterranean races, and the very longest known char-
acterizes all forms from Manchuria. The seriation, then, is,
starting with long incubation: 1, Manchuria; 2, Mediter-
ranean ; 3, northern Japan; 4, southwestern Japan; 5, Lake
Biwa region; 6, adjacent western Japan; 7, Eurasia, Korea,
Hokkaido. Within these regions of major differences, fur-
thermore, a number of clearly different subregions have been
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distinguished (and more might be found). For example, the
mountain region in central Japan, or the region of the
Japan Sea, are different from their surroundings. Most
characteristic of the'se subregions is a small strip at the west-
ern shore of Lake Biwa, as will be seen at once.

These differences, then, are hereditary, and genetic analy-
sis points, as expected, to a multiple-factor inheritance,
probably with one of the factors paramount in action. These
hereditary differences of length of diapause, especially of
the temperature sum needed to produce hatching, finally can
be shown to be adaptive traits; namely, adaptation of the
length of the diapause to the seasonal cycle of the respective
environment. The relation is at once clear for the forms with
short incubation time which inhabit the moderate regions of
Europe, Korea, Hokkaido. A long winter, a rather slow on-
set of spring, and a short period of vegetation require that
the comparatively low temperature sum, offered in winter
and spring, suffice to produce hatching in time for the com-
pletion of the life cycle in summer, A climate with a mild
winter, however, which offers within the same time a high
temperature sum to the hibernating egg, requires a different
reaction. A short incubation time, as in the former case,
would bring the caterpillars out the first warm day, only to
perish. A higher temperature sum, then, is required for
adaptation to such a climate, and therefore a longer incuba-
tion period is to be expected in this case. Actually, the
Mediterranean and southwestern Japanese forms behave
thus. But in the remaining part of Japan the incubation
time increases from southwest to northeast, though the aver-
age yearly temperature decreases. The meteorological data,
as well as personal experience, show that in northern Japan
the spring rise in temperature occurs much earlier than in
moderate climates, but the trees on which the caterpillar
feeds are in leaf rather late. Proper adaptation, therefore,
requires a longer incubation period. It becomes more diffi-
cult to prove the point when smaller subregions are involved.
In some cases like the cold mountains and the snow-laden
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shores of the Japan Sea, the relation can be easily estab-
lished; in other cases the necessary climatological (not
meteorological) knowledge is lacking. But that a relation
could be established if all data were known is proven by the
following case. We mentioned that all the races from the
northwestern shore of Lake Biwa behaved differently from
all others around the lake (shorter period). We may add

FIG. 7. Map of the borderline region in central Japan indicating the limits
of three different soils. (Aftar Seki from Scheidl.)

that in this and other characters (sex genes) the forms of
the Gifu region were different from those of the adjacent
Nagoya region within the border region which separates
northern and western races; the Gifu type belongs more to
the northeastern, the Nagoya race to the southwestern
group. Recent climatological work in Japan (see Gold-
schmidt, 1938b) has shown that the races are obviously very
sensitive indicators of climatic differences. It was shown
that different conditions of climatic factors, altogether mak-
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ing up the seasonal cycle, produce definite types of soils
which characterize geographic regions. Three regions which
were thus delineated by the climatologists agree very closely
with the regions inhabited by the Lymantria races (see map,
fig. 7). One line of demarcation between different soils and
climates is found in the borderline region near Lake Biwa,
which has been mentioned here so frequently, and this line
runs exactly through Lake Biwa, separating its western
shore from the rest, and it also cuts through the Pacific side
of this region, separating the Gifu from the Nagoya region.
Thus it is shown that the smallest details of racial traits, if
adaptational, coincide with differences of environment. This
point will be found to be of importance later in our discus-
sion.

5. Growth and body size
Body size, or size of parts of the body, is one of the char-

acters most frequently used by taxonomists. We have al-
ready seen that this is also one of the distinguishing traits of
the geographic races which we are studying. Actually, the
size of the imago is one of the few traits in our case which
is accessible to the taxonomist and would permit him to
describe four major subspecies. The adult size differences
are foreshadowed in the larvae, and actually races of differ-
ent final size have a divergent growth rate from the very
beginning. This character is, of course, most liable to modifi-
cation. In figure 39 are represented three caterpillars of a
middle-sized race, sisters, bred side by side, one under nor-
mal conditions, one under optimal (temperature, food) con-
ditions, and one under starvation conditions (all during the
fourth molt). The imagines would be of corresponding sizes.
A collection from one locality with bad conditions during the
year in question might put a whole series of dwarfs or giants
into the hands of a taxonomist, who has to be rather careful,
therefore, with such modifiable characters. Breeding under
identical conditions, however, permits the real genetical dif-
ferences to be seen. But even these are detectable only to a
certain degree, owing to transgressing variability and modi-
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fying factors which cannot be controlled, as well as to ge-
netic modifiers of uncontrollable type like susceptibility to
disease (which has a stunting action) or adaptability to
laboratory breeding. Therefore, experimentation with this
character cannot reveal any more significant racial differ-
ences than those already detectable by inspection of many
individuals.

The smallest forms are those from southern Europe. A
medium size characterizes the North European forms, as
well as those from Turkestan. This is also true of the races
from Hokkaido and northernmost Honshiu. Going south-
west we find all northern Japanese forms large, and those
from the border region and West Japan extremely large
(see fig. 8). (In this group, in addition, the males are nearer
in size to the females than in other races.) In Kyushiu size
decreases again, and in Korea it is again medium.

It is surprising that body size and velocity of develop-
ment, the latter of which we discussed as an adaptational
character, are not correlated completely; they are inherited
independently; e.g., southern European and northernmost
Japanese forms have the same rate of development, but one
is a very small and the other a large race. But in a general
way the distribution of the races according to their size is
very similar to the distribution in regard to velocity of de-
velopment. There is no easily visible relation between size
and environment which would stamp size at once as a char-
acter adapted to the relative surroundings. But the general
parallelism with the distribution of the character velocity of
development, which certainly is adaptational, suggests that
size differences might be the visible result of physiological
differences (metabolic rate or the like) which are adapta-
tional and therefore must be attuned to environmental con-
ditions.

6. Larval pattern
A very conspicuous racial character, which however would

in most cases escape a taxonomic investigation, governs the
markings of the caterpillar. There is present on the cater-
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FIG. 8. LymanMa dispar $$. Above tall and dark race
TL uke.?iWa' bdOW Small> HSht Hokkaido race.Goldschmidt.)
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pillar's back a basic pattern of light markings which, how-
ever, does not become visible in some races because it is over-
laid with a dark pigment. In addition, the basic pattern is
more or less different in its details. Geographic races differ
in both respects. With regard to the cuticular pigment we
can distinguish three main groups of forms, (a) The first
shows the basic pattern through all instars without forma-
tion of overlying pigment. This type is found in southwest-
ern Japan and in Korea, (b) In the second group the basic
pattern is slowly covered and encroached upon by dark pig-
ment which increases during development. This type is at
home in northeastern Japan, (c) In the third group the
dark pigment completely covers the basic pattern. This is
the type found all over the Eurasian continent, but with a
certain irregular fluctuation into the lower grades of the
second type. Within these main types many subtypes can be
distinguished, partly by different degrees of the pigmenta-
tion process, partly by specific features of the basic pattern.
Thus, Hokkaido contains a special type with a very bright
pattern in early stages and subsequent pigmentation. In
Honshiu the darkest type of the group (b) is found in the
extreme north, and this brightens step by step going south-
west until the brightest type is reached in western Japan.
There are many individual features characterizing definite
regions. Thus, the Hokkaido pattern is unique, in the Gifu
region an orange pigment is found, in southern Europe the
longitudinal elements of the pattern are increased, etc. The
series of increasing overlaid pigmentation is genetically
based on a series of multiple allelmorphs. The pattern differ-
ences have not been analyzed in detail, but judging from
the accumulated raw data a multiple-factor inheritance is
superimposed upon the multiple-allelic series, a situation
which would be difficult to unravel in terms of Mendelian
formulae. There is no adaptational value of this trait visible
though some metabolic situation (like: quick development—
much pigment) might be hidden behind the visible differ-
ences and constitute an adaptational trait.

MICROEVOLUTION
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7. Imaginal pattern
I have already mentioned that this most conspicuous

taxonomic character is of small importance for distinguish-
ing subspecies. Though innumerable small differences are
found, it is not possible to assign them to only one racial
group. The number of races which can be distinguished thus,
exactly and without error, is rather small. A more whitish
wing in the females and a definite gray in the males charac-
terize the Eurasian form; and cream females and brownish
males, the Japanese forms. Both types may occur in Korea.
The wings of the Hokkaido males show in most cases a rather
distinctive light center. In central Japan, around Lake
Biwa, females are gray, sometimes rather dark, and males
are chocolate brown (see fig. 9). Further, definite mutant
types occur in certain groups. Such mutants have been de-
scribed for northernmost Honshiu, for central Japan, and
for Korea. But occasionally forms of one type occur among
the others. The reason probably is that most of the color
types of the males are based on simple Mendelian differences
which might occur everywhere by mutation. But the differ-
ences among the females seem to be better racial characteris-
tics, though only a few such types can actually be distin-
guished. It is, however, possible that in this case the use of
statistical methods might reveal a difference of the type as
represented above for coccinellids; namely, percentage dif-
ferences of recognizable forms among the different popula-
tions. That the population is so constituted does not become
apparent when the breeding method is employed but it ought
to be checked after the differences have been analyzed. This
was not done in the present case.

May I interrupt the description at this point to describe
an interesting test which was made to find out the relations
between a taxonomic analysis and a physiological-genetical
one as performed in this case. The diagnosis of a racial series
(rassenkreis) by taxonomists is sometimes a clear-cut pro-
cedure. There are subspecies which are easily and unequivo-
cally distinguished by visible characters, and any specialist
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could select a definite race from a mixture laid before him.
But this seems to be a rather rare situation. In the majority
of cases the procedure is a different one, as was aptly de-
scribed by one of the protagonists of the rassenkreis concept
(Rensch, 1938) : Rensch studied land snails of the genus
Cyclophorus from the Sunda Islands. Many species had been
described and named. In studying a large collection, Rensch
encountered difficulties. Many individuals could be assigned
to two different species, and a decision was impossible. There-
fore the presence of a rassenkreis was expected, and hence
the geographic distribution of each "species" was checked.
It turned out that, e.g., the form borneensis was found only
in Borneo, and the forms perdioc and zollingeri only in Java.
But in Sumatra five species occurred. Thereupon all former
determinations and descriptions were discarded, and the ma-
terial was arranged geographically, for individual islands.
Now the rassenkreis became apparent. Each of the islands
contained a definite form, more or less variable but apt to be
considered a definite geographic race. Thus a rassenkreis
was established: C. perdix perdix, Java and Bali; C. p. tuba,
Sumatra, Malacca; C. p. borneensis, Borneo. The difficulties
had been based upon wrong determination of extreme vari-
ants which were overlapping. Many other "species" turned
out to be only individual variants within a definite group
(this applied to the other two of the original five "species").

There is no doubt that a similar procedure is usually fol-
lowed when considerable material is available. There is,
further, no doubt that the situation as described for Lyman-
tria dispar is of exactly this kind. Here we found that only
a few races could be distinguished by taxonomic study of
the imago alone, though many more appear if physiological
and larval characters are added. Within these major sub-
species from northern Europe, southern Europe, Hokkaido,
Japan, and the Japan borderline region a considerable num-
ber of variants may be distinguished in the imago, many of
which are confined to a single locality, while others appear
in different localities. These variants are mostly mutants
and their type and occurrence have been described in detail
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(Goldschmidt, 1933). Also, in this species taxonomists have
described a number of subspecies and named them. Some of
these, like the Hokkaido form, correspond to actually exist-
ing units, while others are based on a few chance individuals
and have no basis in actual facts. To clear up this situation
I made the following test with a taxonomist, specialist for
this group, a very keen observer as it turned out, who agreed
to collaborate in this test: Mr. X received material from all
the different major racial groups. From each he received a
complete brood from a pure inbred strain. But he was not
told that the—say two hundred—individuals were brothers
and sisters. The whole material was marked by numbers and
the origin unknown to Mr. X. He was asked to determine
the subspecies without knowledge of the origin of the ma-
terial. He secured type specimens and others of the sub-
species described in the literature and by means of compari-
son determined my material. The result was exactly as ex-
pected ; it will be reported in some detail, because many writ-
ers on evolution, especially geneticists, have very little
knowledge of the way the all-important lowest systematic
categories are arrived at.

(1) Race from Hokkaido. The broods contained the dif-
ferent mutant wing colors found in this region. Most of the
individuals were correctly assigned to Hokkaido. But aber-
rant colorations (mutants and recombinations—see fig. 9)
created difficulties; they received wrong assignments.

(2) Races from Japan proper. One hundred fifty dif-
ferent broods from all localities studied were given. All but
one were correctly assigned to Japan. This one, from north-
ernmost Honshiu, is very typical. Here one of the mutant
characters usually found only in Hokkaido was present, and
therefore the conclusion was that the males came from Ger-
many, females from North Africa.

Within this large Japanese group no subgroups could be
discerned by Mr. X, but again, the mutant types, which
actually do not characterize one region alone, were assigned
to different subspecies previously described by collectors
from chance specimens. Wherever individuals happened to
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be smaller or showed one of the light wing alleles, which are
really insignificant, they were assigned to Europe or Turke-
stan.

Let us parallel these last results with facts previously re-
ported. In older taxonomic descriptions definite forms had
been assigned to definite regions as characteristic of them, a
result which was actually based on incomplete taxonomic
work. Let us assume that the regions in question were better
known and large collections had been made. Then probably
the different regions would have been characterized by dif-
ferent percentages of the different forms (as in the Cepaea
or Coccinella example), and this percentage again may have
been a chance result, if siblings of a segregating brood had
been caught by chance, or the collection made during one
season only. Even from a large collection it would have been
difficult to derive a correct description, and even under the
most favorable circumstances most of the facts regarding
the typical seriation of subspecies within Japan could not
have come to light.

Another of the errors already mentioned is interesting.
One of the broods of northernmost Japan containing males
with light wings, a mutant discussed above, was assigned to
Europe. It actually resembles the Hokkaido race. But it had
been tested genetically and was typically northern Japanese
in all decisive characters. If these individuals had been col-
lected, the taxonomist would have been forced to draw the
erroneous conclusion that the Hokkaido race occasionally
passes the Tsugaru Strait and is found side by side with the
Japanese form.

To return to our test:
(3) Races from Korea. Out of twenty broods, seven were

assigned to the Vladivostok region, which is only a slight
error. But seven were assigned to Central Japan, and four
to Germany. As a matter of fact, we know that wing colors
appear in Korea which are also found in those localities. The
wing colors then led the excellent taxonomist astray. He had,
of course, no means of finding out that all these differently
colored individuals were completely characterized as a defi-
nite group by larval and physiological characters.
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(4) Manchuria. The forms were partly attributed to
Amur, which is practically correct, and partly to Germany
on the basis of the same criteria as mentioned before.

(5) Turkestan. This is the only group in which the tax-
onomist completely failed, and I cannot see how he could
have succeeded, as distinctive imaginal features are lacking.

(6) Mediterranean forms. The majority were correctly
diagnosed, though a few were assigned to the Amur region,
an error clearly attributable to chance variations in size and
color.

(7) Northern Europe. Of three German broods one was
assigned to Germany, one to Amur, and one to the Mediter-
ranean, again on the basis of characters as before.

This test is very interesting. Mr. X showed a keenness
which I could hardly match in distinguishing actually dis-
tinguishable forms. Where he failed certainly everybody
would have failed and would be bound to fail because the
visible characters are simply not characteristic for the sub-
species in question. In a general way the test shows further
that Rensch's method of taxonomic procedure, as described
before, is correct. With that type of work available before-
hand, Mr. X would probably have avoided most of the errors
he made. But one more thing is brought out by this test;
namely, that the taxonomic study of a rassenkreis even under
the best of circumstances still gives a very incomplete
amount of information regarding the actual conditions in
nature, because the student is forced to work with differen-
tial characters which might not be the really important ones.
This does not mean much to the taxonomist, but very much
indeed to the evolutionist.

We now return after this detour to the Lymantria dispar
races. There are a few additional characters which distin-
guish races, only one of which will be mentioned in conclu-
sion.

8. Chromosomes
All geographic races have a haploid set of thirty-one

chromosomes, a number which is found in numerous species
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of Lepidoptera (see below). But the size of the chromosomes
differs in the different races of the gypsy moth. Generally
speaking, the mass of chromatin is correlated with the po-
tency of the sex races. The weak races have the largest
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FIG. 10. Metaphase plates of spermatocyte chromosomes
of Lymantria dispar of a central and a western Japan-
ese race to show the size differences. (Prom Gold-
schmidt.)

chromosomes, and the strong races the smallest ones, with all
transitions in between (fig. 10). Of course, this character
fluctuates so greatly that minor differences could hardly be
located. An interpretation of the fact is not available.

The facts thus far reported permit us to draw a general
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picture of the geographic variation of this animal, a picture
which will suggest definite generalizations. To make it easier
to look over the main facts at a glance, we have assembled
them in the following tables. Table 4 shows the specific seria-
tion of the variants for all individual traits within the geo-
graphic range. The upper part of the table contains the
series from eastern Asia starting in the northeast in Hok-
kaido and going southwest. Then follow the other regions.
Where different grades of a character can be clearly distin-
guished, a numerical grade has been assigned, and the larg-
est number always means the highest grade; e.g., ten for the
sex races the strongest race, four for larval time the longest
time, etc. Thus the vertical rows show the geographic varia-
tion for each individual character, and the horizontal rows
the composition of each group with regard to the individual
characters.

Looking over this table, we see that by the use of taxo-
nomic methods involving only imaginal characters we could
distinguish:

(1) Three main sections, those respectively with yellow,
brown, and black abdominal wool.

(2) Among these, four subsections for female color
(white, gray-white, gray, grayish brown).

(3) Size groups 1-5.
The combination of these characters would permit us to

name the following subspecies (we never used such names be-
cause they tell only a part of the story, but they might as
well be introduced here leaving it to a professional taxo-
nomist to give such names as the rules require.

(1) dispar: small; females whitish, males gray, abdomi-
nal wool black. Northern Europe.

(2) mediterranea: very small; abdominal wool yellow.
Southern Europe.

(3) bocharae: like (1), and larger; yellow abdominal
wool. Turkestan.

(4) hokkaidoensis: small; brown abdominal wool, females
gray, males very light. Island of Hokkaido.
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(5) japonica: females gray, males different types of
brown, large size. All Japan, except borderline.

(6) obscura: females dark-brownish gray, males brown
or chocolate, very large-sized. Borderline in the Lake Biwa
and Gifu region.

(7) chosenensis: color and size of females like (5), of
males and sometimes females like European races. Korea.

But on the basis of some of the characters invisible in the
imago, further subgroups may be distinguished. For exam-
ple, in the "subspecies" japonica as defined above, the differ-
ent types from northernmost, northern, and western Japan
and Kyushiu may be distinguished. In the border region, as
mentioned before, different groups are distinguishable on
the west coast, on the western shore of Lake Biwa, eastern
shore, Gifu, and Nagoya regions. And even within these sub-
groups (and also among the North Europeans), minor dif-
ferences were observed in some characters. This makes it
probable that specific forms are found in very small areas.
The lower systematic categories within this species, if
studied with more refined methods than ordinarily used, then
appear as indicated in the diagram on page 61.

If only the subspecies as named here are considered, the
different forms can hardly be arranged into a chain of forms
with quantitative differences increasing with their geo-
graphic distance. If, however, the analysis is pushed to the
point represented in table 4, a perfect geographic order ap-
pears, which is typical though different for the individual
traits. Take, for example, the first column with the sex races
and their perfectly orderly arrangement in eastern Asia, or
the diapause with another, different regularity. It is just
this set of facts by which it could be demonstrated that the
seriation parallels climatic series in nature and by which it
could be proven that the genetic differences are actually
adaptations of the life cycle of the animal to the seasonal
cycle in nature.

A few more points are recognizable. Each race is distin-
guished from the others by a series of hereditary traits
which may vary independently over the geographic areas.
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One character may be different in two adjacent areas, an-
other common to two or three areas. One character may show
an increase from one end of the geographic series to the
other, another may first increase and then decrease as the
specific types of adaptation for which they stand severally
may require. Major breaks in the seriation are usually

caused by complete isolation by a major barrier like the
Tsugaru Strait, which separates Hokkaido, geologically be-
longing to Amur, from Honshiu, geologically belonging to
Korea. Where quantitative traits are involved, there is a
transgressing variability, and where two racial groups meet,
hybrids will be found.

It is, finally, of interest that all the genetic differences
which have been analyzed are based severally on most of the
known types of heredity. But it is rather rare that simple
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Mendelian differences exist, if they occur at all. Table 5
shows the genetic types found for some of the characters.

TABLE 5
TYPES OF HEREDITY FOR THE DIFFERENT RACIAL CHARACTERS

OF L. DISPAR

Character
t5

•C.S
•§» ;g •

i 1; ~ I!
^ s

-
female sex determiner
male sex determiner
time of larval growth
instars
diapause
growth and size
markings of larvae + + •+• •
wing color + + + + ~
abdominal wool + + ?

We have represented this case with a considerable num-
ber of details, because here the actual physiological, ecologi-
cal, genetic, and taxonomic meaning of a rassenkreis comes
out in a rather striking way. We shall see now whether the
general features found in this case may be considered as
typical of a rassenkreis.

b. Subspecies and still lower units
The first feature as exemplified in the case of Lymantria

is that the individual geographic races or subspecies are not
of equal value. One race may differ more from all others
(e.g., Hokkaido in Lymantria) than these among themselves.
A series of races may form a definite subgroup within the
species. Within the subspecies a more or less large number of
typical minor forms may be distinguished, and among these
again differences may be found which may go down to the
individual family, sib, or colony. Actually, the latter phe-
nomenon has frequently been observed in taxonomic work,
and it seems to be visible wherever large collections are
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studied. Some taxonomists have therefore introduced fur-
ther categories and use a quaternary instead of ternary
nomenclature. As we have seen, there is no end to such sub-
divisions, especially if physiological characters are added to
the morphological ones. For practical taxonomic purposes
such subdivisions are not in general use, but if the facts are
to be used as a basis for evolutionary discussion, it is safe to
keep in mind "that the existence of named subspecies is only
a part of the whole story.

These results, which became so clearly visible in the Ly-
mantria material, also turned out in the same way in an-
other zoological material which was studied taxonomically
and genetically: in Sumner's work on deer mice (Pero-
myscus), to which we shall have to refer repeatedly (Sum-
ner, 1915-32, review in 1932). Thus, an exact statistical
study of the subspecies gambelii in different parts of its
range in California showed that the gambelii of La Jolla is
not identical with that from Berkeley or with that from
Calistoga. Other examples of the same type are found in this
work. The same conclusions may also be derived from Ander-
son's work on Iris (1928, 1936), where, however, only a few
subspecies were tested. But within these the individual colo-
nies stood out as rather well-defined and in themselves con-
stant subgroups, which, if isolated, might be called separate
subspecies. A rather extreme case of subdivision has been
presented by Kinsey (1929, 1936). He worked upon an im-
mense number of gall wasps of the genus Cynips all over its
North and Central American range, and his work included
not only the usual taxonomic characters but also, in part,
the life cycle and the galls. This made it possible for him to
distinguish many more subgroups than are ordinarily acces-
sible to the taxonomist, each of which groups is said to in-
habit a definite geographic area. The result is strikingly
similar to the one described for Lymantria, though the ter-
minology is different. What would be called a subspecies by
others he calls a subgenus, and further subdivides it into
complexes and species. Thus he comes to a quaternary no-
menclature which in the usual nomenclature would be species
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—group of subspecies—subspecies. Aside from the nomen-
clature, this reveals, of course, the actual finding of the
same type of subunits within the species as described before.
We shall return to this work below. I do not doubt that any
completely known material of a species with a considerable
range of distribution would show the same groupings and
that some still better-analyzed species might be split into
even more types of subgroups, provided that visible differ-
ences are involved. As an example I might mention Cramp-
ton's work on Partula (1932) where a whole nomenclature
of subsubspecific variation is used (gens, cohort, socius,
etc.). We refrain from mentioning other material, which is
to be found in numerous modern monographs in different
fields: insects, mollusks, birds, mammals. An excellent dis-
cussion of these and similar facts is found in Remane (1927)
and in the other general works quoted. See also Philip-
tschenko (1923). Nor shall we enter upon a discussion of
nomenclature; i.e., which forms should be named or not,
which category ought to be called a subspecies, etc. This is
a completely utilitarian problem which the taxonomists must
solve as they please. But when it comes to a discussion of
evolution it must be kept in mind that, whatever the nomen-
clature, the species may be subdivided to a final limit set
separately for each case, and sometimes extending as far as
the individual colony. No such subdivision may, therefore,
be called an elementary species, or the like. And if we discuss
later the problem of subspecies as incipient species, we have
to keep in mind that the term subspecies includes the whole
gamut of eventual subsubspecies, etc., down to the individual
family or colony.

There can be no doubt that the differences which the
authors indicate with regard to the number of possible sub-
groupings in different cases are frequently due to the rela-
tive amount of material which has been analyzed. But in
other cases it is actually the species itself which is more or
less prone to form smaller units. In Rensch's publications
(loc. cit.) a large number of groups have been analyzed to
find out how many species of a genus or a family form more
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or less considerable rassenkreise. He finds that in each such
group a minority of single species remain which have formed
no subspecies. Though some of these will disappear with
better knowledge, others will be left. (We shall later discuss
such an example, the swallowtail Papilio machaon, where one
species has developed numerous geographical races, but the
next related species none.) The same author (Rensch) has
drawn attention to the fact that the more sessile species are
apt to contain many subspecies, whereas vagrant forms have
fewer or no subspecies. An appropriate example which is
quoted by Rensch is found among the Carabid beetles where
the nonflying Carabus species contains very numerous sub-
species, whereas the flying Calosoma are without subspecies.
We shall return to this point when discussing adaptation.

c. Racial chains (dines)
A point which we noticed in the Lymantria case is the

orderly seriation of distinctive characters within a rassen-
kreis. In some of the early work in this field, racial chains
were described in mollusks (Sarrasin, 1899; Plate, 1907),
with an orderly sequence in the change of the characters
over the area of distribution. The rassenkreis concept, how-
ever, showed that rassenkreise might also stretch in differ-
ent directions over a large area, which would result in a more
or less checkerboard-like arrangement of the races, which
again would preclude a linear arrangement of the geograph-
ically varying characters. In our paradigm the Japanese
forms were not connected with the North or South European
forms by a chain of intermediates. But within the Japanese
Isles we found a very typical chain or gradient for definite
subspecific characters stretching from northeast to south-
west. It is obvious that this chain formation has in this case
a relation to environment as the direction of the chain coin-
cides with a similar chain in climatic conditions. J. Huxley
(1938) has recently proposed calling a chain or gradient
of differences arranged in a definite direction a "cline." We
might then say that the cline of the subspecific characters
parallels a climatic cline. Such subspecific clines are actually
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a frequent feature of geographic races and may even be a
very characteristic feature. One might say generally that
wherever subspecies which stretch over a considerable area
have been described, and wherever this area shows a typical
cline with regard to temperature or moisture or seasonal
cycle or the like, a corresponding cline with regard to at
least some of the characters which distinguish subspecies can
be found. Innumerable data exist to show that the length of
something increases in subspecies in a direction from north
to south, or that a color brightens in the same way, or that
a shape changes in a definite direction. Examples of this are
abundant in all groups of animals, and many have been
studied by statistical methods. A very considerable impor-
tance is attached to these facts, because they are in closest
connection with the problem of adaptation, as will be dis-
cussed later.

One of the most remarkable features of these clines of sub-
specific characters is that they frequently occur in the form
of a continuous fluctuation of characters, so that two distant
forms are connected by a continuous series of intermediate
conditions. The idea has frequently been expressed that
these intermediates might be hybrids, but this can be easily
ruled out in cases which have been analyzed genetically. In
some cases intermediates might be nonheritable modifica-
tions by environmental action. But this is again ruled out
where breeding under identical conditions can be performed.
Some taxonomists, therefore, take refuge in Lamarckian
ideas, making environment responsible for the production of
the cline (for example, Rensch). The existence of the cline
has, in fact, nothing to do with environmental action, nor
does it require a special hereditary process. It is, rather, the
consequence of ordinary genetic changes in conjunction with
selection, as will be discussed later. I may add that such
clines have also been found in plants. Langlet (1937), for
example, has described such a continuous cline for the pine
tree. In Iris, Anderson (1928) finds that only one sub-
specific trait, size, is arranged in an orderly cline following
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temperature, whereas other traits are arranged in an irregu-
lar way.

d. Independent variation of individual traits
A third group of facts seen in our paradigm was that in-

dividual traits based upon different hereditary factors vary
independently over the cline of subspecies. One trait might
be common to more than one subspecies, another be different
in each. Also, the direction of the cline may be different for
different traits. In discussing this point, it must first be em-
phasized that the geographic races, studied taxonomically,
are distinguished by a series of different traits. In most cases
only morphological traits are used, and these may be few or
very numerous in different materials. Size, color, propor-
tions are predominant features. But also ecological and
psychological features, like breeding habits, song, or migra-
tion in birds, are sometimes distinguishable. Rarer are physi-
ological characters such as specificity of gall-producing se-
cretions in gall wasps, or annual and perennial habits or
relations to the chemistry of the soil in plants. The most
elaborate individual study of the quantity of subspecific
differences has been made by Zarapkin (1934) on subspecies
of the beetle Carabus granulatus. He measured all possible
organs and all available numerical differences, involving al-
together 116 different traits. The statistical treatment of
this material showed that most of the differences involved
resulted in different proportions of the organs, or of propor-
tions of the general pattern. A good example of a well-
studied rassenkreis with detailed analysis of the differential
features and numerous illustrations is given by Endrody
(1938) for the beetle Oryctes nasicornis. I mention only
these two studies, as their results are typical of innumerable
others.

Where such different traits are studied statistically, the
independent geographical variation of individual traits is
also frequently observed, just as in Lymantria. An example
which has been analyzed statistically is found in Alpatov's
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abundant in all groups of animals, and many have been
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tance is attached to these facts, because they are in closest
connection with the problem of adaptation, as will be dis-
cussed later.

One of the most remarkable features of these clines of sub-
specific characters is that they frequently occur in the form
of a continuous fluctuation of characters, so that two distant
forms are connected by a continuous series of intermediate
conditions. The idea has frequently been expressed that
these intermediates might be hybrids, but this can be easily
ruled out in cases which have been analyzed genetically. In
some cases intermediates might be nonheritable modifica-
tions by environmental action. But this is again ruled out
where breeding under identical conditions can be performed.
Some taxonomists, therefore, take refuge in Lamarckian
ideas, making environment responsible for the production of
the cline (for example, Rensch). The existence of the cline
has, in fact, nothing to do with environmental action, nor
does it require a special hereditary process. It is, rather, the
consequence of ordinary genetic changes in conjunction with
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lar way.

d. Independent variation of individual traits
A third group of facts seen in our paradigm was that in-

dividual traits based upon different hereditary factors vary
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be common to more than one subspecies, another be different
in each. Also, the direction of the cline may be different for
different traits. In discussing this point, it must first be em-
phasized that the geographic races, studied taxonomically,
are distinguished by a series of different traits. In most cases
only morphological traits are used, and these may be few or
very numerous in different materials. Size, color, propor-
tions are predominant features. But also ecological and
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tion in birds, are sometimes distinguishable. Rarer are physi-
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of the beetle Carabus granulatus. He measured all possible
organs and all available numerical differences, involving al-
together 116 different traits. The statistical treatment of
this material showed that most of the differences involved
resulted in different proportions of the organs, or of propor-
tions of the general pattern. A good example of a well-
studied rassenkreis with detailed analysis of the differential
features and numerous illustrations is given by Endrody
(1938) for the beetle Oryctes nasicornis. I mention only
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others.
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independent geographical variation of individual traits is
also frequently observed, just as in Lymantria. An example
which has been analyzed statistically is found in Alpatov's
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work on the geographical variation of the honeybee (1929,
and earlier papers). Here the absolute size of the body, the

FIG. 11. Diagrammatic map of European Russia. The
size of each group of signs represents the size of the
bees. The width of the middle bar corresponds to the
coloration of the abdomen. The relative size of V-shaped
sign represents the relative size of the wax-gland sur-
faces. Owing to the lack of space, North Caucasus is
covered with signs corresponding to a more northern
or mountain type of bee. (From Alpatov.))

relative size of the wax gland, the color of the abdomen, the
length of the tongue, and the relative length of the hind legs
show a beautiful cline going from north to south in the
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plains of Russia. But in the Caucasus this cline is interrupted
for some of the characters; namely, size of body, coloration,
and size of wax gland, which again resemble the condition in

FIG. 12. Diagrammatic map of European Russia. The
vertical bars with broader bases represent the tongue
length of bees. The lines attached to the right side of
the bars show the proportion of legs to body size. (After
Alpatov.)

northern forms. Figures 11 and 12 illustrate this situation
diagrammatically, and might be compared with table 4 for
Lymantria.

There are, further, many instances to be found in Kin-
sey's monographs on Cynips where galls, wings, and hypo-
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pygial spines vary independently along one geographic
cline. The other phenomenon found in Lymantria, the differ-
ence of direction of the clines for different individual traits
where different types of adaptation were involved, probably
also occurs in other material. It seems to be present in Kin-
sey's gall wasps, but tables of the type of our table 4, which
permits us to follow such clines, have not been compiled.
Another example of the same type, studied by Sumner in
Peromyscus, will be presented in a later chapter.

e. Adaptational •value
AA. GENERAL

A fourth and most important group of facts which came
to light in our paradigm was the adaptational value of cer-
tain of the typical subspecific characters. It is not surprising
that this is just the point at which controversy is at its hot-
test, and where the views of some geneticists and some tax-
onomists are most divergent. There is first a divergence with
regard to the existence of adaptational characters. Some
taxonomists assume that the subspecific differences as such
are neutral in most cases, not adaptational, though they are
willing to assume that behind the visible neutral traits in-
visible physiological conditions which are adaptational may
be hidden. Other taxonomists—e.g., Kinsey, 1936—most
emphatically deny that adaptation is involved in subspecific
differences and most severely criticize biologists who mention
adaptation. Again, others (for example, Rensch) assume
that differences of the clinal character are not only adapta-
tional but the result of a direct influence of the environment
upon the hereditary constitution. The latter need not be
discussed. No geneticist would be willing to accept this
Lamarckian view, though Sumner (1932) cautiously indi-
cates that he cannot help looking at the facts this way. There
is actually no need whatsoever to accept such a view, even
if it were not completely discredited, as the known facts,
genetic and otherwise, permit us to account completely for
such adaptations without direct environmental action, as
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will be discussed below. As a matter of fact Rensch has re-
cently forsaken his former Lamarckian outlook.

But there are also taxonomists who express viewpoints
which are completely in harmony with those developed here,
at least as far as subspecific differentiation is concerned.
Grinnell (1928), one of the leaders of modern taxonomy,
has given clear expression to the facts under discussion.
Special value is given to his opinions by his mastery of the
fauna of the Pacific Coast of North America, an area which
furnishes innumerable examples for all aspects of our prob-
lem. Grinnell believed in the idea that geographic races are
incipient species. Leaving this point out of our discussion
at present, we may quote his paragraphs on subspecific vari-
ation and adaptation (without accepting every single
point):

"No matter how heritable variations in individuals may
arise, no evolution in the phylogenetic sense can have taken
place until said variations have been subjected to the drastic
process of trial for survival. This endurance test is imposed
by environments. And the critical factor for divergence of
stocks under differing environments is isolation. Otherwise
there is swamping, with resulting uniformity of populations,
instead of divergence. Of course, the amount and rapidity
of effect by environment is immediately limited by the con-
servatism of the organism—the animal will stand only so
much ecologic pressure. Its inheritance prescribes a certain
limit of modifiability; but counting that in—then, with a
more or less segregated population, whose variations are of
the inherited sort, the Darwinian factor of selection comes
into play. These heritable variations of selectional value are
of small compass, certainly not of large amount, as the old
'mutation' concept had it.

"By the action of selection a population is able to accom-
modate itself to conditions as they change; it becomes less
liable to outright extinction should conditions change
abruptly. Animal adaptation, so-called, is merely the demon-
stration of a capacity to survive under conditions at the mo-
ment existing—just that! And animals do just as little
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adaptation as they can and 'get by.' Inertia is a character-
istic of the organism. The direction of such modifications
as are acquired is determined by the course of environmental
history.

"The accumulating experience of the field naturalist is
bringing conviction that the incipient species in nature, the
subspecies, owes its origin to a process, on a vast scale, of
trial, discard, and preservation, of individuals, and of
groups of individuals comprising populations, which popu-
lations from generation to generation are thereby rendered
more nearly adjusted to such environments as they can en-
dure at all. But environments themselves never stabilize;
they are changing, proliferating, evolving continually. A
balanced state of perfect adaptation of the organism can
never be attained, but only continually approached, such
approach being forced, under penalty of extinction.

"It seems to me, then, that the problem of the origin of
species ought to be dissociated largely from the problems of
inheritance. The problem of speciation would seem to lie
much more nearly to the provinces of the geographer and
climatologist than to that of the geneticist. The studies of
the systematist, if he be also a field zoologist, in his definition
of minor species and of subspecies, and of the geographer,
may be looked to, accordingly, if properly correlated, to
bring an improved understanding of the conditions, meth-
ods, and results of evolution, more especially as regards the
higher vertebrate types."

There can be no doubt that the characters by which sub-
species in animals, and to a smaller extent in plants, may be
distinguished taxonomically, look, as a rule, neutral, which
means that they do not show any obvious adaptation to en-
vironment. If races are involved which are more or less iso-
lated (see below) and not members of a continuous cline, the
neutral-looking type of the distinguishing characters will
actually often be nonadaptive. If, however, clines are in-
volved ; i.e., continuous variation of the subspecific character
parallel to some continuous feature of the environment, like
temperature, the suspicion arises that a physiological adap-
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tation is hidden behind the apparently neutral trait. To re-
turn to our paradigm, nobody could claim that the pigmen-
tation of caterpillars which are usually found in large num-
bers on the same tree exposed to all kinds of illumination
and which are eaten only by a few birds and beetles, could
be of any adaptational value. (Actually, the real enemies of
Lymantria are bacteria, viruses, and larvae feeding on the
eggs.) But if we find that the clines of this trait closely
parallel those of another physiological character which is
clearly adaptational, we are led to suspect that the pigmen-
tation is the visible consequence of a metabolic peculiarity
which is adaptational. Or, looked at from the side of the en-
vironment: We found a major line of demarcation between

;; the geographic races of L. dispar in what we called the bor-
• derline region in Japan. Looking at the meteorological ta-

bles, we could not discover any hiatus in the cline from
northeast to southwest at this line. Let me now suppose that
we had first found the data regarding soil differences in
Japan (see above, p. 46) for which a line of demarcation
coincides with the subspecific borderline. We would have
suspected that the subspecific differences between the forms
east and west of this line were adaptations to the different
soils. But there is hardly any correlation visible between soil
conditions and the vital needs of an omnivorous animal feed-
ing on many trees and, therefore, an adaptational relation
between soil and subspecies would be denied. But now it is
found by climatologists that the soil conditions are indica-
tors of definite seasonal cycles, which are not evident from
inspection of meteorological tables. At once the adaptation
becomes evident, the adaptation of the life cycle to the sea-
sonal cycle.

It is very remarkable that in Sumner's work on Pero-
myscus a case has been described which very closely resem-
bles the one just discussed in Lymantria, though in this case
not a whole cline of subspecies is involved but only two. The
very pale subspecies albifrons is found near the Gulf Coast
of ̂ Florida, and another subspecies, polionotus, occurs in-
land. Within a stretch of only forty miles the decisive heredi-
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tary characters, especially the extension of the colored area
of the pelage and the intensity of its color, change in a slow
gradient from the albifrons type to an intermediate type
found in a small intermediary zone, and then slowly, though

Fio. 13. The forms Peromyscus polionotns polionotus, albifrons, and leuco-
cephalus on white background. (From Sumner.)

at this point a little more abruptly, grade into the polionotus
type (see figs. 13—15). It may be added that near the coast
on an island of pure white quartz sand a still paler form,
leucoceyjkcHus, exists. In looking for possible adaptational
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significance, Sumner points out that the white sand to which
albifrons and leucocephalus might be an adaptation is lim-
ited to a narrow zone close to the sea. There is no pronounced

* (St.1. * M.IM ' 1
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Fio. 14. Map of portions of Florida and Alabama
showing stations where the subspecies polionotus
and albifrons occur. (From Sumner.)

gradient of soil color inland. ". . . it is true, the sandy soil
is paler in comparison with that encountered farther north,
this difference depending upon a difference in the respective
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geological formations. Furthermore these soil types succeed
one another rather abruptly. . . ." Sumner cannot see any
relation to adaptation here and advances an explanation

FIG. 15. Values of colored area and red in the pelage
of Peromyscus at each of seven stations (see map,
fig. 14). The broken lines connect the means. The
grades represent the color in standard measurements.
(From Sumner.)

based upon population pressure to account for the di-
versity between albifrons and polionotus in spite of lack of a
proper barrier between them. If we remember our last ex-
ample, we realize that a soil difference may be an indicator of
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an actual climatic difference, though it might be difficult to
demonstrate the relation in a given case. In addition, there is
no reason why the color of the sand must be the factor of
adaptation. An indirect physiological adaptation to moisture
or other soil conditions might become visible as a coat color.
Thus, this cline might be after all an ordinary case of cli-
matic or ecological cline, to which is added a new ecotype in
the white sands. We shall return to the same set of facts
soon in a discussion of parallel clines.

It is not possible to mention all cases in which a direct or
indirect adaptational value of subspecific clines has been
surmised. Only two more examples will be mentioned, be-
cause the basic facts of subspecific differentiation are in
many respects parallel to those found in Lymantria and are
also based on exact statistical study. Alpatov, in a series of
papers (see his review, 1929), studied the geographical
races of the honeybee. The typical racial conditions involve
a number of rather minute morphological differences like
length of tongue and number of hooks on wings, which we
discussed above (see figs. 11, 12). Alpatov now points out
"that the southern bees are obliged to have a longer tongue,
not only because of a lower nectar level, but also because of
a probable difference in the composition of the whole nectar-
secreting flora. It has been reported by many bee-keepers
that the southern, and particularly the Caucasian bees, can
fly longer distances gathering nectar, and it is probable that
their wings are in consequence more developed and have a
larger number of hooks. The smaller size of the wax glands
is probably connected with the condition that the bees in the
south have perhaps less need to work upon the reinforce-
ments of their nests. Hence the differences in the tongues, the
wings and the wax glands (also probably in the first joint of
the tarsus of the last pair of legs) may be considered as
adaptations to different biological ends."

In a very different group of animals an excellent and
exhaustive study has been made by Miller (1931) on the
American shrikes (Lanlus), birds which in some species have
formed large series of subspecies. A statistical study of
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external and skeletal features, together with a close scrutiny
of ecology, propagation, and instincts, has led Miller to the
conclusion that the majority of the subspecific features are
clearly adaptational. He finds variations in coloration corre-
lated with climate; characters of size and ratio of wing and
tail which are correlated with powers of flight, as regards
either migration or openness of the habitat; characters of
the bill and feet, which are probably correlated with small
differences of behavior in feeding or with the floral environ-
ment or with the general bulk of the animal; i.e., adaptations
to various perching and feeding conditions. In addition to
these subspecific characters, which are most probably of an
adaptive nature, there are others which are considered as
neutral and therefore called palingenetic. Altogether the
species in question is not extremely restricted to very spe-
cific ecological niches and therefore the adaptive traits are
not as marked as in other cases. That they can be located
nevertheless makes the case instructive.

These examples demonstrate that what apparently is non-
adaptational may turn out to be strictly adaptational if
only the proper environmental factor and the proper physi-
ological process can be located. Therefore I am inclined to
consider all subspecific characters which vary in a cline
parallel to a geographical, climatological, or other environ-
mental cline (salinity, moisture, soil composition, insolation,
etc.) as, at least indirectly, adaptational.

This statement must not be misunderstood, however. It
applies only to cases in which parallel gradients of clearly
adaptive and of not visibly adaptive traits are found and in
which they are both to be based upon independent genetic
traits. Very frequently different races show an obviously
adaptive gradient of one character and in addition a visible
hereditary difference which is not clinal. The latter is proba-
bly a fortuitous mutation without any adaptational signifi-
cance. A nice example of this kind has been analyzed by
Melchers (1932). He studied two Alpine races of Hutchinsia
(alpina and brevicaulis) with strictly separated distribu-
tion. The decisive factor is the lime content of the soil, as
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physiological experimentation showed sensitivity to lower
concentrations of lime of the form growing on soil rich in
lime. With this adaptive trait based upon genetic factors a
difference in the shape of the petals of the flower is com-
bined. This is also genetic and inherited independently, but
the distribution of this character does not coincide with that
of the other and is not clinal.

BB. ECOLOGICAL RACES

There are two sets of facts, found in many taxonomic and
other studies, which favor the conclusions reached in the last
chapter. The first group of facts related to the existence of
ecological races and their relation to the subspecific varia-
tion. The most extensive data on this subject have been ac-
cumulated in plants. In plant taxonomy the rassenkreis
principle has not been employed as extensively as in animals,
though R. von Wettstein (1898) had made use of it. We
shall later have to mention some more recent work which
parallels completely the situation in animals. But in plants
the ecological relations between type and environment are
usually more conspicuous than in animals and have led to
extensive analytical work. As far as the genetic and evolu-
tionary side is involved, the foremost investigator is Tures-
son (1922 ff.) whose work in many respects closely parallels
mine on Lymantria. Plant forms frequently may be modified
by external conditions in a much more extreme way than
animals, as has been shown in the classic work of Nageli,
Kerner, Klebs, Bonnier, Massart, et al., who found the
phenotype of aquatic forms, dune forms, alpine forms, etc.,
in certain cases controlled by the action of external agencies.
From such facts the erroneous conclusion was drawn that
these adaptational types are actually produced in nature as
well by the direct action of the environment. Nowadays
we know (as will be discussed in detail later) that by action
of modifying influences many if not all hereditary forms of a
species, the mutations, may be reproduced as nonhereditary
phenotypes, so-called phenocopies. The successful copying
of a mutant type by an experimentally produced identical,
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nonheritable phenotype does not give any information
about the origin of the hereditary type, though it does
give highly important information regarding the potenti-
alities of the organism (see later). If such an ecological
type, however, is based on genetic differences, it will retain
its features after transplantation to different conditions.
Evolutionary study is, of course, mainly concerned with
those adaptational types which are based upon genetic dif-
ferences. It is these with which Turesson experimented. He
bred the different habitat types of different plant species
side by side, thus separating the hereditary differences from
the nonheritable modifications, just as I did in Lymantria.
By this means he found within one species sand types, dune
types, cliff types, etc., all hereditarily different with regard
to these types. These he called ecotypes. It is obvious that
these ecotypes are in part identical with what we have thus
far termed geographic races, and in part not identical.
This is simply due to the type of ecological adaptation in-
volved. If the adaptive trait adapts the subspecies to definite
environmental conditions which change geographically, i.e.,
in the majority of cases involving climatic conditions, the
resulting geographic races are simultaneously ecotypes in
Turesson's terminology. Turesson actually calls them cli-
matic ecotypes and gives examples of the same type as found
in all rassenkreis work.

If geographic races exist the features of which are not
adaptational, directly or indirectly, they would be subspe-
cies without being ecotypes. But in addition to the typical
geographic variation and subspecies formation, usually ar-
ranged in a cline, hereditary adaptational subgroups may
be formed within the species or within the geographic races
which adapt the type to an environmental condition which
does not change with a geographical cline. If, in our para-
digm, L. dispar had not been omnivorous, as it actually is,
but had been adapted to definite food plants, as is the case
with many other Lepidoptera, a diversification according
to this physiological feature might have arisen. There might
have been ecotypes feeding only on oak, others on pine, etc.,
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and these ecotypes might have occurred within the different
geographic races. Similarly in the plants studied by Tures-
son, a dune ecotype might occur in Scandinavian, French,
African subspecies, if such exist. And if a plant species is
found only in a small geographic area, excluding typical
geographical races, only ecotypes might be encountered
within the species. We might even visualize a species found
only within a single square mile somewhere, but broken up

FIG. 16. Ecotypes of Primula acaulis; left, from Trieste; right,
from Scotland. (From Turesson.)

into ecotypes if gross- or microclimatic differences are present
in this area (dunes, swamps, etc., or open spaces, under-
brush, etc., as microclimatic sections). Thus we see that the
ecotype, both in plants and animals, may coincide with the
adaptive geographic race or may subdivide this into smaller
genetic units for the sake of specific adaptations. These re-
lations have not always been realized in discussions of this
problem. In Turesson's papers many botanical examples
of all these types and their combinations may be found.
There is also a very instructive set of photographs in Tures-
son, 1926. In figures 16 and 17 we illustrate two such exam-
ples of ecotypes. Figure 17 shows three ecotypes of Geum
montanum, forming a cline in adaptation to different verti-
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cal levels in the Alps; figure 16 shows two ecotypes of Prim-
ula acaulis in which the time of flowering is adapted to two
different climates.

CC. PARALLELISM OF SUBSPECIFIC CLINES

The second group of facts relating to the adaptational
value of subspecific differentiation is that connected with
the parallelism of adaptational variation in different spe-
cies. This feature is rather obvious when ecotypes are in-
volved. Many plant species, for example, have developed
alpine or halophytic types showing definite common features
which are obviously of an adaptational nature. In animals
the most obvious examples are desert—cave-deep sea—polar
forms. Turesson (loc. cit.) has made a special study of such
ecotypes, the results of which are of importance. They show
that such parallel ecotypes are hereditary and therefore
demonstrate the formation of genetic subgroups in adapta-
tion to definite habitats, which has occurred in the same way
within very different species. Thus he gives a large list of
species (Turesson, 1925) all of which have developed within
the proper habitat definite and similar growth types which
he characterizes as the types campestris (field t.), arenarius
(sand t.), salinus (shore t.), alpinus and subalpinus. In ani-
mals, where the subspecies as characterized by taxonomists
do not as clearly indicate the type of adaptation which
might be hidden behind apparently neutral characters, it
is more difficult to find such simple ecotypes, of course with
the exclusion of nonhereditary modification, though they
exist; e.g., in mollusks (soil and shells). The parallelism of
adaptational hereditary variation therefore is found more
in a parallelism of subspecific traits within a geographic
range, the adaptational value of which has to be proven
in any single instance. Facts of this nature were known be-
fore the rassenkreis concept was applied, and they were laid
down in such much discussed rules as Bergmann's, Alien's,
and Gloger's rules, to the effect that body size or pigmenta-
tion increases in a definite geographic direction. (For de-
tails see Hesse's book [Hesse-Alice, 1937].) In our present
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discussion the important point is that such features are
observed within different rassenkreise occupying a similar
area. Rensch (1924) has made such studies in relation to
Bergmann's rule, which says that size increases with de-
crease in temperature. He finds examples for this in rassen-
kieise of different species. Regarding wing length of birds
he even thinks that he can specify an increase of 1 to 2 per
cent per 1° C. decrease in temperature. At this stage in our
discussion I wish to emphasize an important point to which
we have already alluded. Rensch (formerly), as well as some
other taxonomists, take it for granted that such phenomena
as are expressed in Bergmann's rule demonstrate that the he-
reditary differences are produced by the action of the sur-
roundings, and he cites as proof such parallelism as is
discussed here. We shall later show the fallacy of this argu-
mentation. Here I want to draw attention to the fact that
such rules are observable when the adaptive character hidden
behind the phenotype, size in this case, actually adapts the
subspecies exclusively to such climatic conditions; e.g., tem-
perature, as are apt to form simple geographic clines. If
adaptation externally expressed in size is in fact adaptation
to another climatic factor which does not change with tem-
perature, a very different result will follow. We have already
seen such a nonconforming example in the size variations of
L. dispar in Japan, where the series (which, by the way, runs
inversely to Bergmann's rule) changes direction west of the
borderline region. Here the reason was clear; the adaptation
was not one to temperature but to the time available for lar-
val feeding, a time which in the North was limited by the
length of the vegetative period of the food plants, but in the
South by the extreme summer heat. A rule like Bergmann's,
then, may apply to those animals among which, according to
Bergmann's classic concept, temperature adaptation means
adaptation of the size of the body surface to loss of heat.
But with different types of adaptation different results will
be found which do not disprove such a "rule" but simply are
on a different level. This, of course, again emphasizes the
precariousness of conclusions based exclusively on taxo-

MICROEVOLUTION 85

nomic work without the check of physiological experimenta-
tion. Much superfluous discussion would have been elimi-
nated had the situation been properly understood.

In accordance with this argumentation the facts indeed
sometimes do, and sometimes do not, agree with the different
"rules." Unfortunately, most of the facts are based only
upon taxonomic information, and therefore the specific
adaptational value can hardly be ascertained. Rensch
(1936) has collected a considerable amount of material from
his own work and from the literature in order to check
quantitatively the application of such rules to members of
recognized rassenkreise. Bergmann's rule that in warm-
blooded animals the races of warm regions are smaller than
those of cold regions was tested with birds and mammals.
He found exceptions in 8 per cent of the cases in Palearctic
birds, 12.5 per cent in birds of the Sunda Islands, 26 per
cent in North American birds, 40 per cent in West European
mammals, 19 per cent in American mammals. Alien's rule
that in a rassenkreis of warm-blooded animals protruding
parts of the body (tail, legs, ears, etc.) are shorter in colder
climates was also tested, with similar results: tail length of
central European mammals, 14 per cent exceptions; wing
length of American birds, 20 per cent exceptions; relative
length of beak, 10 per cent exceptions; and so on. Gloger's
rule that among warm-blooded animals those living in
warmer and moister climates develop more melanin pigment,
whereas forms in dry, hot climates have more yellow and red
pigment, was similarly tested, with the same percentage of
fit. To these old "rules" Rensch added a number of new ones:
(1) Within rassenkreise of birds, races in cooler regions
have narrower and more pointed wings, which are supposed
to be more efficient mechanically. (2) Within a rassenkreis
of mammals those inhabiting warmer regions carry shorter
hair. (3) Within a rassenkreis of birds, races in cooler
regions lay more eggs in one batch than do those of warmer
climates. (4) Within a rassenkreis of mammals those living
in cooler climates produce larger litters. (5) In races of
migrating birds within a rassenkreis stretching into the
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tropics the tropical forms are nonmigratory. For all these
"rules" about the same percentage of fit was found as before.
In all these cases we know that these or comparable traits
are hereditary. The adaptive character can be inferred,
though only rarely proven.

In the groups of facts which we have just discussed, the
adaptational value of the parallel features of variation in
different species occupying the same region was assumed on
a more or less vague basis. There is one similar group of
facts which contains somewhat more direct evidence; namely,
the variation of color in mammals on different soils (see
above, p. 74). A comprehensive study of the problem, in-
cluding a review of former work, has been recently presented
by Dice and Blossom (1937). (In this connection special
mention should be made of the previous work of Benson
[1933], who studied the morphological basis of coloration.)
The following groups of facts are included in these studies.

There is first the subspecific (or subsubspecific) variation
of color of pelage with the color of the soil. By physical
measurements of both, Dice could establish a high degree of
correlation, so that he does not doubt that the color is
actually adaptive; i.e., a concealing color. This set of facts
is especially clear in desert regions. A second group of facts
involves specific features; namely, the presence of rock or
lava beds, isolated or not isolated within a desert area. These
beds are frequently inhabited by dark races, the color of
which closely coincides with that of the respective rocks. The
third group of facts applies to colors of subspecies in dif-
ferent life belts, desert, forest, etc. Here again the colors
correspond to that of the soil, which latter is controlled by
the amount of humus. The fourth group of facts proves that
the foregoing features occur in a perfectly parallel way in
many different mammals of different species, genera, and
families, and therefore might also be called a rule. As it may
be regarded as certain that these color races are genetically
different, they demonstrate again the adaptive value of sub-
and subsubspecific differentiation, though the discussion
as to what is actually the selective factor is not yet
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closed (concealing coloration versus unknown physiological
features).

Reinig (1938, 1939) has recently discussed the facts con-
tained in this chapter, as well as in some others, from what
he believes to be a new point of view. He starts (see below)
with a group of facts which tend to show that geographic
races have frequently originated by migration from a series
of centers, which coincide with faunal refuges during the Ice
Age. In these refuges not only old species but also an ac-
cumulation of species are found. Within the species a con-
siderable genetic variation is supposed to occur, the reason
being that within the refuges more manifold conditions
which would permit the survival of mutations and their re-
combinations are extant. Vavilov (1922, 1928) had already
pointed out (see also Schiemann, 1939) that "gene centers"
exist for cultivated plants in which large numbers of races
are found. With an increase of distance from these centers
the number of races decreases. Vavilov had explained this—
as probably most geneticists would do—by selection of more
specialized mutants in conditions more and more different
from the original ones, an explanation which is also borne
out by the facts in Lymantria. This explanation certainly
covers adaptive traits only, as discussed before. Reinig, how-
ever, thinks that nonadaptive traits will also exhibit the
same phenomenon, which he calls (rather unfortunately)
allele diminution. If the migration from a center does not
occur populationwise but by dispersal of individuals, the
probability is that the individuals carry fewer mutant char-
acters than are contained in the population. The number of
mutants will therefore decrease toward the periphery, a
process which he calls elimination. Reinig points out, then,
that the facts underlying the "rules" which we just discussed
do not agree with a selectionist explanation. He thinks that
the clines in question, especially body size (Bergmann's
rule), follow the lines of expansion of a species from the
central area. Therefore the process of "elimination"; i.e.,
impoverishment with respect to mutants, would be the under-
lying cause. He thinks in this connection especially of poly-
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meric genes (multiple factors), the elimination of which
would account for a clinal decrease in size, which is fre-
quently observed. I do not think that these deliberations help
our understanding of the situation. They are not in agree-
ment with the genetic facts. They forget that mutation and
subsequent recombination seem to occur freely in wild
populations. If no selection were involved, the migrating in-
dividuals would start new populations, which soon would be
as polymorphic as the old ones. There is no such thing as an
elimination of genes (read: mutants) as long as the process
of mutation is not stopped, or unless selection sets in. But
the taxonomic facts also do not agree. There may be con-
forming cases of clines coincident with the direction of
occupation of new areas. But there are also cases in which
the situation is different. We may point to the case of size
in Lymantria, which has a cline decreasing from central
Japan northward and southward, with no indication that
central Japan was a refuge and southern and northern
Japan areas of later migration. In this case the adaptational
character of the cline could actually be demonstrated. I
therefore prefer the standpoint which has been developed
in the preceding chapters.

Finally, the relation of the problem of domestication to
the facts under discussion ought to be at least mentioned.
The evolution of cultivated plants from wild ones is certainly
a case of microevolution combined with migration and
selection. Vavilov's theory of gene centers applies to this
situation, which obviously closely parallels that of natural
subspecific variation, adding only man as one of the selective
agencies. The facts demonstrate that the centers of origin
of the races are simultaneously the primary (Vavilov) or
secondary (Schiemann) centers of the wild ancestors, and in
some cases the mutants which probably started the process
of domestication are also present in the wild populations.
The very interesting details (see also the discussions by
Turesson, 1932, and Schiemann, 1939) agree with the
general conception developed here, to which, however, the
facts of polyploidy and species crosses, which are a special
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feature of evolution in plants, have to be added. These short
remarks may suffice.

We may finally return once more to the Lamarckian in-
terpretation which has been applied to some of the cases of
subspecific adaptation (Rensch, Sumner). There are cer-
tainly many cases known in which the possibility exists that
a trait found typically in a definite environment, and there
in different species, is nothing but a nonhereditary modifica-
tion. But there can be no doubt that in the majority of cases
real hereditary differences are involved, as is proved by all
the experiments reported. In such cases sometimes a typical
Lamarckian pitfall can be demonstrated. Grinnell (1928)
mentions the behavior of birds in the peculiar climate of a
region in Lower California. Here is found a "humid desert";
i.e., a region of meagre rainfall but high atmospheric
humidity. In this region very different birds, like flycatchers,
finches, woodpeckers, show parallel subspecies with deepened
coloration, smaller bill, different proportions. It has been
known for a long time (see below) that birds raised in humid
conditions (Beebe, 1907) show such a type of nonheritable
variation. As the adaptive value of such features is not
directly visible (though hypotheses may be formed), the
Lamarckian will point to the situation as in favor of his view.
This is, however, not justified. We shall see later that almost
all simple hereditary variations may be copied under experi-
mental conditions (phenocopies, Goldschmidt) by nonherita-
ble modifications. This is a consequence of definite potenti-
alities of development, facts of great evolutionary sig-
nificance outside of the Lamarckian concept, which will be
discussed in a later chapter.

DD. SPECIAL ADAPTATIONS

All the facts discussed in the foregoing paragraphs then
point out that such geographically varying hereditary char-
acters as are arranged in a continuous cline will in the
majority of cases have an adaptational nature, though this
might not always be easy to discern, because the character in
question is of a physiological nature which may or may not
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be visible behind the morphological features. Therefore con-
siderable importance is attached to those cases in which the
adaptational value of subspecific forms is beyond question,
or where subspecies are actually characterized by physio-
logical differences—one might also say, where the subspecies
is identic with the ecotype. In our paradigm we found and
discussed such cases, the most convincing of which was the
distribution of the different lengths of the diapause in the
races of L. dispar. The number of such examples is, however,
not large, though numerous facts such as those contained
in the "rules" just discussed strongly point in this direction.
Actual data closely resembling those given for Lymantria
have been furnished by Brown (1929) for daphnids.
Weismann (1876-79) had previously found that different
species of daphnids (species and geographic races are not
distinguished here) show a different resistance to high
temperature; i.e., a definite lethal temperature. This feature
parallels very closely the climatic conditions within the areas
inhabited by the different forms. The common species, ac-
cording to Brown, may be divided into three groups accord-
ing to their distribution: widespread, southern, and northern.
The first group is subdivided again into those having a
summer maximum of individuals and those having spring
and fall maxima. Examples of these different types were
reared under closely comparable conditions at constant
temperatures and the time of development from the first
young instar to the first adult instar was measured, as was
the temperature coefficient Q10 for different temperatures.
It was found that the temperature coefficient for the interval
20°-30° was typically different, and some groups were dis-
tinguished: (a) Moina macrocopa and Pseudosida bidentata
with a Q10 of 2 to 2A; (b) Simocephalus and certain varieties
of D. pulex with Q10 = 1.7 to 1.8; (c) Daphnia longispina
with Q10 = 1.5 ; (d) Daphnia magna and pulex with 1.3 and
1.2, respectively. These groups correspond rather closely to
the relative positions of the lethal temperatures of the same
species and thus also to their climatic habitat. All these dif-
ferences were found to be -constant over long periods under
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identical conditions. It is obvious that these results are of
exactly the same type as those reported for growth rates in
our paradigm (where, however, no different temperatures
were used). To what extent some of the species are actually
geographic races (the Daphnia species and types) cannot
be determined.

Here is another case which has been analyzed experi-
mentally and clearly relates to geographic races. Flanders
(1931) studied the temperature relations of races of
Trichogramma minutum (parasitic wasp). In this form,
color races exist which show a definite geographical group-
ing. The differences are clear if the form is reared at a
definite temperature, though they may disappear at other
temperatures. (This point belongs to a later discussion.)
Temperature experiments with these races showed that the
length of the life cycle is influenced differentially in the dif-
ferent races. There is actually a close parallel to the
Lymantria case, as each race has its specific optimal tempera-
ture. To mention only one paradigm: "The different stages
of the yellow race varied the least in their reaction to sudden
changes in temperature except on the seventh day. . . .
This may be an adaptation to a northern climate, tending
to prevent emergence during the fluctuating temperatures
of early spring when no hosts are available."

A case of the same type as in Lymantria possibly exists
in Cynips, as Kinsey points to differences in the time of
hatching in different subspecies (though denying even the
existence of adaptive subspecific traits). The foregoing
results are also in agreement with the facts concerning the
distribution of geographic races (frequently called species
in older literature). It has been emphasized innumerable
times that certain temperatures are limiting values for the
survival and spread of certain "species." To mention only
one characteristic example: The well-known pest Trialeu-
rodes vaporariorum (Homoptera), of tropical origin, is
found in our climate exclusively in hothouses. Innumerable
examples of this type are found in the literature on applied
entomology, and the facts have been frequently discussed in
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a way very similar to that followed here, though species
and subspecies are usually not distinguished properly. (Dis-
cussion and experimental analysis of the last-mentioned case
are found in Weber, 1931; Bodenheimer's writings contain
much material; an extensive review of experimental facts is
given by Uvarov (1931). Outside of applied entomology
numerous data are found in Hesse-Allee, 1937, and for
plants in Lundegaard, 1930. As a very instructive analysis
by taxonomic and experimental methods I mention a recent
paper on terrestrial Isopods by M. A. Miller (1938). All
these facts taken together demonstrate that adaptation to
temperature or climate or other conditions is actually ac-
complished by hereditary traits, which are typical of dif-
ferent races of a widespread rassenkreis, though there is
not much material available (except Lymantrla) in which
an entire rassenkreis was tested for other types of ecological
adaptation paralleling those in plants (soil, salinity, etc.).
(See also Hesse-Allee, 1937.)

Some interesting data are derived from the recently dis-
covered geographical races (see, however, below) of the
mosquito Anopheles maculipennis (Martini, Hackett, et al.),
races which are of importance in connection with problems
of malaria prevention. They are named elutus, Idbranchiae,
maculipennis, messeae, atroparvus. They differ in their as-
sociation with man and animals (a physiological difference),
whence their practical importance. The morphological dif-
ferences are rather small; they deal with the bristles on the
last segment of the larva, form of spines of the hypopygium,
length of wings, color and pattern of eggs. In addition, there
are differences of optimal temperature and salinity in the
larval surroundings. These races might be called ecotypes,
but there is certainly a geographic association also, though
all the details are not clear (see below). A typical rassenkreis
of the clinal type obviously is not present and also may not
be expected in an animal which associates with man and
beast. According to Missirolli, Hackett, and Martini (1933),
the race messeae spreads from the North Sea to central Italy
and generally prefers (i.e., in the larval stage) the soft
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water of lakes, and rivers, and the stagnant water of the
plains. The race maculipennis is very adaptable and found
everywhere. The race atroparvus is found in lowlands, along
the seashore, and in swamps. The race labranchiae char-
acterizes the brackish waters of the swamp area in central
and southern Italy, and the islands. The race elutus is also a
southern race inhabiting brackish water, though it lives in
fresh water in Palestine. It spreads into Asia Minor and is
able to withstand a high degree of salinity. The imago, ac-
cording to Martini and Teubner (1933), is very sensitive
to changes in temperature and moisture, as are also other
related species of Diptera. Under experimental conditions
these mosquitoes chose a definite optimal condition. This was
different for the different races: during hibernation messeae
chose 6°-8°, atroparvus 10°—13°. Both races also have a dif-
ferent optimal temperature for egg production. Another
physiological difference is the behavior during hibernation,
which is complete for messeae and maculipennis, incomplete
for labranchiae and atroparvus. These few facts show that
physiological characters are found as distinguishing features
of ecotypes and geographical races, when these are investi-
gated. The behavior in experiments (choice of definite
temperatures and moistures) showed that the races are
adapted to conditions typical for the natural environment
(see also Hundertmark, 1938). It ought to be added that,
according to the most recent experiments of Bates (1939),
the taxonomic status of the Anopheles races has become
dubious. Bates crossed the races and found all grades of
fertility in different crosses, from complete sterility to more
or less fertility, suggesting that actually species are involved,
ecospecies instead of ecological races. (A study of the
salivary chromosomes of the hybrids would be most im-
portant.)

In another group of insects a systematic study of adapta-
tional physiological characters has been made by Krum-
biegel (1932). He studied the geographic races of Carabus
nemoralis, distinguished by small morphological characters,
with regard to physiological characters which might be
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adaptive. He worked out the optimum temperature and
found it to vary in close parallelism with the temperature of
the area inhabited by the race. The reaction of the races
to light varied in the same way, indicating an increasing
tendency to diurnal life paralleling the increase of tempera-
ture of the area. The extremes which were found are just as
extreme as those present between different species of dif-
ferent habits. Table 6 contains a few data; namely, average

TABLE 6
CARABUS NEMORALIS

T, average of locality Optimum T of local race Shock T of race
8.7° C. 26.1° C. 39.5° C.
7.8 27.1 39.8
8.4 27.9 43.1
9.3 29.3 45.1
9.2 29.4 46.8
10.3 29.4 46.4
137 29.7 49.4

temperature of the locality (annual mean), temperature
optimum for the respective local races, and shock tempera-
ture of the same.

Finally, an example taken from the plant kingdom will
be given. J. Clausen and collaborators have made an ex-
tensive study of Californian plants with all available meth-
ods, of which only preliminary reports are thus far available
(Clausen, Keck, and Hiesey, 1939). Some of the species
investigated have developed races or ecotypes each physio-
logically adjusted to different environments, as, for example,
to coastal, montane, or alpine conditions. Such races can
usually be distinguished by their morphology as well as by
their reactions to different environments. Within each
ecotype individual variations of genetic nature, which are
often associated with minor habitat differences, further en-
rich the diversity within the species. This is, indeed, the
same situation which we found in Lymantria. Regarding the
geographical situation, it is stated that in the region of the
Pacific Slope species of wide distribution are often dif-
ferentiated into four major races or ecotypes correspond-
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ing to different climatic belts of this area; namely, coastal,
lower montane, subalpine, alpine. In addition, a maritime
and a type specific for the "Great Basin" may be found.
Here, then, we have a clear coincidence of subspecies and
climatic conditions, and the adaptational nature of the dif-
ferential traits is patent. Clausen and collaborators state
(just as we emphasized it in our discussion of other ma-
terial) : "Evidently the conditions in California are so
varied that four to six major changes in hereditary set-up
are required if a species is to occupy the entire area from
west to east." In this case, also, extensive experimentation
with transplants has clearly separated the modificability
(norm of reaction) under new conditions from the hereditary
differences, thus demonstrating the adaptational nature of
the latter. In this case, also, morphological differences run
parallel to the physiological, adaptive traits.

/. Genetic analysis
In our experiments on Lymantria the hereditary basis not

only of the subspecific traits but also of the characters of still
lower subgroups was demonstrated. There can be no doubt
that this applies to all other rassenkreise, though some-
times also a nonheritable modification might have been
erroneously introduced into taxonomic work. Many in-
dividual crosses have been made between two different geo-
graphic races, thus demonstrating their differences to be
hereditary. This applies to many groups of animals and
plants. But only in a few cases, as in our paradigm, has the
genetics of a series of members of a rassenkreis been worked
out. Therefore a special importance is to be attached to such
analyses. We have repeatedly mentioned Sumner's (1915-
32) work on the deer mouse Peromyscus, which, carried out ,
simultaneously with my own on Lymantria, established the
hereditary nature of the members of a rassenkreis for
mammals in a way which is strictly comparable to my
demonstration for insects. In both cases the subspecies were
bred in a common environment for many generations, and
they kept their distinguishing features. In both cases a
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genetic analysis of the individual differential traits was
made. In Peromyscus, just as in Lymantria, a number of in-
dividual mutations of different types was found, partly in
different subspecies, partly in specific localities. These muta-
tions are inherited in a simple or nearly simple Mendelian
way and do not bear any relation to the geographical cline
of subspecies. We can refer to our former discussion of this
phenomenon. Many species of Peromyscus are known, some
of which live side by side, and each of which has formed
subspecies over its geographic range. In P. maniculatus,
which ranges from Labrador to Alaska in the north and to
Yucatan in the south, Osgood (1909) has described thirty-
five subspecies inhabiting specific areas. We pointed out
before that the observer working with statistical methods
may distinguish within these subspecies lower groups, down
to a single local population, which differ significantly from
each other but which are not named as subspecies. Sumner
calls such groups simply "race from Berkeley," just as I did
in Lymantria. I emphasize again this complete parallelism in
order to show that the phenomena observed in Lymantria are
actually typical for geographic variation. The differences
between the subspecies again closely parallel the Lymantria
data. Some subspecies are different in many different char-
acters without overlapping and therefore may be easily
recognized. In other cases the difference may be confined
to fewer and overlapping characters, which require a statisti-
cal treatment. The characters which make up the subspecific
differences as well as those of a still lower category are found
in every organ or part which has been carefully observed or
measured: namely, size of body, length of tail, feet and ears,
skull, pelvis, femur; number of caudal vertebrae, width or
length of dorsal stripe; area of colored portion of pelage;
shade and color; proportion of numbers of different types of
hair; length of hair; detailed features of the hair—like
length of dark tip, character of pigment; depth of melanic
pigment in different external and internal parts; also a few
not very clear physiological characters like propensity to
fattening.
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There is another complete parallel with Lymantria. We

saw that the individual traits making up the racial dif-
ferences may vary independently over the geographic range.
Therefore, in some instances there is a series of changes in
different characters parallel to the geographic series of
subspecies or, expressed differently, a high correlation be-
tween the seriation of the races and that of the individual
traits. In other characters the direction of variation is in-
dependent of the geographic order of the races—no correla-
tion. In some series of races which could be studied in such
detail, Sumner found the same situation when comparing in-
terracial correlation for different characters. The details
are less easily demonstrable than in our table 4 because
highly fluctuating characters are involved, yielding results
only if coefficients of correlation are calculated. But in some
cases; e.g., the previously mentioned races polionotus, albi-
frons, etc., such facts could be established (if I have cor-
rectly interpreted the rather involved data). Length of body
parts showed "erratic" correlations; they varied independ-
ently between races, whereas the different pigmental char-
acters of the pelage were correlated; i.e., varied in a parallel
way.

Regarding the genetic differences between the subspecific
characters only one type of inheritance seems to be repre-
sented ; namely, multiple factors. As the differential features
were all of a quantitative type, this is according to expecta-
tion. It is surprising, however, that a very large number of
multiple factors was obviously involved in all the different
traits, though the phenotypic differences were rather small.
(Actually it was first assumed by Sumner that no Mendelian
inheritance was discernible at all, an assumption which was
corrected later.) A racial difference due to a single Mendelian
gene was never observed, which again agrees with Lymantria,
if we do not include multiple-allelomorphic series, which
have not been discovered in Peromyscus, but are frequent in
Lymantria.

It is of importance to note that the situation in the plant
kingdom does not seem to be essentially different at this
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level, though it would be difficult to quote much material
which has been analyzed as closely as the examples taken
from the animal kingdom. The reason is partly that
rassenkreis studies have not yet been as popular among plant
taxonomists as among animal taxonomists, and, further, that
plant material has been more favorable for the study upon
the species level and therefore has been most frequently
analyzed with distinct species, as will be discussed later.

As an example we may mention the rassenkreis of the
snapdragon section (probably = species) Antirrhinastrum,
which has been described as a series of different species,
which however are obviously subspecies. Within this species,
it seems, the situation is exactly as described for the other
examples, if Baur's (1932) unfortunately rather general
description is interpreted in the light of other facts.10 There
is a series of larger groups (named as species instead of sub-
species) with a definite geographic range and considerable
morphological and physiological differences. But, just as in
all other cases described, some of the subspecies are well
defined, while others are connected by intergradations. These
subspecies may be arranged in groups. Within these sub-
species again subgroups are found, local sibs, down to in-
dividual colonies, each rather uniform but altogether form-
ing a series within the subspecies. In addition, special
ecotypes like desert or alpine forms are found. These sub-
species and sibs were bred side by side and remained
constant, just as we saw in the other examples. Most of these
forms are completely fertile inter se, and in Fa the hybrids
segregate for the typical differences. No details are avail-
able, but the short report indicates that here, as in the other
cases, multiple factors with small individual effects are pre-
dominant. But a series of twenty-five multiple alleles for
flower color is also mentioned.

Another excellent example has recently been analyzed by
Babcock and Cave (1938), in the species Crepis foetida and
here exact data are available. The rassenkreis in question

10. E. Baur was unfortunately prevented by his untimely death from publishing
more exact data.
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spreads over the whole Mediterranean area into Asia, and
consists of seven subspecies which can be clearly dis-
tinguished and have been named. Again, they remained
constant if bred side by side. They are fertile inter se and
have the same chromosome complement. The differences be-
tween the subspecies are partly quantitative or morphologi-
cal, partly qualitative or physiological, as table 7 indicates.

TABLE 7
DIFFERENCES BETWEEN GEOGRAPHIC RACES OF

CREPIS FOETIDA

Columns 1-7 are the subspecies. Fvt = vulgaris typica (Spain); Fvg = vulgaris
glandulosa (Sicily); Fvi = vulgaris interrupta (Cyprus); Fvf = vulgaris fallax
(Syria); Fr = rhoeadifolia (Tiflis); Fct = commutata typica (Crete); Fcl =
commutata lesboa (Lesbos); T = Crepis Thompsonii; E = Crepis Erithreensis.

Abbreviations: A, acute; C, cream; Cl, flowerheads closing midday; D, dentata;
d, shallowly toothed; E, entire; I, intermediate; L, long; Le, lemon; O, open in sun-
light; P, pinnately lobed; S, short; Y, yellow.

(Two more "species" are added, to which we shall return
later.)

This table shows the same rules which we noticed in the
former examples, especially those regarding individual

From Babcock-Cave
Character Fvi

Caudical leaves P
Lobes or teeth A
Lobes or teeth E
Central axis L
Glands on stem +
Glands, inner bracts +
Diameter open head,

mm 25
Bract ratio 2
Style branches, mm 2.5
Pappus length, mm 6.5
Outer achenes, beak S
Jr flic tic
Ligule color Y
Red ligule teeth
Leaf spots
Life cycle 6
Flower-light relation Cl
Self-compatibility high

Fvg
P
A
D
L
+
+

32
2
3
7
S

Y

5.7
O

high

Fvi
P
R
E
S

32
1.7-2
3.8

4
S

Y

5
O

Fvf
P
A
D
S

+

37
1.7-2

4
5.5
S

Y

4.5
O

low

Fr
P
A
D
L

+

33
1.7
4.5
5.5

Y

5
O

low

Fct
P
A
P
S

+

37
1.7
2.8
3.5
S
+
Y

3.5
O

Fcl
P
A
P
S

+

28
2

2.9
4.5
S
+
Y

4.5
O

T
D
A
E
S
+
+

21
2

1.6
5

C
+
+
3

Cl
high

E
d
A
E
I
+
+

15
2.5

2
5

L

Le
+

3.1
Cl

high
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variation of the traits. It might be added that small dif-
ferences in chromosome size could also be found. The genetic
results may be reviewed in table 8.

It is remarkable that here an apparent monohybrid
ratio was found rather frequently, though sometimes not
in all crosses. This is surprising, as in all other cases analyzed
simple Mendelian behavior was rather rare. But there is

TABLE 8
GENETIC RESULTS OF CROSSING SUBSPECIES OF CREPIS FOETIDA

From Babcock-Cave
Character ilonohybrid Dihybrid Duplicate Multiple Modifiers

Self-incompatibility + +
Leaf shape +
Early caudical leaves +
Stem lengths +
Ligule color + + + +
Paleae on receptacle + +
Glandular hairs +?
Nodding heads +
Color of style + +
Achenes +
Anthocyanin spots + +

a possibility that multiple-allelic series, which were not easily
detectable, may have actually been involved here. There is
another feature to this case which rather separates it from
our former examples. According to definition as well as to
actual data, the different subspecies of a rassenkreis occupy
different areas overlapping only at the borders where hybrids
may be found. Some of the areas of these subspecies of
Crepis, however, overlap very largely, and actually hybrids
occur wherever two forms occur together. One might con-
clude from this that the distinguishing characters in this
case are hardly adaptational, or only adaptive to such
climatic or other differences as obtain at the extreme ends of
the range, where the forms are really separated. Conditions
in nature can certainly not be described according to a
single nonflexible scheme.

Looking over the results of genetic analysis of the sub-
species within a rassenkreis, we cannot fail to come to gen-
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eral conclusions regarding the genetic differences between
these lowest-named taxononiic units. Actually these conclu-
sions have been reached in an identical way and independ-
ently by all geneticists who have worked with such material:
Babcock, Baur, Clausen, East, Goldschmidt, Sumner. It is
clear that the standard type of mutation which is used in
analytical work plays no role, or only a very limited role, in
microevolution. The decisive differences, which must have
arisen by mutation, are based on groups of extremely small
but additive deviations, as revealed by multiple-factor or
multiple-allelic differences. These differences accumulate,
beginning with differences between colonies of such a minor
order that they can hardly be described, though each in-
vestigator knows them, and aggregating into the easily dis-
tinguishable quantitative differences separating actual sub-
species.

The genetic picture, zvithin the species, then agrees with
Darwin's ideas, formulated in the recent genetic era as the
occurrence and accumulation of micromutations, though
occasionally also a larger mutational deviation may be added
to the process of diversification.

g. The evolutionary aspect
We now have to assay these facts in terms of microevolu-

tion within the species. It is at this point that taxonomists
and geneticists are apt to disagree. Taxonomists are fre-
quently inclined to assume that the close parallelism between
external conditions (climate) and subspecific differentiation
can be understood only if these genetic differences are pro-
duced by the respective environmental factors. Rensch, for
example, points out that mutation must go in all directions
and that, therefore, an orderly seriation of types cannot be
produced by such mutations. He thinks that the existence of
series of parallel variation (Bergmann's rule, etc.) could not
be understood on the basis of selection of chance mutations.
He further thinks that selection for minimal differences, in
size, for example, is out of the question. We have already
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seen that Sumner inclines, though with considerable reserve,
toward such a standpoint. The geneticists, on the other hand,
are convinced that small deviations by micromutation are
present in each population, thus forming a basis for
eventual selective action by such selective agencies as
climate. This selection might act in two different ways:
either by destroying through a secular change of external
conditions such mutant combinations in the population as
are not preadapted to the new conditions; thus the pre-
adapted members of the population, i.e., those fitted by
chance hereditary mutant combinations for life under
changed conditions, will survive. Or there is another way
of action: the preadapted types of a population can migrate
into a new environmental niche and reproduce there. In any
case, a certain amount of isolation is the decisive factor.

The question then arises as to whether the difficulties
which the taxonomist finds actually exist. (I shall not stress
the well-known fact that heritable effects of the environ-
ment with a purposive response of the germ plasm to en-
vironment have never been proven and are considered as
actually impossible on the basis of our present genetic
knowledge.) As there is no doubt about the presence of
innumerable micromutations within a population, the prob-
lem narrows down to the problem of gradated series of char-
acters, their parallel variation in different forms, and the
selective value of the smallest steps. Let us consider the last
point first. We have repeatedly emphasized that many of the
visible traits which vary subspecifically in orderly series
paralleling an environmental cline are not adaptational in
themselves but the visible results of physiological differences,
which are adaptational. As an example we pointed to size
in Lymantria, which is not adaptational but obviously a
consequence of the highly adaptational velocity of larval dif-
ferentiation. Physiological traits of this type may have an
extraordinary selective value even for very small differences.
Selection works not only through the average differences,
say, in temperature, but even more so through the extreme
differences. For example, a race of moths whose hereditary
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hatching time or feeding time does not completely coincide
with environmental conditions may survive in an environ-
ment to which it is not well adapted in this respect, for many
generations of average years, but is immediately wiped out
by one extreme year. These adjustments are obviously very
exact and attuned Jco very small differences. Biological litera-
ture is full of data showing how after extreme winters forms
which had migrated into a region without belonging there by
preadaptation have disappeared. In this connection I have
repeatedly pointed in former papers to the following facts.
Lymantria dispar has been introduced into the United
States and has settled there and multiplied immensely. The
same species has been repeatedly introduced into England
but has never established itself. We do not know the reason,
but we do not doubt that the lack of some preadaptational
trait is responsible, possibly one concerned with the mild
and moist climate of the British Isles, which does not provide
the low temperature required during the diapause. (The
claim that the species was formerly indigenous to England
but died out later is not well substantiated.)

In this connection we may also mention the following
facts. In southwestern Japan definite races of the gypsy
moth occur, with the same population density as is found in
other Japanese races, judging from my experience in col-
lecting. When bred under laboratory conditions, in Japan
as well as in Europe, these races invariably perish from in-
fectious diseases, usually in the first generation. They are
obviously adapted to a very narrow range of environ-
mental conditions.

Further data in our work with Lymantria show in a more
detailed way how small such limiting climatic features may
be. L. dispar never spread north into regions with very short
summers, the minimum length of the vegetative period and
the maximum speed of larval development being the limit-
ing factors. In Europe the species does not go farther north
than Stockholm, and in Russia it is absent from the northern
provinces. In eastern Asia the northernmost range is\Hok-
kaido with five summer months, whose average temperature is
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above 10°C. In Sakhalin only four such months exist, and
the species does not occur. At the southern limit, the limit-
ing features are extreme summer heat and warm winters.
The normal life cycle of the species requires cooling off of
the eggs in winter. They may be hatched after artificial
cooling for a short time. If kept without cooling they will
hatch only after long delay, and then in small numbers and
in much weakened condition. This hereditary physiological
condition excludes a spread farther south. Actually the form
occurs in southernmost Japan but does not spread into the
adjacent Ryukyu Islands, where the coldest winter month
has an average temperature of 14>° C.

It is possible to confront the facts just analyzed with
rather similar ones studied from a Lamarckian point of
view. J. W. H. Harrison (1920), one of the few geneticists
who entertained (at least formerly) Lamarckian concepts,
made a very remarkable study of the differentiation of the
geometrid moth Oporabia autumnata into subspecies and
still lower units. He recognized only one subspecies, filigram-
marla, which differs from autumnata in many individual
characters. They all remain constant if the moths are bred
under identical conditions. The chromosome number is also
different in this case (38 and 37 =n). Both these sub-
species (they ought to be written 0. a. autumnata and 0. a.
filigrammaria) form many local races in a rather parallel
fashion. The history of this subspecific differentiation is
reported in the following way. It is assumed that the original
species fed on birch in Mid-Tertiary and was at home in the
circumboreal continent. During the glacial period the species
was separated into two groups, one in southeastern Europe
and another one west to the present British Isles. The latter
became the present subspecies filigrammaria. In the course
of this development it became adapted to a new food plant, a
low-growing evergreen shrub, Calluna, growing in the short
glacial summers. This led to a condition which closely
parallels the one analyzed in Lymantria "Aestivating as it
did in the pupal condition, and its emergence as imago in
later summer being correlated with the development of the
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pupae in response to an exposure to a period of diminishing
daily temperatures, it is clear that the individuals derived
from early-hatching ova and from more rapidly feeding
larvae would tend to be exposed earliest to this optimum state
of falling temperature, and thus would emerge earlier. On
the contrary, individuals exhibiting retarding development
would tend to emerge so late that the rapid appearance of
early winters would destroy them before they secure the
perpetuation of their species. In this fashion, by natural
selection, a race provided with early-hatching ova and pupae
would be built up. Calluna not being a deciduous shrub
would by that very fact favor early emergence and assist
this development" (Harrison). Though Harrison realizes
that the structural differences of the subspecies must have
arisen by mutation, he nevertheless prefers a Lamarckian
explanation for the evolution just described. It is not neces-
sary to discuss this any further, as a more probable explana-
tion has already been given. I want to add only one point,
which is sometimes not clearly recognized in discussions of
preadaptations and their migration into empty niches of en-
vironment. If the whole environment changes by catastroph-
ic or secular processes (Ice Age, cooling of climate), the
new condition amounts to a new niche. Preadapted groups of
individuals within a variable population survive and alone
populate the zone with new environmental conditions. Pre-
adaptation then covers horizontal as well as vertical occupa-
tion of new niches, present horizontally (in space) or pro-
duced vertically (in time).

These facts and their interpretation are also in harmony
with the facts of plant ecology. Turesson (1932) has pointed
out over and over again that preadaptation based on mani-
fold mutant combinations within a population is responsible
for the existence of well-adapted ecotypes in definite locali-
ties. He speaks directly of "the plant species as an in-
dicator of climate" and gives numerous examples of the
limits of distribution of Scandinavian plants, which bear out
this conception. Additional facts may be derived from plant
breeding, for instance, wheat, where races adapted to life in
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new climates are selected; i.e., combinations of genetic char-
acters preadapting the race to new environments are sought
for and experimentally recombined. The reciprocal of these
facts is found in those cases in which one species can form
subspecies adapted to extreme conditions (Arctic, alpine)
and another is unable to do so. For example, a subspecies in
Scandinavia has been able to produce an alpine form, but
the subalpine species in central Europe has not succeeded
in so doing. Obviously, the preadaptational mutant combina-
tions were present in one subspecies and absent in the other.
Many examples of this kind are found in Turesson's papers.
J. Clausen's work, leading to the same conclusions, has been
reported above.

If these points are granted—and I think that there has
been unanimity in this regard among geneticists since
Cuenot and Davenport first formulated the conception of
preadaptation—the existence of graded series of races
parallel to a climatic cline is easily explained without re-
course to Lamarckian doctrine. Given a selection of race A
from a population containing the necessary micromutations
and preadapted to the environment a, and similarly B to $,
etc., it follows that an arrangement of «, (3, etc., in a cline
must be accompanied by a parallel cline, A, B., etc. From the
point of view of the geneticist there is no difficulty whatso-
ever in explaining such situations.

The basis of the foregoing discussion is the assumption
that the characters of geographic races, especially those
arranged in clines, are usually adaptational. The authors
who have done experimental work with such rassenkreise, as
well as many taxonomists, agree on this point. I need mention
only Rensch, J. Clausen, Turesson, Goldschmidt, who have
emphasized this point in their writings. But this does not
mean that all subspecific varieties are adaptational or that
a subspecies might not be formed without adaptation being
involved. The latter might be expected when subspecies are
considerably isolated. In this case major differences have
arisen in time, independent of adaptation, and have been
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preserved by isolation and lack of negative selection value.
When such isolated types, none being members of a cline,
are found, it is always useful to inquire into the geological
history of the area. It will then frequently be found that an
early isolation explains the condition. I studied such a case
connected with the sudden interruption of the typical cline
of Japanese races of L. dispar at the Strait of Tsugaru
separating northern Japan from Hokkaido (see Gold-
schmidt, 1932a). The geological history of the region showed
that Hokkaido was separated from the present Japanese Isles
before these were torn from the mainland. Similar situations
were discussed by Anderson for subspecies of Iris in con-
nection with the glacial period, and by Babcock for Crepis
on Mediterranean islands.

A third point which to taxonomists appears difficult to
understand without direct environmental action is the exist-
ence of parallel clinal variation of the same type in dif-
ferent species. We discussed these facts before as the rules
of Bergmann and others. It is obvious that if a physiological
adaptive trait underlies the visible neutral traits like size
and pigmentation, it will be frequently expressed in the same
visible trait, which therefore appears in similar clines in dif-
ferent species. There is no need for directed mutation due to
environmental influence to explain such facts, which fit most
naturally into the general picture which we have drawn.

All these discussions lead to one general conclusion, which
I have repeatedly drawn in former work and which will later
turn out to be of decisive importance. The formation of a
rassenkreis of subspecies (including the still lower cate-
gories) is the method by which a species adapts itself to dif-
ferent local conditions within the area which it is able to
inhabit. This adaptation, strictly within the limits of the
species, is produced by micromutation in different direc-
tions, involving all known types of Mendelian inheritance
of manifold morphological and physiological traits. Selec-
tion of preadaptational combinations accounts for every-
thing else.
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5 LIMITING FEATURES OF SUBSPECIFIC
VARIATION

We used in the last paragraph the phrase, "strictly within
the limits of the species," indicating that nothing in the
facts thus far studied leads beyond the confines of the
Linnean species. This limitation, which later will become the
basis of further conclusions regarding microevolution, re-
quires that special attention be directed toward such features
of the rassenkreis as might be considered to be leading
toward or even beyond the confines of the Linnean species.
Some of these features will be considered now as a special
group of facts found in rassenkreis studies.

Geographic variation may be of a checkerboard type; i. e.,
the subspecies spread in all directions over a considerable
area which is then covered by a mosaiclike grouping of these
subspecies. They do not form a continuous series, though
such might be present in individual stretches of the whole
area. This type, which seems to be possible only in large
continental expanses like North America and Eurasia, is
apparently less frequent than the gradated type of continu-
ous clines. Sumner describes the Peromyscus material (on
the basis of Osgood's taxonomic work) as generally of the
mosaic type, though Osgood as well as Sumner indicates ad-
ditional typical clines. It is conceivable that the type of
distribution in question is only an apparent one, which
would be dissolved into a more complicated pattern of clines
if studied from this viewpoint. (We exclude from this
statement certain peculiarities of insular faunae, which will
be discussed soon.) One might draw this conclusion from the
very elaborate data of Kinsey for the genus Cynips. Here an
apparently irregular distribution over the area of North
America has been dissolved into a complicated branching
and rebranching system of clines of different size, value, and
direction (see below, p. 161).

As we mentioned before, the type of arrangement of
geographic races which we just called a checkerboard type
(see Peromyscus) has recently been given a different in-
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terpretation. Reinig (loc. cit.) has come to the conclusion
that in such cases of continental subspecies formation a
series of centers of dispersal can be recognized which coin-
cide with faunal refuges existing during the Ice Age. We
have already reported and criticized the conclusions drawn
from the facts observed in connection with this viewpoint.
For the problem under discussion the facts which are repre-
sented in figure 18 (after Reinig) are of interest. This
figure shows the centers of species accumulation in the forest
habitats of the holarctic region; ten major and a few minor
centers are distinguished, which are said to coincide with
the glacial refuges. Figure 19 represents Reinig's view as
to how clines of subspecies are spreading from these centers.
If this is the case, as it seems to be in some forms, clines will
frequently intersect and very different forms may be
adjacent to each other, where clines from different centers
meet. (We shall return to the facts later when discussing so-
called artenkreise.) This type of subspecific distribution
seems to be represented in the swallowtail Papilio machaon,
according to Eller (1939). The group (subgenus) consists
of four distinct species, one of which, machaon, has an im-
mense holarctic distribution and has formed numerous (over
sixty) distinguishable subspecies with specific habitats. A
few of these are pictured in figure 20. Twelve of these races
are said to be confined to the glacial refuges whence clines
of secondary races are spreading in different directions, cor-
responding to the views of Reinig (fig. 21). There is no
reason to assume that such a distribution, caused by geo-
logical features, follows any other laws than do the simple
clinal distributions discussed before. (It might be interesting
to consider Kinsey's data on Cynips, with their complicated
system of branching clines, in the light of Reinig's con-
ception.)

From the standpoint of microevolution all the types of
subspecific arrangement described are of the same sig-
nificance. Certainly the more frequently found type of geo-
graphic variation is the one in which the subspecies are
arranged in a continuous cline or a branching combination
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Frr 20 Races of Papilio machaon L. from Eurasia and North Amer-
vertical row- asterias, North America; talierws, Yunnan;

ensis, Sikkim, India. (After Eller, from Pagast.)
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of clines following definite climatic features, which in some
cases might be decisive in a very indirect way; e.g., by con-
trolling the growth of food plants of animals. (The presence
of specialized additional ecotypes is neglected in this con-
nection.) In such cases, then, a rassenkreis will have two
extreme points (if not branched), and it is to be expected
that the two end-members show the extremes of difference.
The question arises whether such extreme members of the
rassenkreis may be considered in some cases as nearer to
specific difference than to subspecific, thus indicating that
these extreme members represent incipient species. This is
actually the opinion of the majority of taxonomists and
probably also of many geneticists who come in contact with
these problems. This idea—an application of the strict
Darwinian concept to modern taxonomic conceptions—has
been especially emphasized by Rensch, who claims that ex-
treme members of a rassenkreis may not be distinguished
from species, and would actually be species if by migrating
backwards they would come to live in the same area as the
intermediate subspecies. Kinsey goes still farther when he
claims that the end-members of such a cline are so different
that they might be called genera according to ordinary
taxonomic standards. The student who reads these state-
ments without personal experience with the form in question
is bound to be skeptical when he learns that a feature (short
wings) which was formerly regarded as of generic signifi-
cance occurs as a seasonal variation within a subspecies.
Before we can discuss the merits of such conclusions we must
be acquainted with such facts as might be favorable to the
taxonomists' contention.

A. Fertility
The oldest conception of species, and the one which has

not yet been replaced, states that the decisive differences
between species of animals are sterility of hybrids between
species and the more or less complete physiological isolation
preventing hybridization. (In plants the situation is less
simple, though J. Clausen adheres strictly to the fertility
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test for the concept of a good species.) This definition is also
involved in the modern taxonomic conceptions, which con-
sider as species forms inhabiting the same area without inter-
breeding. The development of intersterility is, therefore, to
be regarded as a decisive step in the isolation of species. We
do not intend to discuss here the general problem of hybrid
sterility. A very clear discussion from the genetical view-
point can be found in a paper by Stern (1936). We shall
discuss only such facts as appear to be pertinent to the
problem of incipient species. The members of a rassenkreis
are by definition fertile inter se, and wherever genetic tests
have been made, even the most extreme members of a series
are completely fertile inter se (see the material studied by
Babcock, Clausen, Goldschmidt, Sumner). But there are
certain facts which indicate that a transitional state may be
encountered and these facts are, naturally, used most promi-
nently by defenders of the idea of continuity between sub-
species and species. These facts may be grouped into the fol-
lowing categories: (a) lowered fertility between subspecies;
(6) noninterbreeding subspecies within the same area;
(c) impaired interbreeding due to differences in morphologi-
cal or physiological details; (d) impaired fertility due to
chromosomal differences.

a. Lowered fertility between subspecies
In nature only neighboring subspecies will interbreed in

the zone of contact. In experimental analysis all types may
be tested and, as mentioned before, are fertile inter se. This
situation is found to occur wherever it has been genetically
tested (Lymantria, Crepis) and it has also been assumed for
many cases not tested by genetic experimentation. But there
are a few facts available which may be interpreted as a kind
of incipient intersterility. We may recall that the sex races
in L. dispar differed as to the potency of the sex genes.
These differences were discovered when crosses between dif-
ferent races led to sexually abnormal individuals. The hybrid
combinations resulted in an upset of the proper balance of
the sex-determining factors, with the result that the hybrids
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in certain combinations became intersexual (details in Gold-
schmidt, 1932a). As all the higher grades of intersexes are
sterile, we find a subspecific difference resulting in sterile
hybrids. As a rule, this happens between races otherwise
rather far distant from each other; e.g., central Japanese
versus Eurasian races. The question is whether this type of
sterility is comparable to typical interspecific sterility. In
L. dispar the crosses which give intersexual offspring do this
in one direction only. The reciprocal crosses, however, are
completely fertile. In addition, mutations which result in
intersexuality without racial crossing occur within a single
race (see Goldschmidt, 1934, for details and literature). This
looks as if this type of sterility were on a very different level
and not comparable to specific sterility. The other case in
animals in which a comparable series of sex races exists, the
frogs (Pfliiger, R. Hertwig, Witschi, [loc. cit.~\) lends itself
to the same conclusion. Here racial crosses produce changes
in the sexual balance which, however, lead in the end to
normal and fertile individuals, the expression of the un-
balance being only an embryological feature.

There is another case reported by Standfuss but not
analyzed. He found that two geographic races of the hawk
moth Smerinthus populi produced sexually abnormal off-
spring (intersexual?) after crossing. The only comparable
case known in plants (Goldschmidt's interpretation of
Oehlkers' work, 1938a) relates to different "species" of the
South African form Streptocarpus. The crosses were prob-
ably made with subspecies of a rassenkreis, but no informa-
tion on this point is available.

On the other hand, it cannot be denied that an upsetting
of the sexual balance might also be produced in crosses of
species. But wherever such a situation could be analyzed it
was found to be the result of a disturbance of the whole
chromosome mechanism (e.g., triploid intersexes in species
backcrosses of Lepidoptera). Another case in fishes will be
discussed in a later chapter. We conclude, then, that partial
sterility in interracial crosses due to a disturbance of the
sexual balance; i.e., to a considerable quantitative difference
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of certain physiological processes, may not be considered as
a genuine type of hybrid sterility. Wherever it may be found
within an otherwise homogeneous race as well as between
subspecies and species, it appears to be a special physio-
logical feature which can hardly be regarded as typical for
the direction in which specific intersterility is established.

b. Noninterbreeding subspecies within the same area
Considerable importance has been attached by taxon-

omists to a phenomenon which might be termed the con-
vergence of a rassenkreis. Either by way of migration or as
a result of geological events, the end-points of a rassenkreis
may secondarily converge, and as a result the two most dis-
tant members of a cline will be brought into the same area
together. Here are a few examples from different groups
of animals. There is first an example in our gypsy-moth
material of how such a situation may come to pass. The
present families of Lepidoptera go back to the Tertiary, the
same period in which the Japanese islands were formed. The
present climatic conditions also were initiated toward the
end of the Tertiary. L. dispar, which must be derived from
the mainly tropical forms of this family, therefore has pro-
duced the climatic races only since that time. According to
Arldt (1910), the coast of the Asiatic continent was found
in the Miocene east of present-day Japan. Toward the end
of this period Sakhalin was broken off and the northern part
of the Japanese Sea formed. In the Lower Pliocene, Hok-
kaido was separated from Sakhalin, and in Middle Pliocene
from Japan, by the formation of the Tsugaru Strait. Only
in the Upper Pliocene was Japan separated from Korea by
the Tsushima Strait, and only in the Lower Diluvium was
the land bridge connecting Japan with southern China
severed. Though we are completely ignorant as to whether
the original form of Lymantria was already present when
all this happened, or migrated there from the south, two
things are clear: first, that the Hokkaido form, originally
continuous with the Asiatic continent, was first separated
from the rest of Japan by the Tsugaru Strait; second, that
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the series of races stretching from Korea through all Japan
to northernmost Japan must have differentiated in situ or
else migrated into their present area when Japan plus Korea
was a long tongue-like peninsula attached to the eastern
Asiatic continent. Whatever the details may have been, here
a situation obtains which makes it possible for a racial chain
to be bent into a circle and for the closing of the ring—the
circle Hokkaido—Amur—Manchuria—Korea—Kyushiu—
Honshiu closing from both sides at the Strait o^ Tsugaru—
to bring the two most extreme races near together. In this
case they cannot enter the same area, as the intervening
Tsugaru Strait prevents this. If they could meet, however,
they would still be fertile inter se (races Hokkaido and
northernmost Japan) as the experiments show, though they
represent actually the most extreme sex races. Another
question is whether they would interbreed in nature. Failure
to do so is not necessarily identical with inter sterility.

The first example of a convergent rassenkreis (or part of
one) to be given is mentioned by Osgood (1909) for
Peromyscus. The subspecies arcticus and algidus of P.
maniculatus occur together in the Upper Yukon Valley
(Alaska) and "apparently maintain themselves distinct."
Arcticus ranges southward and eastward and intergrades
with areas; algidus follows the coast, being contiguous to
hylaeus, which is followed by macrorhinus, which again inter-
grades with areas. In the detailed description, however, the
phrase is found: "About the upper waters of the Lewes
River, of the Yukon drainage, arcticus is found in company
with algidus, and apparently distinct from it, though else-
where the two are connected." This can hardly be called a
convincing statement for the author's claim, repeated in
subsequent literature, that a natural event which would re-
move the intermediates between the two subspecies and the
form areas would leave two good species living in the same
area.

An entomological example of the same type is the follow-
ing described by Forbes (1928). The nymphalid butterfly
Junonia lavinia contains three well-marked series of geo-
graphical forms, the North, Central, and South American
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types. According to Forbes, this is the most striking case of
geographical variation in the whole American butterfly
fauna. The North American subspecies is called coenia and
shows subsubspecific variation in its range down to Mexico.
Here the second subspecies zonalis starts, going down to
Peru and northern Brazil. In Mexico the two subspecies
show inter gradations. Both these subspecies spread into the
Antilles, and, according to Forbes, coenia reached Cuba by
coming from North America, and zonalis from South
America. Thus in Cuba the two ends meet again and both
forms are said to live side by side without interbreeding.
According to Forbes, they "have become so distinct on the
way that from the Cuban point of view they would seem to
be real species. In other words, we have here species caught
in the very act of formation." If we look coolly at the facts,
however, we see that intermediate forms between the two
subspecies are not found in Cuba, though they occur where
the latter meet in Mexico. Unfortunately, we are not told
more. Do these two forms actually fly together in definite
Cuban localities? Is their biological and ecological behavior
similar enough to permit them to interbreed? Would they
be able to mate and produce fertile offspring if brought
together, as I strongly suspect ? Again, I cannot see that the
sweeping conclusions mentioned are warranted.

A third example is frequently quoted in European litera-
ture (for example, Rensch, Stresemann), to wit, the case of
Parus major (a titmouse). This little bird has formed an
Eurasian rassenkreis, major, bokharensis, and minor, as in-
dicated in the map (fig. 22). Major spreads as a northern
form from Europe across Siberia into northern East Asia.
In the south major gradates into the Persian bokharensis,
and this, in turn, in India and southern China, into minor.
The latter reaches north through China into Amur. Here
it meets an eastern branch of the Siberian major and again
two end-points of the series are shown converging. Accord-
ing to Stegmann, these two subspecies live side by side in
this region without hybridizing. The case closely resembles
the one in Junonia and the question marks are the same. We
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do not know what keeps them apart; but it might be a very
small physiological or biological difference of the same order
as individual micromutational differences, whether geo-
graphical or local. But this is not what real species differences
consist of. As long as the impossibility of mating or the pro-
duction of sterile hybrids is not proven, I cannot see in these
cases more than an interesting ecological feature. Rensch, by
the way, makes the most of this example in order to prove
that this is the way in which species are primarily formed,
but he remarks in another place (1933, p. 338) : ''If in the
Amur-Region the green necked . . . Parus major (major)
behaves like a species towards the P. major (minor) living in
the same area, it is obviously due only to the small dif-
ference in size, color, and voice. But it is very probable that
both forms could be bred in captivity. . . ."

It might be added that among animals cases are known
in which races inhabiting a common range do not interbreed
for some ecological reason; e.g., the Anopheles races, as
mentioned above. In plants the same situation is known to be
due to simple mutational differences of a sterility factor
(Melchers, 1939). In none of these cases is a convergence
of a racial cline present which would warrant such con-
clusions as those of Rensch.

At this point of our discussion there ought to be mentioned
a rather informative example which is rarely discussed in
the light of our problem; namely, the subspecific differentia-
tion of the human race. Though it is possible that different
species of the genus Homo have existed and have disap-
peared again, nobody can fairly claim that present man-
kind belongs to more than one species. Let us suppose that
a giant collector from Mars visited the earth, made a col-
lection of human beings, and returned to work them up in
his Martian museum. He would most certainly come to the
conclusion, in applying usual taxonomic standards, that he
had found a new family, Hominidae, and within this a num-
ber of very distinct genera, like the white, the black, the
brown, the yellow man. Within these genera he would dis-
tinguish species or ecospecies, replacing each other geo-
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graphically. For example, he would identify in the black
genus the species Bantu, Bushman, Hottentot, Pygmy, Aus-
tralian. Within some species with a rather large geographi-
cal range he would find geographical races; e.g., the differ-
ent tribes of Negroes across the center of the African con-
tinent. If the collection were large enough he would meet
with isolated subspecies, with very different insular forms,
with subsubspecies down to small hordes, with differential
specific traits. (Regarding the latter point, not generally
known, I think, I might mention a personal observation
among the semisavage head-hunting tribes of Formosa
[1927a]. I noticed that in two different small tribes of this
Malaylike group the men within the tribe resembled each
other to such an extent in certain features of the face that
they might have been picked out of a crowd as brothers. The
genetical basis, homozygosity by inbreeding, is obvious.) In
short, his description would closely compare with innumer-
able other taxonomical studies, and it would also be per-
fectly correct, as far as information goes. But the next col-
lector might have better chances to observe his specimens
and he would find difficulties. He might reach the same con-
clusion as have recent students of insular faunas (Galapagos
finches, Hawaiian drepanids) (see below), that from a taxo-
nomic point of view all the forms might also be assigned to
a single species, though the morphological and ecological
differences between Negrito and Swede, Papuan and Es-
kimo, Hottentot and Chinese are quantitatively just as large
as are those between different so-called genera; e.g., of gall
wasps. The next Martian visitor might be a geneticist who
would notice that all these forms, if given a chance, inter-
breed and produce fertile offspring. He would notice that
this also applies to cases in which differences in the structure
of the genitals exist (the Hottentot—Boer hybrids), and he
would state with perfect confidence that only a single spe-
cies, with many sub- and subsubspecies, exists. Now, there
can be no doubt that many of the isolated human subspecies
or end-members of a series are as different from each other
as are extreme subspecies in animals. There is no doubt that
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some subspecies, like those in animals, have been isolated for
a very long time. There is no doubt that the time available
for subspecific differentiation has been about the same as
that which is assumed for the cases in animals and plants.
There may also be detected at some points the presence, due
to migration, of two races which are interfertile but which
do not produce hybrids on account of psychological isola-
tion. Such an occurrence would be a special feature without
any evolutionary significance. We conclude, then, that if the
subspecies is an incipient species, this must also be the case
for the major human races. I wonder whether anybody
would be willing to accept such a conclusion!

I should like to add a few more points to this example,
although they will anticipate a later discussion. In an oral
discussion of the problem which I recently had with one of
the leading experts, F. Weidenreich, he informed me that
the recent discoveries, both for Pithecanthropus and Sinan-
thropus, indicate that at the early level of human evolution
represented by these forms the subdivision into the main fu-
ture races had become visible. If this is the case, it follows
that the human species first subdivided into geographic sub-
species, and that the following evolution—actually the major
part of human evolution after the first separation of man
from apes—occurred within these subspecies by the forma-
tion of subsubspecies, etc. by mutation, selection, and hy-
bridization. If we view the doings of our first Martian tax-
onomist in this light he acted just as numerous modern tax-
onomists do: he describes man as what we shall soon discuss
as a genus geographicum, with many species in separate
habitats, and these again subdivided into subspecies, etc.
Here we know that the Martian taxonomist is wrong and
that he has studied only a single species. We shall later
extend this conclusion to comparable cases. (Meanwhile
Weidenreich has published his views, 1939.)

c. Impaired interbreeding on a morphological basis
The foregoing facts demonstrate that interbreeding be-

tween different geographic races may be impaired in special
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cases, though there is no reason to assume that an actual
isolation through impossibility to produce fertile offspring
or any offspring at all was present in these cases. But it has
been claimed that actual differences may occur which make
interbreeding physiologically impossible. Rensch mentions
extreme size differences in races of beetles which would make
interbreeding impossible if these races should meet in the
same area. I am inclined to be rather skeptical as regards
this argument. (Think of the Pekinese and the St. Bernard
dog; is each of these an incipient species? Dachshund and
St. Bernard have been crossed.) For many years I tried in
vain to cross larger northern Japanese females of L. dispar
with small Hokkaido males, though the reciprocal cross was
easy to perform. But later the same cross succeeded easily,
for unknown reasons. Impossibility of mating, then, cannot
be argued but must be demonstrated. More interesting are
the cases where the genital armature is involved. (See also
the Hottentot—Boer case, above, and Baelz's description of
differences between Japanese and white women, which, how-
ever, do not prevent normal fertility.) It is known that in
many insects differences in the structure of the genital arma-
ture are very characteristic features distinguishing different
species (see below). Such differences, however, also occur
between geographic races (Jordan, 1905, 1927; Drosihn,
1933; Franz, 1929). Jordan, who did very extensive work
in this field on Lepidoptera, came to the conclusion that geo-
graphic races may be identical with regard to genital arma-
ture but different in other characters, while other races may
differ both in somatic traits and in genital armature. In rare
cases only the genital armature may be different. In a special
case studied about half of the subspecies showed differences
in the genital armature. There is, of course, no reason why
this character should not vary between the geographic races,
as any other trait does. This variation would be of special
significance only if the differences found among species were
such that copulation would be made impossible between dif-
ferent species. Only then might the racial differences be con-
sidered a step toward specific ones. But we know that some
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species have quite different genital armature, whereas others
show small differences or none at all. In addition, the differ-
ences do not prevent successful mating, as the innumerable
species hybrids produced in Lepidoptera (and even some
considered to be generic) demonstrate. There is no fact
available to indicate that the differences in genital armature
found in geographic races are such that physiological isola-
tion is affected, or even would be affected by further varia-
tion in the same direction. In discussions of this subject, it
is frequently forgotten that actually the differences do not
involve any major features but are of a more or less orna-
mental type, with a few teeth or spines or processes here and
there but not at physiologically decisive points. Frequently,
according to Jordan, the armature of the races is identical
for females but different for males, which of course shows
that no physiological importance in the direction of sexual
segregation can be attached to this variation. There is even
a case mentioned by Jordan in which two seasonal forms
(modifications) of the same form differ in genital armature.
It must be emphasized (as many evolutionists who discuss
these problems have never dissected such an armature) that
the racial differences in genital armature involve exclusively
organs which do not behave like key and hole in the two
sexes. Copulation in Lepidoptera proceeds, as one is apt to
forget, by the insertion of the penis into the bursa and not
into the female sex-aperture. The rest of the genital arma-
ture serves only as claspers, or, in the female, is concerned
with egg laying, not with copulation. These decisive facts
are generally overlooked when this material is presented as
a demonstration of transitions toward sexual isolation.

A corresponding situation found in beetles (Jeannel,
Franz) does not lend itself to different conclusions. Thus
Franz emphasizes that extreme differences in the form of
the tip of the penis are found among the males of species
of the beetle Orinocarabus. But the females do not vary cor-
respondingly, which excludes any importance of this varia-
tion for the problem of isolation of species. Between different
subspecies, also, definite differences are found, and here a
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very important point has been noted by Franz. For example,
there are typical quantitative differences present in the so-
called vaginal apophyses of the females. The males of the
same races also differ in the structure of the preputial sac.
But actually these two parts do not act like key and hole in
the act of copulation, and their variation does not seem to
be of any physiological importance. Franz discusses the pos-
sibility of both features being simply a consequence of dif-
ferent degrees of chitinization, heritable in the respective
races. It is needless to say that here, as in Lepidoptera, spe-
cies may frequently cross, thus demonstrating how little even
the larger differences in genital armature between species
mean physiologically. Within a single rassenkreis differences
in armature may be small or nonexistent, or they may be
more considerable. In the latter case all transitions exist
within the series. This indicates that these features show the
same type of variation as do all other variable characters
within a rassenkreis without leading to physiological isola-
tion, because only unimportant details are involved.

d. Impaired fertility due to chromosomal differences
It would be of great importance to know whether chromo-

somal differences between the geographical races of a rassen-
kreis exist which could act in the direction of physiological
isolation by causing the production of inviable gametes in
the hybrid. We have already mentioned that such rassen-
kreise as have been studied cytologically (Lymantria: Gold-
schmidt; Crepis: Babcock) show the same chromosome num-
ber in all races, though differences in chromosome size have
been observed. The hybrids have a perfectly normal chromo-
somal behavior. In Peromyscus, Cross (1938) found forty-
eight chromosomes (a typical mammalian number) in all
species but one; namely, eremicus, with fifty-eight chromo-
somes. But among the subspecies of maniculatus there is one,
hollesteri, with fifty-two chromosomes. It is assumed that
here a fragmentation of chromosomes is in progress. Other
cases involving small chromosomal differences between dis-
tinguishable or undefined races will be discussed later, as
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their significance lies in a very different field. But there is a
phenomenon which occasionally produces isolation through
chromosomal differences; namely, polyploidy. Thus, Tures-
son (1931; detailed cytology by Levan, 1935) found a Si-
berian race of Allium schoenoprasum with a tetraploid chro-
mosome number and giant size, a so-called autotetraploid.
Cases of this type are not rare in plants. But we know that
tetraploidy is one of the "mutations" frequently found in
plant species, mutations which are probably combined with
physiological features of a presumably preadaptive type.
(This will be discussed later.) Though a tetraploid is at
least partly isolated from a diploid (the triploid hybrid pro-
ducing many unviable combinations), it can hardly be
claimed that the occasional existence of a tetraploid as a
geographic race is to be considered as a sign that subspecific
differences are leading into specific ones at the end of a
series. A tetraploid race or ecotype is just one special type
of subspecific variation.

In animals, where polyploidy is rather rare, its signifi-
cance for geographic variation seems to be still smaller, as
polyploid forms might occur without definite relation to dis-
tribution and even side by side with the normal ones. All
cases which have been described show a relation between
chromosome number and propagation. In Artemia salina
(see Gross, 1932) diploid bisexual races exist, and, in addi-
tion, diploid, tetraploid, and octoploid parthenogenetic
races, which also show morphological differences. In the par-
thenogenetic psychid moth Solenobia triquetrella, according
to Seiler (1938), bisexual diploid races exist. Though they
have been obtained from different places, nothing is known
as to whether a subspecific or geographic or ecotypical dif-
ferentiation is involved. Since a cross between diploid and
tetraploid races in these animals produces sterile intersexes,
one might call this an isolation due to chromosomal differ-
ence. In this connection the case of Ascaris megalocephala
univalens and bivalens may also be mentioned. These races
are found side by side and differ only in chromosome num-
ber. Recently races with six and eight chromosomes, found
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by Li (1936) in Mongolian horses, have also been added to
the 2- and 4-chromosome races. The chromosomal races are
apparently otherwise identical. However, the case is too
unique to be of general significance.

A comparable case, though not involving polyploidy, is
that of Trialeurodes vaporariarum as described by Schrader
(1926). In an American race, parthenogenetic eggs are hap-
loid and produce males; in the English race the diploid num-
ber is restored and females are produced. A very similar sit-
uation also occurs in plants (Chara, Ernst, 1918). But the
rarity of such cases precludes any evolutionary significance,
except for the presence of a more or less freakish type of
microevolution of the nature of a blind alley within the con-
fines of a species.

B. Isolation
We do not intend to discuss here the importance of isola-

tion for selection. A masterly discussion of this problem is
found in Dobzhansky's book (1937). The problem with
which we are concerned here is to find out whether the ex-
treme members of a rassenkreis are incipient species. When-
ever this problem is discussed by taxonomists and such ge-
neticists as have worked in this field, statements may be
found of the tenor: if by any geological or other events this
or that subspecies were to be isolated, it would actually have
to be considered a different species. We shall later discover
the rules or rather, lack of rules, for the distinction between
subspecies and species in border cases. Here we have to see
whether, if we stick to actual facts, isolation within a rassen-
kreis leads to specific differentiation or not. We have seen
that the average rassenkreis is a continuous one with all
transitional conditions between different subspecies. Even
when the rassenkreis cannot be arranged into a simple cline,
as; e.g., in the checkerboard distributional type illustrated
by Peromyscus, or in the polycentric type of Reinig, indi-
vidual subspecies or groups present typical clines with all
inter gradations. But there are also rassenkreise existing,
especially where oceanic islands are involved, in which major
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geographic barriers separate the individual subspecies, thus
producing a considerable amount of isolation. As an example
which shows both types of variation we may again take the
Lymantria case, where a continuous cline occurred from the
East Asiatic mainland via Korea to northernmost Honshiu.
But at the Tsugaru Strait this was interrupted, and in the
island of Hokkaido, isolated since the Tertiary, a subspecies
was found which all in all was more different from the others
than any known race. Actually, Matsumura had called this
race a species. We know in this case that the Hokkaido sub-
species produces fertile offspring with all other races and
is not genetically different in any special way. In Peromys-
cus there are similar examples of different subspecies iso-
lated on the Pacific islands near the coast of California next
to a typical rassenkreis. Our problem now is whether isola-
tion of members of a rassenkreis enables them to differ in
such a way that these subspecies have greater chances to
start new evolutionary lines toward higher systematic cate-
gories. It is interesting to see what Rensch, who is a strong
supporter of the idea that subspecies are incipient species
and who in addition has much firsthand knowledge of insular
rassenkreise, has to say on this problem. He writes (1934) :
"Some taxonomists consider two vicarious forms, separated
by a barrier of distribution, as geographic races if the dis-
tinguishing characters are continuous as a consequence of
convergence of the extreme variants. They consider them as
species if these transitions are missing. This distinction,
however, is gratuitous, as two such forms are sometimes dis-
tinguished only by a very minor, though constant, trait.
Thus the bird Oreosterops superciliarls Hart, lives only in
the small Sunda Islands Sumbawa and Flores. In Flores the
superciliar band is always pale sulphur-yellow (race super-
ciliaris Hart.); in Sumbawa it is brilliantly golden (race
hartertiana Rensch; in addition the throat is yellower and
the size somewhat smaller). There are no transitions known.
But it would be gratuitous to call these forms therefore two
species, as they are otherwise completely alike and as their
differences are much smaller than those of many other dif-
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ferent geographic races, linked by transitional forms." This
shows that isolation of the members does not in itself sub-
stantially change the condition of a rassenkreis.

We can illustrate the point under discussion with another
example taken from the rassenkreis of Papilio machaon,
which was discussed above. Among the races are a few which
are restricted to rather isolated areas, partly of insular na-
ture; e.g., Arabia, Kamtschatka, Japan, Newfoundland (see
fig. 20). Eller considers these as incipient species, though
there is no extreme deviation of these races from some of the
nonisolated ones visible. The difference becomes still smaller
if we notice that within one and the same race spring and
summer forms exist (seasonal dimorphism) which exhibit
differences of similar degree. The production of species by
this type of isolation, occurring within a rassenkreis, has
still to be demonstrated. We may also point to a case which
was discussed above, the racial group of Crepis forms. We
mentioned that on account of their isolation some of the
forms were treated as distinct species by Babcock and col-
laborators. But we pointed out that the genetical facts did
not reveal any notable difference upon which to base such a
distinction. It is just this type of fact which is frequently
used to bolster the claim that specific characters Mendelize
like racial characters (see below). If the data are considered
within the whole body of facts as discussed here, we feel
obliged to exercise considerable caution.

We have discussed quite a number of facts relating to the
spreading of subspecies over large areas, facts which were
frequently used in favor of the conception that extreme sub-
species are incipient species. But such a conclusion could not
always be drawn. There is the much discussed, accepted, or
criticized age-and-area hypothesis of Willis (1923) derived
from a huge body of facts on plant distribution. Willis starts
from the observation that a rare species is frequently con-
fined to a very small area. He tries to show that adaptation
to very specific conditions; i.e., a unique ecotype, is out of
the question, and also that in many cases an explanation by
the assumption of relics—species from former epochs (e.g.,
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the glacial age relics in many groups of animals and plants)
—is ruled out by the facts. He therefore assumes that the
area occupied by a group of allied species (which certainly
would include the subspecies in modern nomenclature) de-
pends, ceteris paribus, upon the age of the species in the
place in question. Thus the area occupied is a function of the
age of a species. A species of very limited or isolated range,
with which we started this discussion, is therefore a very
young species and not a very old relic, as frequently as-
sumed. If this is correct, such species cannot have evolved
gradually but must have appeared suddenly. Without tak-
ing a definite stand on this hypothesis, not having the neces-
sary mastery of plant geography, I mention it in order to
show that the facts under discussion do not necessarily lead
to the strict neo-Darwinian explanation. We shall return
later to the same subject.

In discussing such a body of facts, it has to be kept in
mind that the eventual results of isolation within a rassen-
kreis may be of two very different types. If it is accepted
that the subspecific characters in cases of typical clines are
adaptational, patently or cryptically, the lack of interme-
diates in the case of isolation might mean nothing but the
lack of intermediate environments, requiring transitional
adaptational traits. If, however, nonadaptational; i.e., for-
tuitous, traits are involved, the situation is a different one.
The differences would have nothing whatever to do with
typical geographic variation, which is orderly, but would be
the result of chance mutations building up in different direc-
tions for no other reason than the presence of chance initial
differences. In the latter case the result would be a complete-
ly haphazard, disorderly arrangement of the separate sub-
specific forms and of course discontinuity between adjacent
forms.

Good examples of this type of subspecific differentiation
may be found among insular birds. One such example is rep-
resented in figure 23 (after Murphy, 1938). In the Mar-
quesas the flycatchers of the genus Pomarea have formed
subspecies (partly called species by the ornithologists),
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though "they obviously comprise a single formenkreis."
Their distinguishing features are plumage differences in the
nature of secondary sex characters. In the map the so-called
species live in the islands surrounded by the solid lines, the
subspecies within the broken lines. In the diagrams of plu-
mage pattern white represents white, black is black, and

FIG. 23. Map of the rassenkreis of flycatchers in the
Marquesas. Explanation in text. (From Murphy.)

ruled lines brown. The different types of pattern and their
relation to sex dimorphism are evident from the sketches.
Here we have, then, again a discontinuous, not clinal, ob-
viously nonadaptational diversification within a rassenkreis.
It appears as a result of playful chance. But why should any
of these forms be an incipient species ? Why should this type
of variation, in principle not different from the polymor-
phisms treated above, be anything but a special case of
microevolution ? (For much material and conclusions op-
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posed to those drawn here see the numerous ornithological
papers by E. Mayr 1924-39.)

One more example of this very irregular type of geo-
graphic variation combined with isolation, and also forma-
tion of clines, ought to be mentioned because it has been fre-
quently discussed from an evolutionary standpoint. The sig-
nificance of the case in question ought to be made apparent
by a realization of its actual relation to the normal and most
frequently found type of subspecific geographic variation,
the orderly one. I refer to the polymorphic variation of some
land snails in tropical islands. This intensely interesting
group of facts can hardly be called completely transparent
and therefore has found very different interpretations.

The classic example, which was used by its discoverer,
Gulick (1905) for elaborate evolutionary speculations, some
of which strike one as quite modern, is the case of the Achat-
mellidae of Hawaii. Gulick's son has published a very good
review of the facts, adding the results of more recent taxo-
nomic work (Pilsbry, Cook) which we may use as a basis
for evaluation of the data (A. Gulick, 1932). In doing so
we may call the forms which replace each other in different
localities subspecies, though they have been described as
species. But it will be seen that the facts point to subspecific
variability within a large species, which in the taxonomical
work is referred to as a subgenus. Gulick found (as is also
found in so much typical rassenkreis work) that the most
divergent forms within each species are very different from
each other. But it is very difficult to describe the limitations
of all such subspecies. There is an immense variation in size,
shape, texture, and color. It is possible to select from these
types groups of a certain uniformity and local distribution,
but they are bridged by all intermediates. Order is obtained,
however, by the study of geographical relations (see p. 53
for Rensch's procedure for studying a rassenkreis!). "In
general, if any string of colonies of related snails are situ-
ated in a row, the intermediate colonies will have shells that
average intermediate to those between which they are lo-
cated. If an intermediate colony is only a mile or two distant
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from the neighboring stations on either side, it will carry
various forms identical with shells in each of the other loca-
tions and there might be one or two that range through all
three collecting stations. Mixed with these will be clear-cut
forms that are peculiar to single localities. Some of the forms
will be definite with but little tendency to show intergrades.
Others have many intermediates that connect them by in-
finitesimal shadings into other forms, perhaps of the same
locality, perhaps of the next one adjoining. Colonies that
are more remote differ after the same method, but to a
greater degree" (Gulick). In the typical Achatinella series
in Oahu a string of such colonies was studied all around the
island. In any series of closely related forms, the degree of
similarity between the populations was roughly measurable
by the number of miles that separated them. Only for re-
mote colonies (5—15 miles) could each individual be reliably
assigned to its respective colony.

Up to this point the picture of this type of variation very
closely resembles the one which we drew before for all typical
rassenkreise. There is only one additional feature. Together
with the "dine" of different forms parallel to a geographical
cline we find the phenomenon of local polymorphism which
we discussed on page 23, 26 for other land snails. Within
each colony Mendelian recombinations of such more or less
fortuitous characters as color, banding, sinistrality are pres-
ent in typical numbers. These polymorphic recombinations
occur in a great many different snails in a perfectly parallel
way (e.g., Helix, Amphidromus, Achatinella, Partida) and
are simply local occurrences. If this phenomenon, typical
for shells of snails, but also encountered in other cases, is
discounted, a typical cline of geographical races remains.
The really distinguishing feature is the occurrence of a
gradient within an extremely small area. According to Gu-
lick, all these forms are ecologically alike, all feeding upon
the same food, living on definite trees which are found only
in the same type of tropical rain-forest. No climatic or other
difference which might form a cline, paralleling the racial
cline, can be found for miles. A geographical adaptation is
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therefore ruled out. (We accept this statement for argu-
ment's sake, but add that considerable differences might be
found if we made microclimatic studies which, in applied en-
tomology, have recently turned out to be very significant.)
Therefore another factor presented itself to Gulick as the
most potent one: isolation. (This is why these facts are dis-
cussed in this chapter.) These snails usually do not leave
their tree and do not migrate at all. The deep ravines in
which the food trees grow are separated from each other and
from those on the other side of the island by high bare ridges
which would in any case prevent migration. One might there-
fore compare the populations to those on very small islands.
Isolation of varying populations has thus made possible the
subspecific differences. "Heredity never stays still; every
generation blossoms into multitudes of little novelties, that
immediately add themselves into the hereditary sum total of
their racial stock, and become the starting point for ever
more novel departures. By the law of statistical probabilities
the various novelties will turn up very unevenly distributed
in the different colonies and the new bents which they initiate
will tend to make the different local races become continually
more and more unlike each other" (Gulick).

This latter conclusion could be accepted if the facts had
shown that the isolated colonies vary in a haphazard way.
But actually there are two types of variation: the more or
less haphazard (though not completely so) recombinations
of the polymorphic Mendelian characters in the different
colonies, and the orderly cline of different forms in a def-
inite direction for which isolation cannot account. But even
if we accept isolation as decisive, it has only resulted in a
copy of geographic subspecies formation within a small
area, where it is more conspicuous than it would otherwise
be. Isolation, if accepted as the decisive factor (not con-
sidering the special features of local polymorphism), has not
led to any larger deviations than the typical subspecific
ones, linked by all intermediates, and the material in ques-
tion therefore does not help us to understand diversification
beyond the limits of the species.
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Since Gulick's work was done, a similar case, the Partulae
of Tahiti, has been studied most thoroughly by Crampton
(1916, 1925, 1932). Here we have at least some intimations
as to the genetic situation, as in the viviparous forms young
from the brood pouch may be compared with the mother.
If we take this information together with our knowledge of
similar characters in Helix (Lang, 1906, 1911), there can
be no doubt that the distinguishing qualitative traits are
based on simple Mendelian recombinations and that the
quantitative traits are inherited in some way. The Partida
material otherwise closely resembles the Achatinella shells.
That the composition of the individual colonies (based on
local polymorphism) varies in time, as actually found, is not
surprising, and will be found in any European Helix colony
revisited from time to time. That the subspecies spread in
recent times from their original area, as found by Crampton,
is another interesting detail concerning population prob-
lems. Again no relation between environment and subspecific
differentiation was found, though for many species on differ-
ent islands a typical subspecies is described for each valley
or area within the distributional area of the species. We shall
return below to the same material in another connection.

The facts discussed in this chapter thus show that there
is no reason to conclude that isolation of subgroups within a
species leads to the formation of categories other than those
formed by ordinary continuous geographic variation. The
subspecific variation as obtained by isolation may be less
orderly than otherwise, and in some cases may even result in
somewhat wider gaps between two adjacent forms; but there
is no reason, at least as far as the factual material goes, to
suppose that isolation makes subspecies develop into species.
The conclusion is the same as that derived from our former
discussion. Isolation or no isolation, the subspecies are diver-
sifications within the species, but there is no reason to regard
them as incipient species.

There is, I think, in the whole idea of subspecies as in-
cipient species a psychological element. It is taken for
granted that species are evolved from each other by a slow
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accumulation of small individual steps (by means of selec-
tion, of course). If, therefore, a subspecific series is found to
exhibit different degrees of small differences, the situation
must indicate the presence of exactly the evolutionary proc-
ess which is postulated. If, nevertheless, the individual ras-
senkreise remain separated by large gaps, and if the most
extreme members are still only ordinary subspecies, the pre-
conceived idea forces the neo-Darwinist to look for the most
impossible explanations to fill the gaps. One of these which
always works is the time-honored phylogenetic idea that the
existing gaps were formerly filled by missing links. In other
words, the subspecies are incipient species because a strictly
Darwinian view requires such an interpretation, and because
it is taken for granted that no other possibility exists.

The adherents of such a view derive much comfort from
the results of population mathematics, especially Wright's
calculations (1931), showing that small isolated groups
have the greatest chance of accumulating mutants, even
without favorable selection. I do not want to create the im-
pression that I underrate the mathematical study of selec-
tion problems, as found in the brilliant work of Fisher, Hal-
dane, Volterra, Wright. Actually, I had tried to work out
a special case of selection (nun moth, Goldschmidt, 1920b)
with insufficient mathematical equipment before Haldane
furnished the proper formulae, and therefore I am fully
aware of the importance of this now-popular branch of evo-
lutionary research. But it is necessary to remember an old
remark of Johannsen in his criticism of Galtonian biometry;
namely, that biology must be studied with mathematics but
not as mathematics. This means that the most brilliant math-
ematical treatment is in vain if the biological rating of the
material is not correct (see Pearson and Mendelism). I am
of the opinion that this criticism applies also to the mathe-
matical study of evolution. This study takes it for granted
that evolution proceeds by slow accumulation of micromu-
tations through selection, and that the rate of mutation of
evolutionary importance is comparable to that of laboratory
mutations, which latter are certainly a motley mixture of
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different processes of dubious evolutionary significance. If,
however, evolution does not proceed according to the neo-
Darwinian scheme, its mathematical study turns out to be
based on wrong premises.

In our present discussion of isolation and the incipient
species, it is the contention that small isolated populations
have the greatest evolutionary chances from the standpoint
of population mathematics. This contention must fall to the
ground simultaneously with the neo-Darwinian concept. But
it might also be pointed out that the mathematical conclu-
sion does not agree with many biological facts. Anybody who
has seen the regal primrose grow in a single crater of
Java, or collected A pus and Limnadia in their rare and
isolated haunts, or has studied the occurrence of innumer-
able so-called relics, is impressed by their uniformity
and their obvious position at the end of an evolutionary
blind alley, in spite of isolation in small populations, in ad-
dition to generalized, primitive features (Phyllopoda, Anas-
pides) most suitable for evolution. On the other hand, large
isolated populations frequently show most extreme varia-
tion. I once observed a population of a Helix species in
Paestum, Italy, which was so dense that the plants were
hardly visible under the innumerable snails. The variation
among the snails (of the well-known Mendelian type) was
immense, and certainly could not have been greater. There
is no factual basis for the assumption that such a Mendelian
polymorphism leads beyond the existence of whatever re-
combinations are possible. Another set of facts which clearly
does not agree with the mathematical theorem is found in
Vavilov's gene centers, assumed also by Reinig (see discus-
sion on p. 87). Whatever the theoretical interpretation
may be, the facts show a small area containing a multitude
of species side by side, and numerous mutants within the
species. By dispersal of these mutants rassenkreise may be
formed, but nothing indicates that species are produced in
these centers by isolation and accumulation of mutations.

The contents of this chapter, as well as all the data pre-
sented thus far and to be presented below, show that the neo-
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Darwinian conception, which works perfectly within the
limits of the species, encounters difficulties and is not sus-
tained by the actual facts when the step from species to spe-
cies has to be explained. Selection will certainly be involved
also in the accomplishment of this decisive step, but we shall
see that selection in nature probably has much easier work
than that required by the neo-Darwinian idea of slow ac-
cumulation of micromutations.

6. THE SPECIES
OUR discussions up to this point have shown microevolution
at work within the confines of the species, diversifying the
primary form either by adapting the species genetically to
diverse conditions of the environment within the area suit-
able for occupation; i.e., by subspecific, geographic sub-
division, or by a diversification which is more haphazard and
nonadaptational, occurring in the form of mutations, local
polymorphism, and polymorphism enhanced by isolation. In
all cases the diversification could be subdivided almost with-
out limit down to differences between individual colonies,
showing that taxonomic subunits could be multiplied if it
would serve a purpose. Wherever known, this diversification
was based on the different types of Mendelian differences,
implying origin by accumulation of micromutations. It fur-
ther turned out that the subgroups, wherever tested, were
completely fertile inter se, though this would not exclude an
occasional lack of actual interbreeding which might be on
the same biological level as; e.g., noninterbreeding between
Brahmin and Pariah.

Darwin's classic concept of the origin of species, which,
as we saw, is the one to which modern biologists have largely
returned—we spoke of neo-Darwinism—is found in the fol-
lowing phrases from the Origin of Species (Chapter II):
"Certainly no clear line of demarcation has as yet been
drawn between species and subspecies—that is, the forms
which in the opinion of some naturalists come very near to,
but do not quite arrive at, the rank of species: or, again, be-
tween subspecies and well marked varieties or between lesser
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varieties and individual differences. These differences blend
into each other by an insensible series; and a series that im-
presses the mind with the idea of an actual passage.

"Hence I look at individual differences, though of small
interest to the systematist, as of the highest importance for
us, as being the first steps towards such slight varieties as
are barely thought worth recording in works on natural his-
tory. And I look at varieties which are in any degree more
distinct and permanent as steps towards more strongly
marked and permanent varieties; and at the latter as lead-
ing to subspecies, and then to species. A well marked variety
may therefore be called an incipient species."

All these facts have become apparent in our previous dis-
cussion, where the modern factual additions to the classic
conception were recorded as microevolution within the spe-
cies. We now come to a consideration of the next step in evo-
lution, as set forth in the words of Darwin: "Certainly no
clear line of demarcation has as yet been drawn between spe-
cies and subspecies." Do subspecies actually merge into spe-
cies as gradually as one subspecies grades into another one?
In other words, are subspecies incipient species and is spe-
cific differentiation, as well as that of higher categories, a
continuation of microevolution, based upon the same prin-
ciples of accumulation of small mutations, adaptational or
otherwise?

Darwin's term, "incipient species," has been frequently
used in our discussion. I am not sure that the many authors
who use this term stop to think what is actually meant by it.
Incipient species must mean that any variation, large or
small, within a species has the potentiality of becoming a
new species, and, further, that this probability increases
with the accumulation of different traits and is therefore
greatest in extreme subspecies. If this is true, it follows that
subspecific differentiation is a necessary, obligatory step
toward species formation. This, in turn, means that the dif-
ferences between two closely related species must be a con-
tinuation of the series of differences between subspecies, as
we found subspecific differentiation not to be haphazard but
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orderly. And since this orderly behavior of subspecific dif-
ferences is found to parallel geographical or ecological
clines, the decisive step from subspecies to species must occur
only at the extreme points of the range of the species. Local-
ized species, not forming clines of subspecies, are therefore
excluded from further evolution. There is no possibility of
other interpretations within the concept of incipient species.
Rensch is one of the few who recognized this clearly and ac-
tually postulated (see below) that the new species are
formed at the extreme end of a subspecific cline and later re-
turn to the point of origin to live side by side with the old
species.

But geneticists who use the concept of incipient species
do it in a different way. They think that a subspecies will be
isolated and then have a chance and even greater probability
(see above, S. Wright) of producing new mutations, which
accumulate until the specific difference is reached. It is
usually overlooked that such a conception does not require
at all the existence of incipient species. Any isolated group
within a population, whether already different from the rest
or not, will have the same chance for evolution as any other
(provided an equal rate of mutation) if the genetical prem-
ises are correct and if the direction toward the new species is
not bound to coincide with the direction of subspecific differ-
entiation. The only apparent advantage of a subspecies over
any ordinary mutants would be that a few mutations have
already been accumulated to start with on the path toward
the species. How little that would mean for evolution be-
comes visible if we remember the numerous species which
have needed all the time since the Late Tertiary to produce
their subspecies. The difficulty caused by adaptive subspe-
cific traits will soon be discussed. The Darwinian incipient
species makes sense, therefore, only if the track leading to
specific differences is a continuation of the subspecific clines.
Otherwise any isolated population would potentially be an
incipient species, and the rassenkreis might at best be called
only a model of specific differentiation (i.e., from the point
of view of neo-Darwinism).
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A. The Good Species
We do not intend to discuss definitions, and we do not feel

entitled to tell the taxonomists what they ought to call a
species. But if we want to analyze the all-decisive step from
within the confines of the species to the next higher category,
which is generally called the species, we must know what kind
of taxonomic distinction we are discussing. Let us see, there-
fore, how some modern taxonomists look at this decisive
point.

It is of course well known that in older literature the
members of a rassenkreis are listed as species; in some recent
work this system is still followed, particularly in plants.
There is even a quite recent and very elaborate piece of tax-
onomic work, Kinsey's on Cynips (loc. cit.), in which there
is found not only a return to the older method, but even a
step beyond that, for he calls all clearly recognizable forms
species. These, however, are mainly problems of taxonomic
technique. We are not interested here in the names given to
the categories. The different viewpoints have been amply
discussed by numerous authors. Their respective merits may
be weighed and compared by a study of such comprehensive
treatments as those published by Berg (1926), Du Rietz
(1930), Lotsy (1916), Remane (1927), Robson (1928),
Semenov-Tianschansky (1910), and many others. Owr prob-
lem is to find out whether the lower categories which we
treated as subspecies or geographic races, according to the
rassenkreis concept, show a continuous intergradation with
members of another rassenkreis or species. If subspecies are
considered to be incipient species which only need isolation
to become species, such a merging of one rassenkreis into an-
other must be observable, unless we suppose that the links
are bound to be missing. If, however, subspecies are nothing
but an intraspecific diversification which adapts the species,
at least in the majority of cases, to definite conditions within
its area of distribution, the limit between two species or ras-
senkreise ought to be in the nature of a hiatus, an unbridged
cleft.
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It is remarkable that many modern taxonomists who have

worked with rassenkreise seem to be inclined to take the
latter viewpoint, in spite of their usual neo-Darwinian lean-
ing. As a matter of fact, it is one of the primary tenets of
the rassenkreis theory that forms which replace each other
geographically and are able to interbreed freely are mem-
bers of a rassenkreis. But forms which live in the same area
(forming their own rassenkreis or not, as may be) and which
do not interbreed are called species. (The important border
cases will be discussed in the next chapter.) Kleinschmidt
(1897; English translation, 1930), the father of the formen-
kreis concept, held that every species was separated from
every other by a gap. His intensive studies as an ornitholo-
gist of considerable authority, as well as his study of other
groups, demonstrated to him that this was the rule. (He was
even led to deny an evolution from one species into another,
but here the preacher might have influenced the ornitholo-
gist.) He categorically denied that subspecies are incipient
species. His modern followers in the rassenkreis theory do
not agree with the latter conclusion (see below). But they
nevertheless regard species as entities which, barring certain
border cases to be discussed later, have a separate existence
and do not grade into each other. (This statement is of
course independent of the terminology; i.e., whether an
author calls the absolutely distinct types genera or sub-
genera or species.) Turesson says (1922) : "Thus while the
belief that the Linnean species of the present genetically
represent complicated products of recombined Mendelian
factors, or genotype compounds, has been strengthened, few
would maintain that the problems connected with the forma-
tion of the Linnean species are exhausted by this demonstra-
tion. Most of these species are, as every earnest inquirer will
find, in their natural areas of distribution rather circum-
scribed products, which do not live in any extensive connu-
bium with congeners of other species. The bridgeless gaps11

found between species of the same genus, the final molding
of the Linnean species, then remain to be explained." Not

11. Italics mine.
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very different is J. Clausen's (1937) statement: "It has been
shown, first of all, that species really do exist as natural bio-
logical entities. Each is fitted to live in the environment in
which it is found, as a key fits a lock." Still more explicit is
E. Anderson's (1936) statement: "The conclusion was
reached that closely related though these Irises might be,
variation within either species was of quite another order of
magnitude from the hiatus between them. . . . The variation
within could never be compounded into the variation be-
tween. The two species were made of two different mate-
rials."11* This latter statement, however, relates only to a
single case. Crampton (loc. cit.), though a neo-Darwinian,
also describes the facts relating to the Partula of Tahiti in
the same sense. He emphasizes that the species differences,
as opposed to the subspecific variation, are clear-cut. Differ-
ent species may be found browsing on the same tree without
any question arising regarding their specific diversity. Fur-
ther statements of experienced taxonomists presenting
exactly the same conclusions as those now reported will be
mentioned below.

The above quotations illustrate the experiences of biolo-
gists working both experimentally and morphologically with
the lowest taxonomic groups. My own results with the ma-
terial I was analyzing are exactly the same (see 1932,1933).
The two nearest relatives of Lymantria dispar are the spe-
cies mathura and monacha. The latter inhabits the same area
as dispar, the Palearctic zone, and the two species may be
found side by side in Europe as well as in Japan, though
their life habits are somewhat different. Mathura is a sub-
tropical form stretching from India through southern China
up to northern China and Japan, where all three species
may be found side by side. Mathura and dispar are rather
similar in habit and may be found laying eggs on the same
tree, as I once observed in Shantung Province of northern
China. I do not doubt that monacha might also be present
by chance on the same tree with the others, though its ecol-
ogy is somewhat different. Taxonomically there is no doubt

lla Italics mine.
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that the three species are members of the same genus. But
it is not difficult to show that between them exists the
"bridgeless gap" which we are discussing. This applies to
practically any morphological, physiological, and ecological
character which has been studied (much unpublished work

FIG. 24. Lymantria dispar (top row), mathura, Japanese subspecies (second row)
monacha (third row); left, female; right, male. (Original)

by the author). The difference of wing pattern and sexual
dimorphism may be easily seen in figure 24. The genital
armature is different (see fig. 25), and so are the shape, size,
hairiness, and color of the body. The caterpillars are utterly
different in pattern of markings, color, and hair (fig. 26).
The pupal case is extremely different in color, texture of
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chitin, hair. The method of attachment of the pupae and
the details of the process of pupation are different. Ecology
and feeding habits are different, and so are the methods of
dispersal. Completely different are the egg-laying habits,
the structure of the female ovipositor, the hair on the ab-
domen, the function of the cement glands, and the instincts.
Finally, there is also a difference of sex chromosomes be-
tween dispar and monacha, as my former students Seller and
Haniel (1921) found. (The chromosomes of mathura have

FIG. 26. Caterpillars of ( a ) Lymantria dispar from southern Japan, (6)
L. monacha (from Goldschmidt), (c) L. mathura (original).

not yet been studied.) Thus we can actually apply to this
description Anderson's statement that the three species are
made of different materials. Nevertheless, dispar and ma-
thura are species which replace each other geographically,
with a small area in common. Both have formed subspecies
within their range (those of mathura have not been as yet
properly described, but many are known). In dispar we
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know all the trends of subspecific variation, but these are on
a level very different from that of the specific differences.
For example, where patterns are involved (caterpillar,
wings) the subspecific variation may be described as a plus
or minus change within a particular pattern. But between
the species even the basic patterns are different.

Let us now recall the discussion on page 140 regarding
the meaning of the idea of incipient species. If the geo-
graphic races are incipient species or, to put it more clearly,
if the road to species formation is bound to be traced via sub-
specific variation, differences between closely related species,
especially those replacing each other in adjacent areas,
ought to be on the same genetic level as subspecific differ-
ences. This means that the differences are such that they can
be conceived of as having arisen by further accumulation of
the type of differences which are found in subspecific differ-
entiation. An earlier statement of this conclusion (Gold-
schmidt, 1933) has been misinterpreted (by Rensch and J.
Huxley) as meaning that closely related species ought to be
different in exactly the same features as subspecies, if de-
rived from these. This is not necessarily meant. What is
meant is that the level of differences; i.e., their order of mag-
nitude, must be the same, though the species might be char-
acterized by a more extreme departure. If we look at differ-
ent rassenkreise in Lepidoptera, butterflies or moths, the
subspecific differences are always of the same order of mag-
nitude ; i.e., shifts in a few directions within the general pat-
tern of organization of the species. If these are the incipient
species, the closely related species must be different in the
same way, though on a larger scale. But actually the specific
differences are on a completely different level of organiza-
tion, the result of completely different materials, as Ander-
son expressed it. Take as examples of subspecific differentia-
tion those described in detail in former chapters. Compare
with those, to use only one character, the difference in the
process of egg laying between the three Lymantria species.
In dispar there is a blunt abdomen, without ovipositor, the
instinct to lay the eggs in a cluster of definite shape, the in-
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stinct to lay on the surface of trees, boards, rocks, the in-
stinct to cover the batch with a thick sponge of rubbed-off
abdominal hair, and in addition all the morphological fea-
tures which make all this possible. In monacha there is a long
ovipositor with all the necessary muscles and innervation,
which can be bent and inserted in clefts of bark. The eggs
are deposited in loose clusters kept together by a little cem-
ent. In maihwra the ovipositor is still more flexible, en-
abling the moth to stick the eggs below the bark. They are
held together by a very hard white cement in which the eggs
are completely embedded. In both cases no abdominal hair
is present and the instinct to rub off the hair is missing. It
is clear that such complicated differences are on a quite dif-
ferent evolutionary level from the simple subspecific differ-
ences and cannot be conceived of as merely a quantitative
departure from the type of difference found in subspecies.
Here we actually have the "bridgeless gap" of Turesson, the
species "made of entirely different material" of Anderson,
the completely different reaction systems (see below), the
different order of magnitude of differences, the different
evolutionary, morphological, genetical level.

I should point in this connection to another example,
whose specific biological features, however, do not permit us
to generalize. Two well-known species of parasitic nema-
todes, Ascaris megalocephala from the horse and Iwmbri-
coides from the pig, are adapted to practically the same con-
ditions of life within a mammalian intestine. Taxonomically
they are distinguished by a few minor differences in size and
in the features of the anterior end. But in studies of their
histology, which I made a long time ago, it turned out that
practically every cell is different in both forms. Nematodes
are cell-constant forms (Goldschmidt, Martini) and there-
fore many organs are built by a definite number of cells. For
some organs it was found that this cell number was different
in the two species. In other organs the intimate cell structure
differed. At the time when I was engaged in this work
(1902—10) I was able to assign with certainty a slide of any
organ, or even an individual cell, to one of the two species.
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I do not know of any comparable work (though histological
differences of a less extreme order between species are well
known to experimental embryologists). Though parasitism
and cell-constancy set the case of Ascaris somewhat apart,
I wonder if a closer scrutiny would not reveal comparable
features in ordinary specific differentiation.

As the studies of the authors mentioned above penetrated
much deeper into the details of the situation than any purely
taxonomic study could do, there can be no doubt that spe-
cific differences of a completely different type from that of
subspecific variation actually exist. The question is whether
or not these have nevertheless arisen by the same type of
microevolution as is found within the species, which means
that the existing gaps have to be filled by missing links.

Let us first see how the followers of the latter viewpoint
account for facts of the type just discussed. There is one
interpretation which closely resembles the type of phylo-
genetic speculation current in early Darwinian times. If two
different forms were to be analyzed from the standpoint of
evolution, a common ancestor was invented from which both
forms had slowly diverged. In the same way species which
are completely separated are supposed to be very old and
therefore highly divergent. But as no intermediate forms
exist, some kind of isolation must have taken place while the
specific diversity was being established. But the two diverse
species live side by side. It is therefore assumed (e.g.,
Rensch) that originally the specific diversification occurred
at the extreme ends of a geographic series. The two now dif-
ferent forms secondarily migrated again and came to live
side by side in the same area. I am afraid that this is hardly
a plausible way to bridge an actually existing gap between
two species. We found before that in most cases subspecific
variation adapts the species to environmental clines. Wher-
ever this is actually the case, a return of the subspecies at
one extreme end toward the starting point could only be ac-
complished by retracing the steps of preadaptational muta-
tion to its original condition; i.e., return to the original type.
This situation is best illustrated in the cases already dis-
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cussed in which different species have parallel subspecific
clines within the same area, thus showing that all this varia-
tion is below the specific level. I may add that Mordvilko
(1937), though himself a taxonomist and evolutionist of
neo-Darwinian leanings, also realized this situation to a cer-
tain extent. He was confronted with the difficulty—usually
shelved quietly—that species are supposed to originate by
the accumulation of mutations, but that the species do not
continue to produce further species in spite of the continua-
tion of mutation and the production "of a multitude of local
peculiarities, which greatly obscures the main path of species
formation, because geographic forms can be discovered most
easily." He adds that the geographic radiation can be only
an unimportant way of species formation and, further: "In
no case can this [the geographic radiation] explain the
simultaneous occurrence of different species of the same
animal or plant genus in one and the same region, species
adapted to definite ecological features."

The situation would of course be different if nonadapta-
tional traits were taken as the point of departure. A retrac-
ing of the steps would in this case be independent of eventual
adaptational changes. But simple analysis makes it clear
that in such a case a positive result would be completely in-
dependent of subspecific variation within a rassenkreis, as
emphasized before. To repeat the argument: The ability of
a subgroup in a population to live as a constant unit side
by side with the rest of the population without interbreeding
is exclusively controlled by the occurrence of genetic isola-
tion. This might as well occur at the end-points of a geo-
graphic series or at a single point anywhere. If it can occur
at all by slow accumulation of micromutations, it is bound
to happen in either of two ways: either by isolation of a sub-
group, with prevention of interbreeding and subsequent di-
vergence of evolution up to the point of real difference, the
specific gap, which would thereafter permit the forms to
live side by side if isolation ceased; or by physiological isola-
tion, which sets in suddenly and afterwards permits a diver-
sification. In both cases the ultimate specific differences
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would be completely independent of the genetic status of the
population at the moment isolation set in. A form without
any subspecific variation, a single subspecific type anywhere
in the area of distribution, or finally an extreme subspecies
at the end of a series, would all be equally apt to allow indi-
viduals in their midst to start toward specific differentiation
provided that isolation of one or the other type occurred.
There is no reason whatsoever to suppose that such a diver-
sification has to start with already differentiated subspecific
strains. Given the existence of mutation, isolation alone is
needed. The rank of subspecies as incipient species could be
established only if it were shown that specific differences are
nothing but an accumulation of subspecific ones produced
in the same direction as the trend of subspecific diversifica-
tion runs, or at least on the same general level. If this can-
not be shown, subspecific differences, adaptational or not,
remain permutations within the species, and the specific gap
is produced by another type of evolution, which is not neces-
sarily to be conceived of as microevolution by accumulation
of micromutations. I am glad to find that Dice and Blossom
(1937), who have studied, both taxonomically and experi-
mentally, the species and rassenkreise of Peromyscus, have
joined me in this conclusion. They write: "While a new
species might differentiate from an isolated race through the
production of an infertility with its relatives, there would
seem no more likelihood of a new species originating from an
isolated race than from any isolated division of a species.
.. . Most geographic races, therefore, probably do not rep-
resent incipient species but are only responses to a local type
of environment." (Dice nevertheless assumes the same type
of microevolution for species as for subspecies; this point
will be discussed later.)

I mentioned above that Rensch tried to dispose of my
argument derived from the case of Lymantria by pointing
out that I was dealing with very "old species." I should like
to register my skepticism toward an explanation of the
bridgeless gap by recourse to the rather gratuitous assump-
tion of old and new species. Does not this argumentation
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actually run the following way: Why the bridgeless gap?
Because the species are old ones. Why are they old ones?
Because of the bridgeless gap between them. I may invoke
as a witness a leading taxonomist in what probably is the
best-known group of animals, the birds, and one who ex-
poses this phylogenetic argument thoroughly while trying
to defend it. Stresemann (1936) finds that ornithologists
have become more and more convinced "that there is really
something like natural species, surrounded by sharp struc-
tural boundaries" (see above, Kleinschmidt). But as most
of these taxonomists are Darwinists, they face the difficulty
of bringing together evolution of species and their constancy
(see above, the psychological element). The way out of the
dilemma for Stresemann is that most present-day species
are much older units than had formerly been assumed to be
the case and that "it is never the individual variation occur-
ring within a population which gives rise to speciation. On
the contrary, species multiply only on the basis of geo-
graphic variation and this is a very slow process." This
statement by one of the leading and most progressive tax-
onomists is certainly remarkable. First it confirms with the
authority of an experienced taxonomist the results obtained
by the authors mentioned in this chapter: specific differences
are on a different level from subspecific ones. It then shows
the embarrassment of the neo-Darwinist in the face of incon-
testable facts and his refuge in phylogenetic assumptions
which cannot be tested. Visible geographic variation, which
is on the same microevolutionary level as any genetical va-
riation within a population, is recognized as insufficient for
an understanding of species formation; but as geographical
variation has to be the basis of species formation, the only
comfort available is recourse to an inaccessible, slow phylo-
genetic process. Unbiased by the wish to express the facts
in neo-Darwinian terms, I prefer to conclude as follows:
Species formation is based upon a different type of evolu-
tionary procedure than that of subspecific differentiation,
which latter is the result of selected or nonselected accumu-
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lation of micromutations. It will be seen below whether and
in what form such a process is at present conceivable.

B. The Border Cases
A potent argument in favor of the derivation of species

by an accumulation of subspecific micromutations is derived
from cases in which the taxonomist is in a dilemma as to
whether to call a form a subspecies or a species. Some such
cases have already been mentioned. Stresemann (loc. cit.)
describes such situations in the following way: Two similar
forms are usually called subspecies if they replace each other
in space. If they live in the same area without interbreeding
they are called species. This, he thinks, is an artificial sys-
tem. Many subspecies would behave like species if they could
be settled in the same area. This can be proven, he assumes,
in a few instances, as in the case of Parus major, which we
discussed on page 120. "There are other and even more
puzzling cases. The English sparrow Passer domesticus and
the Mediterranean willow sparrow Passer hispaniolensis live
side by side in Spain, in Greece, in Asia Minor, and in Pal-
estine, differing somewhat in ecology. There they never in-
terbreed and everybody would treat them as species. But if
we proceed to northern Africa we will meet there a mixed
population practically composed of hybrids only. Here they
behave exactly like two members of a species. What to do
with them ?" The last question I should like to answer in the
following way: As a taxonomist, do with them what appears
to be practical. But as an evolutionist, treat them as mem-
bers of one species, which they most clearly are, though they
do not interbreed in some localities, just as the Brahmin
does not interbreed with a Pariah, his own near biological
relative. But the subspecies Brahmin or Indian could breed
successfully with as different a subspecies as an Eskimo,
if he wanted to.

Stresemann discusses another instructive example. In New
Guinea, some highland birds closely related to lowland forms
are found, but separated by constant differences with no in-
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termediates. He asks, "Shall these mountain forms be treat-
ed as subspecies of the lowland species or do they merit the
rank of a full species ? That is just a matter of taste.12 In
these cases, at least, lowland and highland forms do not
differ any more from each other, or they differ even less than
horizontal representatives often do." Stresemann, a little
later, answers the question appropriately for the taxono-
mist: "No fast line can be drawn here. But one ought to re-
frain from red tape. Whoever wants to hold to firm rules,
should give up tacconomical work.12* Nature is much too dis-
orderly for such a man. He would better turn to collecting
postage stamps." This clearly means that there is no definite
taxonomic technique. But does it mean that from the stand-
point of evolution subspecies continually merge into species ?
Certainly not. Where species can be distinguished with cer-
tainty (see the last chapter) they are different and sepa-
rated by a gap, if not by an abyss. If, however, the distinc-
tion is a "matter of taste," evolutionary conclusions are also
a matter of taste, that is, worthless. Therefore caution is
advised in regard to conclusions based exclusively upon
statements arrived at by means of a highly subjective tech-
nique.

The same situation is encountered in another group of
facts. There are cases in which a continuous geographic
cline of subspecies is found, but in which there is also an
isolated form somewhere, frequently upon an island or in
a distant region. We have already met with such cases in
Crepis and Papilio. Many taxonomists would describe such
isolated forms as species. In Osgood's monograph on Pero-
myscus, mentioned before, examples of this kind are found,
and the isolated location even enters the dichotomic key as a
major distinctive feature! But there are other taxonomists
who include such isolated forms as subspecies in a rassen-
kreis, as Jordan consistently does for Lepidoptera (see
1905). The extreme of this type of variation is the existence
of different closely related forms or whole rassenkreise,

12. Italics mine.
12s. Italics mine.
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termed different species, each in a definite geographic area,
which is completely separated from the next one. In such
cases different so-called species replace each other geograph-
ically, just as subspecies do in a simple rassenkreis. Many
examples may be found in the books of Rensch and Reinig.
In all these cases it is again "a matter of taste" whether the
forms separated, but replacing each other geographically,
are called subspecies or species. Rensch, in his book (loc.
cit.), mentions numerous cases in which different taxono-
mists followed one or the other rule, or even in which the
same taxonomist changed his mind in subsequent studies of
the same material. Rensch therefore proposes to speak in
such cases of a circle of species (artenkreis), as opposed to
rassenkreis, a concept which is severely criticized by Reinig
on the basis of the same material.

Again we are confronted with the same situation as be-
fore. The taxonomic assignment of the category does not
concern the evolutionist except when it is used to demon-
strate that the subspecies grades slowly into another species.
There can be no doubt that completely different species may
sometimes live side by side, and in other cases may inhabit
different regions. To take an example which we used before,
Lymantria dispar and monacha live side by side over the
Palearctic region, and L. mathura replaces them in south-
eastern Asia. But in Japan and northern China they overlap
and do not interbreed. However, they are actually totally
different forms, which nobody could take for geographic
races. On the other hand, there is no necessity that distant
forms replacing each other geographically always be species
in the sense of evolution. Many of the cases described show
that the differences are of the same order as subspecific dif-
ferences. There are even cases in which an individual could
not be assigned to one or the other "species" when its origin
was unknown (see above, Rensch). Many cases are on record
in which a more recent analysis has reduced numerous such
species into subspecies; an example is the case of Papilio
machaon, examined before. Clearly, then, the only decisive
test is success in interbreeding.
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Fortunately, we are not completely left to "matters of
taste" but know something about the genetic behavior of
such border cases. There is, for example, the case of the two
closely related Peromyscus species, leucopus and gossypinus.
Each forms a distinct rassenkreis of many subspecies, but
they replace each other geographically; i.e., they constitute
what Rensch would call an artenkreis. Leucopus ranges from
Nova Scotia to southern Mexico (Osgood, 1909) ; gossy-
pinus is found in Texas, Florida, and southern Virginia.
The ranges overlap slightly, but Osgood did not find evi-
dence of interbreeding. Nevertheless, Dice and Blossom
(1937) found that both species, as well as their subspecies,
produced perfectly fertile hybrids when crossed. Though it
might be correct, then, to speak of two species from the
standpoint of the taxonomist, as regards evolution there is
no reason to consider these forms as anything but geo-
graphic subspecies which, by the way, may actually have
formed subsubspecific clines spreading from an eastern and
a western glacial age refuge, according to the conception of
Reinig. The same applies to two "species" of Peromyscus
which are still more isolated from each other: the deer mouse
Peromyscus maniculatus and the old field mouse P. poliono-
tus (the latter in Florida, the former widespread; see p.
96). According to Dice and Blossom (1937), they produce
perfectly fertile hybrids.

I do not doubt that a proper study would lead to the same
interpretation of all artenkreise. Through the courtesy of
Dr. A. H. Miller I had access to his monograph (now in
press)13 of the genus Junco. Here a typical artenkreis, in
the sense of Rensch, is found. The genus ranges from the
Arctic tree line in North America south to western Panama,
and is comprised of twenty-one forms. All of these are geo-
graphically complementary. Some distinct subgroups that
are fully isolated and strongly differentiated from one an-
other occur within the genus. Thus artenkreise of lesser
scope within the entire group may be conceived. This mate-
rial is assigned to eight species, some of which may be com-

13. In the University of California Publications in Zoology.
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bined into a secondary artenkreis and some of which have
formed a more or less diversified rassenkreis. Specific traits
of ecological adaptation are not known. As already empha-
sized, each distinguishable form has its separate habitat. But
where the so-called species have a chance to meet, they inter-
breed freely. Thus we face the old situation. The taxonomist
prefers a definite nomenclature according to his taste. The
evolutionist, however, must look beyond the nomenclature
and then he finds that the artenkreis is nothing but a glori-
fied rassenkreis, a case of microevolution without meaning
for the problem of the specific gap.

A botanical example of the same type may be taken from
the work on Crepis by Babcock and Cave. This is included
in table 7 (p. 99). These authors analyzed a series of Medi-
terranean subspecies of Crepis foetida ranging east into
Persia, and in addition two species, Thomsonii from India
and eritreensis from Eritrea. The latter two are considered
as species on account of their isolation. But their morpho-
logical differences are rather small, as the table shows, and
some characters are identical with those of some of the sub-
species of foetida, while others are divergent. There is a
small difference in fertility relations, but it is so small that
its significance may be doubted. Actually the hybrids be-
tween the species are fertile. The chromosomes also are iden-
tical, and the differential traits show the same simple Men-
delian behavior as the traits of the subspecies (see p. 100).
Babcock insists on calling the two isolated types species, and
therefore concludes that the specific difference has arisen by
only a few mutational steps. But the actual facts do not per-
mit us to consider these "species" from the standpoint of
evolution as at all different from other subspecies, whatever
taxonomic term may be advisable. The facts actually show,
in my opinion, that these border cases belong to the problem
of subspecific diversification and do not carry any message
regarding species differentiation.

There is another report from Babcock's laboratory by
Jenkins (1940) in which comparable data are found for
isolated endemic island forms. Jenkins studied four closely
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related "species" of Crepis, three of which are endemic to
Madeira and the Canary Islands. The fourth is a widespread
species from Africa and Europe, with a subspecies endemic
to Madeira and another one introduced into Madeira (C.
divaricata, Nororihaea, canariensis, vesicaria). All of these
are well characterized by traits similar to those found in the
previous example. All have the same chromosomal comple-
ment, are fertile inter se, and produce fertile hybrids. The
differences, constant within a certain range of variation, are
heritable and seem to be based upon multiple factors. In a
general ways the facts are of the same order as described for
the other examples. The important point is that here well-
isolated insular forms are studied which have probably been
isolated for a considerable geological time. The taxonomist
describes them as species, as they are isolated endemisms.
But the genetic analysis, as I interpret it, reveals that these
long-isolated forms have not differentiated beyond the sub-
specific level. They do not interbreed, for lack of oppor-
tunity. But Jenkins described one introduction into Madeira
which does interbreed with the endemic form. This example
is useful because it shows in a concrete case that so-called
insular species may be nothing but ordinary geographic sub-
species, and that the expectation of more extreme divergence
after isolation has not been fulfilled. We do not know why
this is the case. But it may be assumed that the reason is to
be found in the absence of that type of genetic change which
is able to bridge the specific gap. It will soon be apparent
what is meant by "that type of genetic change."

Material of the type reported now; i.e., a combination of
a taxonomic analysis with a genetical one in case of an
artenkreis, is not yet abundant. In the animal kingdom the
only case known to me paralleling that of Crepis is found in
tropical fresh-water fishes. Breider (1936) analyzed an ar-
tenkreis of different "species" of the poeciliid fish Limia
living in the Great Antilles. Three of these "species," vittata
from Cuba, caudofasciata from Jamaica, and nigrofasciata
from Haiti, were used. Their differences are of the type
found in the taxonomy of fishes: measurements of body
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parts, proportions, skeletal differences in vertebrae and fins,
and color. In addition, there is a difference in regard to sex
determination. One form is bisexual; the others have that
labile type of hermaphroditism which is unfortunately called
phenotypic sex determination by Kosswig and his students
(following Hartmann's nomenclature). Crosses produce fer-
tile hybrids, though a certain amount of sterility is observed.
In addition, the embryonic sexual differentiation of the hy-
brid shows certain aberrant features, which, according to
Breider, have to be considered signs of real specific differ-
ence. These hybrid features may be described in a general
way as changes in the velocity of differentiation. (Note,
however, that in Lymantria dispar the speed of development
of the gonads is one of the typical traits of subspecific dis-
tinction [see Goldschmidt, 1933b] ). Fourteen different dis-
tinctive traits were analyzed in hybridization experiments.
Statistical analysis of the data shows that the differences are
based upon what is assumed to be series of multiple factors.
There are, in addition, genetic differences controlling the
different types of sex determination. Breider states directly
that "there is no difference in principle in the genetic be-
havior of these species hybrids from that of racial hybrids
based on Mendelian poly hybridism." He thus concludes that
these forms are, if not already species, at least incipient
species, which have been produced by geographic isolation
on the basis of the already existing genetic variation. The
fallacy of this conclusion, which actually begs the question,
has already been emphasized.

Finally, we may consider a last example of an artenkreis,
though no genetic work on it is available. The peculiarity of
this artenkreis, that of the gall wasp Cynips as studied by
Kinsey (loc. cit.), which we have had repeated occasion to
mention before, is a twofold one. First, the artenkreis is
comparable to such cases as were mentioned before in which
the "species" were isolated on islands. Cynips is bound to
its host, white oak, and in the southwestern United States
this tree grows on peaks surrounded by desert, a condition
which might be termed insular by way of host isolation (see
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also Kinsey, 1936, 1937). Second, this artenkreis (which is
not Kinsey's interpretation) is a very huge and diversified
one and permits, therefore, the distinction of many taxo-
nomic subunits. This, again, makes this artenkreis very use-
ful for demonstrating the pitfalls attending evolutionary
conclusions from just this type of variation.

The genus Cynips contains an immense series of dis-
tinguishable forms ranging over America and Europe.
Kinsey distinguishes six subgenera (which adherents of the
artenkreis concept would call species, and which the lepidop-
terologists, as well as I, would call groups of subspecies of a
single species). They occupy different geographic areas:
Cynips, Philonix, Atrusca, Acraspis—different parts of cen-
tral, eastern, and southeastern United States, down into
Mexico; Antron and Besbicus—the Pacific Coast of the
United States. Each of these "subgenera" contains numer-
ous "species" which may be grouped for taxonomic purposes
into "complexes." It is obvious that these "species" cor-
respond to the subspecies in the artenkreis concept, and to
subsubspecies, if the whole formenkreis is assumed to be a
single rassenkreis. Actually the relations of the individual
"species" in the chains to each other are exactly the same
as the relations between the different subspecies (and sub-
subspecies) of, for example, Lymantria dispar. Kinsey
describes a series of morphological and physiological in-
dividual characters, none of which alone characterizes a sub-
species and which vary independently over the range; forma-
tion of chains in which the nearest members are most similar
and of the remote members most different; presence of transi-
tions between adjacent "species," free hybridization where
not prevented by geographical or host isolation; genetic dif-
ferences frequently of a low order, not more different than
are the differences between alternating generations of the
same form, or genetic differences of a multiple-factor type,
as concluded from the variability of hybrid populations (no
genetic work is yet done) ; adaptive value of some physio-
logical characters, no apparent adaptive value of others. A
special feature in Cynips (maybe only a result of more in-
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timate knowledge) is that the chains of forms called "species"
are not simple linear chains, but they branch out in different
directions, thus leading to more than two extreme ends. But
all these features of the individual series of "species" within
a so-called subgenus are also found where two of the "sub-
genera" become adjacent: here also the differences are not
greater than between two typical adjacent "species." Fig-

FIG. 27. Extreme types ("genera") in a continuous chain. See text. (From
Kinsey.)

ure 27 represents the chains of geographic forms (called
"species") the ends of which represent the distinct "sub-
genera" (called even genera in one of Kinsey's papers),
namely, Philonix, Acraspis, Sphaeroteras, and Cynips. "But
the limits of the genera are indefinable because of the con-
tinuity of the chain." Figure 28 shows a detailed elaboration
of the same chains, indicating the localization of all eighty-
six "species" involved.

Kinsey's conclusions from these facts are remarkable.
He concludes that exactly the same characters differentiate
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Mendelian races, species, and the "best-defined genera."
(But he shows himself that one of the "best-defined" genera
was characterized by wing length, which turned out to be a
nonheritable seasonal modification!) In genetic terms the
facts mean for Kinsey that mutations within a population,
but not isolated, increase the variation within the species.
If "the very same mutation" is isolated or selected, a new

FIG. 28. The details of the chains represented in figure 27, indicating the
location of the individual "species." The "genera" are marked with differ-
ent shadings. Where two such are joined; e.g., Acraspis and Philonix in
Mexico, the transition is not different in magnitude from that from any
one "species" to another. (From Kinsey.)

species ensues differentiated by the same characters which
before characterized the Mendelian races. "But, finally, if
the specific differentiation involves major mutations which
are continued through any series of species, we ordinarily
consider that two genera have evolved." In all these cases
the same characters are involved.

There is no need to go into further detail. All the facts
discussed thus far, genetic and otherwise, demonstrate
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clearly the errors contained in these conclusions. Our in-
terpretation of the facts, which is in harmony with the con-
clusions reached previously in this chapter, is that a very
complicated case of microevolution within a species is in-
volved, whatever nomenclature the specialist chooses to
apply to the groups which he is able to distinguish. The case
which probably contains the most elaborate data thus far
presented for an individual chain of forms shows, in our
opinion, how far microevolution within a species will go if
circumstances are favorable. But the facts fail to give any
information regarding the origin of actual species, not to
mention higher categories. It ought to be added, however,
that some of the data are difficult to understand. It seems
clear that the so-called subgenera, mentioned above, are in
part isolated from each other. But I could not make out
whether some of them live also side by side without inter-
breeding.

We realize, then, that in a discussion of artenkreise from
the standpoint of evolution we have to free ourselves first
from the unconscious bonds imposed by a nomenclature
which is apt to obscure the issue. We discussed before (see
diagram, p. 166) the presence of different categories of
distinguishable forms within a rassenkreis. Taxonomic usage
permits the naming of subspecies only. But if a rassenkreis
is well known, and especially if it spreads over a large area,
more and more minute differences become known which
permit a further subdivision. At this point there sets in what
Stresemann termed a matter of taste, as far as the taxonomist
is concerned. Let us describe the situation in symbols. The
actual material is a large set of distinguishable forms, re-
placing each other geographically and isolated more or less,
depending upon ecology and the geological features of the
area. The forms are of different taxonomic value and can
be grouped into more or less clearly discernible subgroups,
which sometimes are delimited by natural barriers (e.g.,
islands) and therefore appear clear-cut, but sometimes are
only chosen artificially in order to handle an otherwise
unwieldy mass of material. Let us symbolize the entire
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formenkreis by the figure I, and the distinguishable lower
units by 1, 2 . . ., then A, B . . ., then a, b. . . . The
entire group then looks like the following diagram, if we
assume a linear arrangement for simplicity's sake:

The taxonomists, then, might describe this group in
different ways. The first student (e.g., of Lymantria) calls
the group the "rassenkreis" of the species I. He describes
A—L as subspecies, mentions that two major gaps (<———>)
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permit one to distinguish three groups of subspecies
(1, 2, 3—6) which he calls the Eastern, Western, etc., groups.
Within the subspecies he distinguishes special, recognizable
forms (a-t) which, however, are not named (the sub-
subspecies) and he may even recognize but not name further
subsubsubspecific forms not contained in the diagram. An-
other taxonomist calls I a "genus geographicum" or
"artenkreis" and feels justified in naming 1 and 2 as species,
and 3—6 together a third species. In this case (e.g., Crepis,
Junco) B, C, D would be the subspecies of the species 2, and
a—g not named subsubspecies. But 3-6 would be called in-
dividually groups of subspecies, or as the case might be, sub-
species, which would assign E—L either as subspecies to
groups 3-6 or leave them unnamed subsubspecies of sub-
species 3-6. In this or a comparable way an artenkreis
would be obtained. Still another taxonomist would call a—t
the "subspecies" (e.g., Papilio). They would be grouped into
different geographic groups and subgroups, say, 1, East
Asiatic; 2, American; 3—6, Palearctic groups. The result
would be a huge rassenkreis. Finally, another one would
call a—t "species," combine these into complexes A—L, these
again into subgenera 1—6, these again either into the genera
1, 2, and 3-6, or into the one genus I (e.g., Cynips). Cer-
tainly the taxonomic "taste" would permit all these pro-
cedures, more or less dependent upon the type of material
and its quality.

Now we come to the evolutionary significance. The first
and third authors would claim that they deal with micro-
evolution within a species. The second taxonomist claims that
he has shown that subspecies gradate into species and are
therefore incipient species. The last one, finally, insists
that he has shown that the higher categories up to at least
the genus are built up by slow gradation from the lower
ones. My conclusion, however is: Whatever nomenclature
the taxonomist deems necessary, the whole formenkreis is a
single genetic unit (in agreement with, for example, Klein-
schmidt), a case of microevolution within a single species,
the subdivisions of which may interbreed and show ordinary
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Mendelian differences. Nowhere have the limits of the species
been transgressed, and these limits are separated from the
limits of the next good species by the unbridged gap, which
also includes sterility. Formenkreis, artenkreis, and rassen-
kreis, then, are quantitative variants of the same thing.
They are distinguished from each other by some taxonomists
for reasons of taxonomic technique. Their intrinsic dif-
ference, however, is, I am confident, nothing but the size of
the area inhabited by the species, the more or less visible
isolation of some parts of the area by geographic features
and the amount of diversification—subdivision, subsub-
division, etc.—which the nature of the material permits one
to recognize. Some taxonomists claim that the existence of
artenkreise demonstrates the gradation of the subsubspecies
via subspecies into species at the end-points of the subspecific
range, and even of those into subgenera and genera. I think
that such conclusions amount to self-deception produced by
mistaking nomenclature for evidence of macroevolution. In
an analysis of macroevolution the real gap—usually called
specific, though the taxonomist might call it whatever his
technique requires—is found where two species live or can
live side by side without being able to interbreed or where
they produce sterile hybrids if made to interbreed. This
position, that of the classical Mendelian scholar Bateson, is
also held strictly today by J. Clausen. At this point the
"unbridged gap" of the authors (loc. cit.) is found to be
related to the entire organization of the different forms;
i.e., species in the sense of the evolutionists.

C. SPECIES FORMATION COMPARED TO
SUBSPECIFIC DIFFERENTIATION

The conclusion at which we arrived from many different
angles; namely, that the origin of species is not to be con-
ceived of as occurring via geographic races or the members
of a rassenkreis, does not, however, in itself exclude the pos-
sibility that the same type of genetical process leads to both
types of diversification. This means that just as the sub-
species are the product of accumulation of micromutations,
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presumably largely for the sake of adaptation to local con-
ditions, a more extreme accumulation of such micromuta-
tions, independent of the subspecific differentiation and prob-
ably also independent of adaptation at the outset, will
produce the specific differences. This viewpoint is certainly
a direct consequence of the theory of mutation; i.e., of the
conception that all hereditary differences must be expressible
in terms of gene combination. Later we shall again challenge
this neo-Darwinian conclusion, as we have already re-
peatedly done. In this paragraph we shall discuss some of
the claims for its correctness, claims which are independent
of the respective viewpoint regarding geographical races.

We have already quoted the conclusion which Dice (Dice
and Blossom, 1937) has derived from a genetic analysis of
Peromyscus species. He agrees that the hereditary traits
distinguishing geographic races are not those which enter
into the specific differences. But he expresses the opinion
(held by most geneticists and taxonomists) that isolation
followed by mutations producing sterility, and accumula-
tion of random mutations, will lead to species formation.
(Cautiously he repeatedly adds the word "theoretically.")
Certainly nobody can deny the general theoretical possibility
of such a neo-Darwinian process, and much of the recent
work in mathematical evolution is intended to prove such a
possibility on the basis of studies in population problems.
We have referred to Wright's, Fisher's, and Haldane's
calculations favoring this idea. I must confess that I am
somewhat skeptical as to the significance of these ingenuous
calculations which, as I emphasized before, are decisive only
if the neo-Darwinian viewpoint of evolution by accumula-
tion of micromutations is taken for granted. My skepticism
is increased when I see that wherever facts of geographic
variation have been studied in connection with geological
history the result invariably is that the geographic races in
question .have been formed after isolation in the Tertiary
or the Glacial Age (Anderson, Babcock, Breider, Gold-
schmidt, Kinsey, Rensch, etc.). Subspecific differentiation is
apparently a slow process leading after a rather long time to
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nothing but small differences, permitting the form to spread
into new areas. I wonder how long a species or a genus, not
to speak of a family, would need for evolution if this were
the usual method? I have my doubts, therefore, whether
this method is probable and not merely a "theoretical pos-
sibility" (see quotation from Dice, p. 153).

Actual taxonomic or genetic facts which have been adduced
to prove the neo-Darwinian point (apart from those which
have already been discussed) are the following: Rensch
(1929) emphasizes especially that the visible morphological
differences by which species are distinguished are of the
same type as those which distinguish subspecies, except that
they are less variable and more numerous. This argument
does not seem very convincing. The visible differences upon
which the taxonomist must rely are limited. They will always
tend to be measures, proportions, color, etc. If these are
taken individually, they are of the same order. The beak of
a bird within a single genus will be long or short or broad,
etc., and if the beak varies within subspecies, this will also
mean long or short, etc. But it is the combination of numer-
ous such differences into a whole, separated by a gap from
another comparable whole (in addition to sterility), which
makes so many species so different that they have been char-
acterized as different systems, isolated by bridgeless gaps.
Rensch, who is predominantly an ornithologist, forgets the
statements by such leading ornithologists as Kleinschmidt
and Stresemann, who recognized the bridgeless gaps and
tried to extricate themselves from their dilemma, one by
recourse to theology, the other to phylogenetic speculations.

From the genetic standpoint it has been argued in favor
of neo-Darwinism that crosses between two species, which
may even differ in chromosome numbers and undoubtedly are
good species, may exhibit a Mendelian segregation when
part of the chromosomes are able to conjugate. J. Clausen
(1931) has stressed this point in his Viola studies. But the
word segregation may mean different things. It may mean
segregation of Mendelian mutant loci. This is certainly to be
expected in species crosses (provided that the chromosomal
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mechanism works) when the species differ in one of those
Mendelian characters which are so frequently found as
parallel mutations in different species. Numerous such cases
are known in plants (and a few in animals, e.g., hawk moth)
in which mutant characters show simple segregation in
species crosses which contain such a mutant in one of the
parents (for examples, see Renner, 1929). But these are
accidental features independent of the actual species dif-
ferences, features bound to occur when ordinary mutants are
present and the chromosome in question is able to segregate
normally. But there is also a segregation which is certainly
not based upon simple gene differences; namely, the segrega-
tion of differences of whole chromosomes. The segregations
in Oenothera, based upon interchromosomal linkage, may
look like simple Mendelian segregation, and have been looked
upon in that way, though actually whole complexes are segre-
gating. The same may happen with trisomics. A segregation
of differences in specific crosses is therefore not conclusive
proof that the differences are due to gene differences; i.e.,
point mutations as in varietal crosses. I should think it rather
dangerous to conclude from such facts that the actual specific
differences are the same simple differences as in subspecific
crosses. Already on the level of subspecies mono- or dihybrid
differences are rare (in animals), and even colors segregate
according to a multiple-factor scheme, as we have seen in a
number of examples.

Leaving aside such cases in which mutants are involved,
which exist as parallel mutants in different species, and also
such crosses in which the so-called species is obviously a
member of a rassenkreis, the results of species crosses in
plants may be grouped in three major categories. We ex-
clude from the discussion cases in which different chromosome
numbers and all the complications of atypical chromosome
behavior are involved. (Some of the latter cases have been
used to demonstrate Mendelian segregation of species char-
acters [see Lammerts' (1934) interesting work on Nicotiana
species], but the facts are so complicated that an interpreta-
tion in terms of whole chromosomes or chromosome seg-
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ments is also possible.) J. Clausen (1926, 1931) mentions
Mendelian segregation of species characters in Viola,
Honing (1923, 1928) in Canna, and Chittenden (1928) in
Primula. A scrutiny of such data, however, seems to reveal
a more complicated situation: part of the differential traits
show in F2 an unanalyzable behavior; others segregate more
or less and can be conceived of as based upon a few Mendelian
differences, though actual proof is missing; a few characters
seem to exhibit a simple Mendelian segregation, but the
ratios are not good and the results sometimes differ in in-
dividual crosses. Whatever the actual basis of the facts may
be, a simple Mendelian behavior is only visible when ex-
pected, and a proof for simple genie differences between
species characters is missing. It can hardly be expected,
either, in view of the facts to be reported which are more fre-
quently found in species crosses. These statements might be
called hyperskeptical. That this is not the case may be
illustrated by a quotation from a recent paper by Mangels-
dorf and Reeves (1939), who try to prove the opposite point
of view. They write: "Nevertheless there is not a single
case ... in which sufficient data have been accumulated to
demonstrate that the differences between species or genera
are governed by definite genes located in particular chromo-
somes." The authors then set out to furnish such proof for
the "genera" Zea and Euchlaena by using marked chromo-
somes of Zea for crossing. They find what looks like linkage
between the marker genes and the differentiating characters
of maize and teosinte. But these characters appear con-
centrated upon a few chromosomes only. Nevertheless, the
conclusion is drawn that this demonstrates gene differences
between the genera, though the opposite conclusion appears
to be more appropriate. But in a chapter which follows
immediately after the one reported proof is furnished that
teosinte (Euchlaena) is actually maize contaminated with
a few translocations from Tripsacum chromosomes, and that
the EueJilaena characters "are not due to single genes but to
segments: of chromatiri,.; which are usually inherited intact
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and to this extent behave as single genes." These results lead
to a discussion of the next group of facts.

The second type which is encountered is the following.
In F2 an immense variability occurs, so that among even
thousands of individuals there are hardly two alike. Not
only are all kinds of conditions intermediate between the
parents found, but also perfectly new types, among which
many clearly pathological ones. Most modern authors who
worked with these cases; e.g., Baur, Lotsy, Wichler, Honing,
Winge, etc. (see Renner, 1929), tried to analyze such situa-
tions in Mendelian terms on the basis of their belief that
species must differ from varieties in the possession of a
larger number of genes. Usually they did not succeed and
therefore assumed a polymeric segregation with many genes,
which is difficult to analyze and therefore to prove or dis-
prove. Thus, Baur needed an estimated number of more
than one hundred gene differences to visualize the results in
the F2 of an Antirrhinum cross. But other authors, who
attacked the problem without strong neo-Darwinian convic-
tions, obtained other very remarkable results, which are
usually left out of account in discussions of the subject.
These authors succeeded in grouping the F2 material into
classes with a very significant result. Heribert-Nilsson
(1918), in analyzing such a cross between species of willows,
could arrange the F2 individuals in classes according to a
scheme involving three genes for breadth of the leaf. But
each of these genes also controlled all other leaf characters,
and in addition, size, color, periodicity—in short, all other
distinguishing characters of the species. In discussing this
material Renner remarks that he prefers to assume, instead
of a few genes with such a diffuse action, three linkage
groups in different chromosomes. Now this is a crucial point.
A specific difference in whole chromosomes (or sections of
such) which are so different that little if any crossing over
occurs, will also lead to a kind of segregation. But this is not
gene segregation and cannot be used to derive specific dif-
ferences from accumulated micromutational differences.
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Here a difference on another level is clearly indicated;
namely, on the chromosomal level. I wonder if many of the
rather vague polymeric differences of Fa. individuals de-
scribed in species crosses would not lend themselves to
analysis of a very different type, once the search for gene
recombinations were abandoned. I am encouraged in this
belief by quite a number of other facts recorded in work
on species hybrids in plants and animals: appearance of
segregation with very aberrant numbers; appearance of a
majority of intermediates, or appearance of a majority of
individuals resembling one of the parental types. To mention
only a few cases: There is the much discussed case of speltoids
in wheat and the specific difference between spelta and other
species. Though all the details are not clear, it follows from
the work of Nilsson-Ehle, Watkins, Huskins, Winge, and
others (see review by Schiemann, 1932) that a difference
on the chromosomal level is involved. Darlington (1939),
when mentioning this case, remarks that "the characteristic
groups of differences between species or races [ ? author] are
often found to be closely linked or even inherited as a single
unit." One such example is the following. Winge (1938)
crossed the species Tragopogon pratensis and porrifolius,
both having the same chromosome number. The Fi was
almost sterile, but some F2 individuals were obtained. From
these the pure species could again be recovered by selection.
The same has happened after crossing Verbena, tenera and
Aubletia. Winge correctly concludes that here the species
difference must depend on chromosome differences; but he
adds, "i.e., on segregating gene differences in chromosomes."
If the latter were true, the results would indicate that the
gene differences are very few in number, which is of course
utterly improbable. Chromosomal differences, however,
would easily account for the facts if chromosomes segregate
as a whole. We know from Navaschin's crosses (1927) of
Crepis setosa X capillaris that the complete chromosome
set of one species can be recovered in the cytoplasm of the
other, and that the external effect is the recovery of the
specific type. It might then be said that the recovery of

MICROEVOLUTION 175

whole chromosomes is identical with the recovery of all genes
therein and that the facts are therefore in harmony with the
theory of the gene. The cytological facts soon to be dis-
cussed will, however, show that such facts are in better agree-
ment with chromosomal action which cannot be reduced to
integrated action of individual genes. But this anticipates
later discussions.

A third type of behavior in species crosses in plants which
is frequently found is the following. The Fi is intermediate
and most characters in the Fa appear very different from
those in the Fi. East (1913, 1916) first analyzed such a
situation in tobacco. His explanation was that the specific
differences (for each individual character) were due to a
series of polymeric genes. Of the innumerable recombinations
possible in Fa only a few are viable, for different reasons,
and the majority of segregants therefore never become
visible. The further development of this idea has led to a
point where its own purposes begin to be defeated. The
Swedish group of geneticists (see Rasmusson, 1933) claims
that the number of genes involved in ordinary inheritance
of quantitative characters is probably 100—200. As species
are usually distinguished by numerous quantitative char-
acters (see Zarapkin's count for Carabits, p. 67), a per-
fectly ridiculous number of small mutant steps becomes
necessary in order to account for quantitative specific dif-
ferences. Where such an assumption finally leads is clearly
indicated in the latest analysis of this situation by Anderson
(1939). He realizes clearly that in such a situation the
numerous genes for one and for all quantitative characters
must be closely linked. Why must we, then, subdivide the
linkage group; i.e., the chromosome or chromosome segment,
into innumerable polymeric genes, the existence of which
cannot be proven in these cases, and which put an unbearable
burden upon evolution by small steps? A study of the data,
unprejudiced by the postulate of expressing the facts in
terms of gene mutations, shows in this case, as in those
mentioned before, that the facts point urgently to a chromo-
somal and not a genie difference between the species.
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It is worth while to stop here for a moment and to recount
the methods of specific differentiation by accumulation of
mutations advocated by the different authors mentioned:
(1) simple mutants if properly isolated (Kinsey) ; (2) a
few Mendelizing mutants (Babcock, Chittenden) ; (3) a
large number (order of magnitude: hundreds) of Mendeliz-
ing mutants (Baur) ; (4) a number of ordinary mutants
plus an unanalyzed remainder, probably polymeric mutants
(Clausen) ; (5) a large number of polymeric mutants (order
of magnitude: hundreds) (Breider) ; (6) an immense num-
ber of polymeric mutants (order of magnitude: tens of
thousands) (East, Anderson). Looking over this list we
must realize the unsatisfactory situation into which neo-
Darwinian preoccupation has led.

Returning again to the facts, it must be pointed out that
what little material is available in animals points in the same
direction. In animals most of the fertile species crosses made
with good species and within a normal chromosome mechan-
ism are found in Lepidoptera, especially in the hawk moth,
where a number of real species hybrids which produced an
F2 have been described by Fischer (1924), Lenz (1926),
Federley (1928).14 (Cases which are usually listed as
species hybrids but are obviously results of subspecific
crosses have been discussed before for mammals and fishes.
A similar example for birds is found in some of Phillips'
duck crosses.) The description of the F2 shows a very
complicated array of types, which the authors vaguely
describe as a sign of polymeric segregation. Looking at the
detailed description, however, we find that the differences
of the two species cannot be resolved into individual Mendel-
izing traits. There is, of course, segregation when the
chromosomes conjugate (Federley), but the proof for the
independent segregation of numerous Mendelian genes is
lacking. There are actually indications that whole-character
complexes segregate as a whole, an occurrence which Lenz,
for example, registers but dismisses as "impossible." This

14. Crosses of species with different numbers of chromosomes or incompatible
chromosomes are excluded from the present discussion.
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is characteristic of neo-Darwinian prejudice which, in my
opinion, blocks progress by erecting signs: "Verboten."
(Here ought to be mentioned Cavazza's [1938] work on
fertile mule mares which produce mules with a jackass but
horses with a stallion! But the behavior of the chromosomes
is not known.)

In other similar hybrids of hawk moths it has been claimed
that genuine Mendelian behavior was found, for example,
by Federley (1927) for the hawk moth Chaerocampa elpenor
X porcellus, by Bytinski-Salz and Giinther (1930) for
Celerio gain X euphorbiae. The actual description of the
backcrosses given by these authors, if accepted at their face
value, shows a continuous series of transitional types which
cannot be separated from each other, and also the appearance
of new characters. Therefore the conclusion is that a multi-
factorial basis is present, a difference in many genes, as re-
quired by theory. This would then mean that specific segrega-
tion is not different from a subspecific one. In reviewing such
material, P. Hertwig (1936) expressly states that it is not
worth while to spend more time and money on such work, as
no results which differ from ordinary varietal crosses are
obtained, thus exploding the idea that there might be a dif-
ferent type of heredity for species. This sounds rather simple
and final, but if we are not content merely to read the con-
clusions of the authors and if we look more closely at the
material for which detailed reports are available, the picture
is a rather different one, and actually resembles more closely
Heribert-Nilsson's Salix case discussed above (see also the
quotation from Darlington, 1939). Bytinski-Salz lists
twenty-five distinguishing species characters for his moths.
On the basis of these characters he divides his F2 hybrids
into nine classes ranging from one to the other species. Each
class is characterized by a definite condition with regard to
each distinguishing trait, and together they form a series.
"As the individual traits within a class may vary, the in-
dividual is assigned to the group on the basis of all of the
analyzed traits. These permit us nevertheless to assign in-
dividuals with a greater deviation of one or another trait to
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a definite group. Thus a class type of considerable uniformity
appears with some fluctuation in a plus or minus direction."
I am at a loss to understand how such a picture can be re-
garded as due to innumerable Mendelizing genes. It is
obvious that this type of segregation is only possible if either
one pair of genes with a few modifiers controls all the specific
differences, or, just as in Salix, if sets of linked genes; i.e.,
whole chromosomes or major parts of them, are involved.
As a matter of fact, Bytinski-Salz recounts a few instances
in which a trait occasionally appears in a wrong class, or a
few traits appear in what looks like a recombination. But
this can hardly invalidate the foregoing conclusions, as
within the small number of hybrids available each individual
ought to show a different combination, but no arrangement
in a few recognizable classes ought to be possible if Men-
delian polyhybridism is actually involved.

Here is another example of the same type which has also
been interpreted as an ordinary case of multifactorial
Mendelian segregation. Lenz (1928) crossed the two moth
species Epicnaptera tremulifolia and ilicifolia and obtained
a fertile Fi. "A minority" of the F2 individuals could not
be distinguished from one or the other parent. The rest were
intermediate with different grades. Also a few "recombina-
tions not seen in Fi" were found. From this it was concluded
—and the conclusion is accepted without criticism by other
authors—that the two species differ only in a few genes!
A similar example could be taken from Harrison's (1917)
crosses of the moths Poecilopsis pomonaria and isabellae, or
from one of Phillips' (1921) duck crosses. Harrison es-
pecially emphasizes a segregation of specific characters
en bloc. Other botanical examples of the same phenomenon
are found in Renner's review (loc. cit.).

Other fertile crosses which have been used as examples of
Mendelian segregation have been made between domesticated
and wild breeds of the same genus. Wolf and dog (Iljin,
1934), wild and domesticated silk worm (Kawaguchi, 1934),
the ostrich "species" (Duerden, 1920) hardly are reliable
material for our problem, even if simple mutational char-
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acters of the domestic breeds are disregarded. These remarks
also apply to a certain extent to crosses between species of
mice. W. H. Gates (1926) and Green (1931-35) crossed
the Asiatic Mus bactrianus to Mus musculus. Different
mutational strains of the latter were used. Gates reported
that even these mutants of the domesticated breed did not
show a simple Mendelian inheritance: the characters of the
Japanese waltzer (a domestic variety of bactrianus) tended
to remain together in the Fa instead of assorting freely (the
results are based on very large numbers of individuals!).
Not only did the Mendelian characters of the domestic breeds
behave in this way, but also the quantitative characters which
distinguish the species; i.e., measurements and structural
differences of the skeleton gave the same result. Gates con-
cluded that "all the characters of each parental species tend
to associate together in inheritance." This agrees completely
with the facts already reported for Salix and Lepidoptera.
It is true that Green (1935) does not agree with Gates. He
claims an ordinary random assortment of mutant characters
introduced into the cross by the house mouse, at least as
regards some of the mutant color genes. This, however, is
not the decisive point, which is the behavior of the specific
differential traits. Green himself finds a tendency for certain
color and size characters of musculus to remain together,
and interprets this as linkage between color genes and size
genes. I prefer to use Gates's interpretation for this situa-
tion. I suspect that many more data of the same type would
be available if their analysis had not been made on the basis
of the firm conviction that Mendelian behavior of individual
traits has to be demonstrated. The question of mutant traits
which are independent of the actual specific differences (e.g.,
coat-color mutants of house mice introduced into a species
cross) will come up again later when the problem of so-
called identical genes in different species is discussed.

Only one more point need be added in order to show that
the facts regarding species hybrids may lead to interpreta-
tions which are rather different from the "conventional" ones,
as East (1935) puts it. East, who has studied innumerable
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Fi hybrids from a great many different species crosses in
Nicotiana, describes their behavior in terms which he him-
self calls "rather heterodox," though he seems to agree with
the orthodox opinion that accumulated micromutations make
up the specific differences. He finds in these hybrids a
"phenotypic reaction pattern" (a term used by Sinnott).
If I correctly interpret its meaning, the term indicates that
the hybrid reacts as a whole and not as a mosaic of individual
genes. Gene changes producing the qualitative effects which
are used in ordinary Mendelian work appear different from
those which accumulate in specific differences, the latter being
quantitative and difficult of demonstration. The former
(qualitative, varietal) "are, by their nature, usually in-
capable of playing a part in natural evolution, though they
may be very advantageous in building up knowledge of the
hereditary mechanism." (This phrase sounds almost word
for word like Johannsen's statement quoted on page 8.)

The pattern of the hybrids shows that each species genome
controls "normal orderly," as opposed to "restricted,"
processes. (I interpret this as meaning the control not of
small features at the periphery of organization, but of the
general processes of orderly growth and development.)
Therefore, East—obviously unwilling to take the step be-
yond the genes and their, accumulated micromutations—
concludes that the various genes of each genome produce
slight changes in developmental patterns in different organs.
He recognizes that.; the standard type of mutation is with-
out significance for evolution; he .realizes that species dif-
ferences are differences of the whole developmental pattern;
and, as individual gene mutations can hardly be recognized
on this level, he assumes that a multitude of micromutations
must have accumulated to build up the pattern-controlling
new genome. I think that these observations, which had been
anticipated to a considerable extent by Goodspeed and
Clausen (1916) (see below), fall in line with all the data dis-
cussed before. All the examples, then, demonstrate clearly
that the facts, if closely scrutinized, are not at all what
they appear to be in reviews and textbooks. I further think
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that the real meaning of the facts will become clear only after
the decisive step has been taken of completely discarding the
concept of accumulated small gene mutations as the material
of macroevolution. The following chapters will show what
is meant by this. But one point may already be emphasized
here. The facts reported indicate differences between species
which are on a chromosomal level and, maybe, frequently
even on a genomic level. If species are formed by accumula-
tion of gene mutations, they must possess numerous homo-
logous genes which will Mendelize. Ordinary Mendelian
segregation will follow with the usual complications of link-
age and crossing over. If, however, whole chromosomes or
groups of them segregate, it means, according to all our
cytogenetic knowledge, that the homologous chromosomes
do not have the same pattern of loci, that they are actually
not homologous in detail. We shall later go into the details
of this situation. Here we shall note only that specific dif-
ferentiation has actually turned out to involve a chro-
mosomal reorganization. Assuming, for argument's sake,
that the chromosome is a string of genes, we are confronted
with the following alternative: Either the mutant genes are
alone responsible for the specific differences, and their dif-
ferent order in different species, which accounts for the
special features reported, is a chance condition without any
significance; or the intrachromosomal pattern is a feature
which plays an active part in specific differentiation. In the
latter case the reported facts are highly significant. We be-
lieve this to be true and shall soon discuss the reasons for our
conviction.

7. Conclusions
WE have repeatedly indicated in the course of our dis-
cussion the conclusions which we have to draw from our
survey of the facts of microevolution, and have, I think,
covered all important angles of the problem. Only a short
summary is therefore needed before we turn to the problem
of macroevolution.

A survey of the facts relating to microevolution; i.e.,
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evolution within the species (or whatever two different,
nearly related forms separated by "an unbridged gap" may
be called severally), has led us to reaffirm the conclusions
which we have drawn in former papers: Microevolution within
the species proceeds by the accumulation of micromutations,
in addition to occasional upshoots of local macromutations,
or polymorphic recombinations of such. The lowest taxo-
nomic unit used for practical purposes (that is, for the sake
of unequivocal labeling), the subspecies or geographic race,
may in many cases be subdivided into subgroups distinguish-
able with different degrees of certainty, and resubdivided
even as far as individual colonies. In addition, what are sub-
species in one form may be on the same genetic level as sub-
subspecies in another, according to the amount of informa-
tion available, the usefulness of the respective traits for
taxonomic description, and the special type of subspecific
spreading over smaller or larger areas. The differences be-
tween two subspecies are usually clinal, merging into each
other, except when isolation produces sharper differences.
But the clinal character may be obscured if subspecies
located in separate centers form clines of subsubspecies
radiating from these centers. The subspecific and lower dif-
ferences are based upon a number of hereditary traits, most
of which do not show the simpler types of Mendelian in-
heritance. The character of the individual subspecies is the
result of a definite combination of these traits, each of which
may vary independently within a rassenkreis of subspecies.
Many, if not most, of these traits are directly or indirectly
adaptational, and their intraspecific variation follows the
corresponding variation of the different climatic or other
conditions to which adaptation is made. These geographic
races are frequently arranged in the form of continuous
chains with a continuous linear type of variation of the in-
dividual characters. This type is found only when some of
the conditions to which adaptation is vitally necessary have
an arrangement of a gradient type. If this is not the case, or
if nonadaptational traits are involved, a correspondingly
irregular pattern of distribution and of traits may occur.
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The series of subspecies, or rassenkreis, is separated by a
gap from the next one; while the characters of subspecies are

' of a gradient type, the species limit is characterized by a
gap, an unbridged difference in many characters. This gap
cannot be bridged by theoretically continuing the sub-
specific gradient or cline beyond its actually existing limits.
The subspecies do not merge into the species either actually
or ideally. Border cases which have been interpreted in a
positive way can be brought into line with these conclusions.
Nor can the gap be bridged by the assumption of slow
accumulation of micromutations independent of subspecies
formation. Microevolution by accumulation of micromuta-
tions—we may also say neo-Darwinian evolution—is a
process which leads to diversification strictly within the
species, usually, if not exclusively, for the sake of adaptation
of the species to specific conditions within the area which it
is able to occupy. This is the case for microevolution on the
subspecific level of formation of geographical races or
ecotypes. Below this level, microevolution has even less sig-
nificance for evolution (local mutants, polymorphism, etc.).
Subspecies are actually, therefore, neither incipient species
nor models for the origin of species. They are more or less
diversified blind alleys within the species. The decisive step
in evolution, the first step toward macroevolution, the step
from one species to another, requires another evolutionary
method than that of sheer accumulation of micromutations.
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AT THE lower level of macroevolution, evolution of species,
genera, and even families, there is still available some in-
formation based upon collaboration of genetics and
taxonomy. Above this point, however, experimental genetics
is ruled out as a source of information, except for that
part of genetics which is called physiological genetics, as
we shall see later. Conclusions will have to be based upon
generalizations derived from general genetics together with
such insight as can be derived from embryology, comparative
anatomy, paleontology. Such information is sometimes looked
at askance by experimental geneticists as being speculative.
But this is a narrow-minded viewpoint. Progress in biology
is derived from cooperation of observation, experiment, and
constructive thinking, and none of these can claim primacy.
A good observation may lead to results which a meaningless
experiment cannot achieve, and a good idea or analysis may
accomplish with one stride what a thousand experiments
cannot do. This truism, obvious as it is in the history of all
sciences, is frequently forgotten in this era of overestimation
of new techniques, which are tools of progress only when
in the hands of constructive thinkers. We must therefore
take whatever material is available in any field and try to use
it to its full extent, subject to critical evaluation.

At the decisive point of incipient macroevolution; i.e., at
the point of emergence of the separate species, a body of
important facts is found which relates to the chromosomes as
bearers of hereditary traits. The meaning of the facts in
question is largely dependent upon our viewpoints regarding
the architecture of the hereditary material. It is to these
facts that we have to turn first in our search for a method
of macroevolution, after we have discarded evolution by ac-
cumulation of micromutations.
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1. CHROMOSOMES AND GENES

A. General
A CONSIDERABLE part of recent cytogenetic literature is con-
cerned with the chromosomal differences between different
species (and higher categories) and the behavior of the
chromosomes in crosses. It has been frequently said that
evolution is identical with the evolution of the chromosome
set. The majority of the pertinent facts, important as they
are in many respects, do not however, furnish any informa-
tion regarding our chief problem; namely, whether there
are methods of evolution other than accumulation of micro-
mutations. There is no doubt that visible chromosomal dif-
ferences are sometimes among the distinguishing characters
of higher categories. This is especially true among plants.
The facts are widely known and are represented in all text-
books of cytology and genetics, and are treated in detail
in the books by Darlington (1937, 1939). Different species
may have the same or a different chromosome number; their
chromosomes may be distinguished by structural details
(satellites, point-of-spindle fiber insertion) ; their chromo-
somes may show signs of being derived from each other by
subdivision or, in other cases, by fusion of individual
chromosomes; they may be present in heteroploid and poly-
ploid series. But, on the other hand, considerable evolution-
ary differences may not affect the visible chromosome
structures at all. The most extreme examples in animals
known to me from my own experience, as well as from the
literature, are found among the Lepidoptera and the mam-
mals. In Lepidoptera the majority of all forms studied have
chromosome numbers of 29—31 (haploid), all chromosomes
of nearly the same size, shape, and arrangement in metaphase.
This is the case in Rhopalocera (butterflies) as well as in
Heterocera (moths). Pederley (1938) records 58 per cent
of Finnish Rhopalocera as belonging to this group; Beliajeff
(1930) records twenty-one out of thirty-eight species from
different families as having thirty-one chromosomes
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(haploid). I could place side by side two microscopes with
meiotic figures taken from two quite divergent families of
Lepidoptera, and the chromosome sets could hardly be told
apart. On the other hand, one finds individual species with
a small number of chromosomes within a family in which a
large number is the rule, the size of the chromosomes indicat-
ing a fusion. Or one finds two closely related species with
very different chromosome numbers. In other cases a group
of chromosomes is united into one large unit in one of two
related species (Lymantria monacha and dispar, according
to Seiler and Haniel), or in one of two races of the same
species (Phragmatobia fuliginosa, according to Seiler), or
in one of the two sexes of one species (Seiler, Federley), or
only temporarily as a result of fusion during gametogenesis
(Seiler, Goldschmidt, Kawaguchi). In mammals the situa-
tion is similar, n = 24 being a number characterizing in-
numerable species from mouse to man. For details and
literature see Vandel, 1938.

It is obvious, then, that the visible differences in regard to
chromosomes are just one morphological character by which
different species may or may not be recognized. It is also
clear that these visible differences are not necessary features
of evolution, as they may be completely absent. As a matter
of fact, any experienced cytologist may extend this state-
ment to many general cytological features. It is true that
reptile and bird sex cells may generally be recognized by
the arrangement of their chromosomes, and amphibian sex
cells, by the configuration of chromosomes in mitosis; that
the chromosome groups of Lepidoptera, Diptera, Orthoptera,
and Crustacea have certain features of morphology and
arrangement which set them apart from each other even
when the same numbers are represented; that the matura-
tion division spindles in the eggs of flat worms are quite
characteristic of the group. On the other hand, similarities
occur which bridge the largest gaps: the four chromosomes
of a Protozoan (Monocystis, a gregarine) look exactly like
the eight long and slender chromosomes of some higher
plants and animals. It is further true that these differences,
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where they exist, may furnish important clues as to the phylo-
genetic relationships within a group (for instance, the work
of Navashin and Babcock in Crepis). Furthermore, the
data on chromosome behavior in crosses involving different
chromosome sets are very important for the analysis of
chromosomal pairing, etc., and some of these facts will soon
be applied to our analysis. But in a general way the facts
of cytogenetics, with the exception of certain phenomena
restricted to plants, do not furnish information on the
decisive question of whether macroevolution uses the same
methods as microevolution.

There are a number of special facts, however, which are
highly significant and tend to show, in our opinion, a method
of macroevolution different from that of microevolution.
These we shall select from the large body of cytogenetic in-
formation.

B. Chromosomal Races and Species
We have already mentioned cases in which small quantita-

tive differences in the chromosomes of geographic races have
been found (Lymantria, Crepis). There are a few other cases
of a nearly related type, showing another kind of difference
in races which otherwise may or may not be distinguishable
(grasshoppers, moths, mole crickets; papers by Helwig,
Seiler, Voinov, de Winiwarter). In this group of facts con-
siderable importance is attached to those cases in which no
visible racial divergence is found within the species, but in
which subspecific differentiation occurs solely on the basis of
chromosome structure. Of these I shall mention only de Wini-
warter's (1937) cytological analysis of races of Gryllotalpa
grylloides (the mole cricket). In three European races, not
morphologically separable, the typical haploid chromosome
numbers are 12, 15, and 14—17, in addition to differences
in the sex chromosomes. It is assumed that the higher numbers
are derived by breakage of larger chromosomes into smaller
ones. Such cases indicate the existence of a type of genetic
diversification within a species which is not at all linked
with so-called gene mutation. The best information on this
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topic has been obtained for Diptera. An elaborate case was
analyzed by Dobzhansky (1935, 1937) in DrosophUa
pseudoobscura in the United States. Here, despite a pheno-
typic uniformity of the species over its range, considerable
variation in shape of the Y-chromosome is found. Seven
types can be distinguished as V-shaped or J-shaped and
the like, and each occupies approximately a definite area.
One is found only in Southern California; another, only
around Puget Sound, while others occupy larger areas.

More important is the work of the same author in col-
laboration with Sturtevant (Sturtevant and Dobzhansky,
1936; Dobzhansky and Sturtevant, 1938) on another case
of geographically varying chromosome behavior in Droso-
phUa pseudoobscura, again independent of visible racial
differentiation. The well-known salivary-gland method of
chromosome study in Diptera, introduced into genetics by
Painter, made possible the comparison of the intimate struc-
ture of chromosomes: the point-by-point attraction between
homologous chromosomes is made visible by this method, and
therefore differences at any point can be detected by the
lack of normal attraction. In this way it was found that one
of the chromosome abnormalities found in laboratory work,
the inversion of part of a chromosome, is a frequent feature
in wild populations. I must emphasize at this point that in
these cases there is no indication that anything has changed
but the serial order of the constituent parts of the chromo-
some, usually described as the serial linear order of the genes
within the chromosome. In other words, nothing but the
chromosomal pattern has been changed. A large number of
such different patterns have been discovered and assigned
severally to strains from definite localities. All possible cases
have been encountered: rearrangements present in some in-
dividuals in many localities; others which are always found
in a percentage of individuals in a given locality; and still
others which characterize a single locality.

Another very remarkable feature is that these inversions
tend to be additive. Among the seventeen different types
found there is a series of what are called overlapping in-
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FIG. 29. Diagrammatic represen-
tation of the configuration of
salivary-gland chromosomes in
Diptera containing heterozygous
inversions. The letters indicate
the linear order of the loci along
the chromosome, and the loop
formation makes union of identi-
cal loci possible. 1, single inver-
sion; 2, two independent inver-
sions; 3, two included inversions;
4, two overlapping inversions.
Left: arrangement of loci in the
black and white chromosomes, re-
spectively; triangles: points of
breakage. (From Dobzhansky-
Socolov. Courtesy Journal of He-
redity.)

versions. This means that a second inversion has occurred
which has one break inside the first one and the second out-
side. For example:

Start: A B C D E F G H I
1. Inv.: A—EDCB—FGHI
2. Inv.: A—E—HGF—BCD—I

These are cytologically recognizable, and the breaking points
can be established. (Figures 29 and 30 illustrate the situa-
tion. Figure 29 shows the type of conjugation of two homo-
logous salivary chromosomes if one of them, the black one,
contains an inversion; 2—4 represent the more complicated
types of inversions [see legend]. Figure 30 represents the
actual microscopic appearance of such inversions and the
configuration of an overlapping inversion.) In carefully
comparing the individual cases, it has been found that a kind
of phylogenetic order can be established. Definite sequences
are found which on geometrical grounds cannot be formed
by a single event and which are only possible in two con-
secutive steps, a circumstance which then establishes a
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definite phylogenetic order in the origin of complicated in-
trachromosomal patterns. The all-important point in this in-
genuous analysis is that within the species the internal
chromosomal pattern may slowly change in a series of steps
without any visible effect on the phenotype and without any
accumulation of so-called gene mutations, small or large!

•ALPHA ARRANGEMEN
ABETA »

GAMMA"
•frDELTA »
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FIG. 31. Geographic distribution of chromosomal races of Drosophila
azteca in California, Mexico, Guatemala, in regard to the inversions pic-
tured in figure 30 (and two more). (From Dobzhansky—Socolov. Courtesy
Journal of Heredity.)

Dobzhansky and Socolov (1939) have recently analyzed a
second case of exactly the same type in the species Drosophila
azteca (from which figs. 29, 30 are taken). Here again the
"chromosome races" are distinguished only by inversions
and not by any other chromatin rearrangements. Again
there is a certain, not very regular relation to geographical
distribution. The distribution in California, Mexico, and
Guatemala of the inversion types which were distinguished
can be seen in figure 31. But it must be kept in mind that
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these "racial differences" are limited mostly to quantitative
variations in the proportions of the types composing a
population (see above, p. 24, on the same condition for
visible characters).

It might be assumed that we are dealing here with very
exceptional conditions. But this is not the case. Dubinin,
Socolov, and Tiniakov (1937) have made an extensive study
of many Drosophila and Chironomus species from very dif-

FIG. 32. Anaphase with bridge formation in the
meiosis of rye, heterozygous for an inversion.
(From Muentzing.)

ferent localities. They found a very large percentage of in-
versions, and in one species a wealth of different chromo-
some rearrangements. Single individuals could be found
carrying four inversions, two intrachromosomal rearrange-
ments and two complex aberrations.

Though an exact analysis of these features is thus far
possible only in Diptera, by use of the salivary-gland
method, there can be no doubt that similar features are
widespread. In plants the presence of inversions is ex-
pressed in characteristic aspects of the meiotic chromosomes,
which form bridges in anaphase (fig. 32). (For details and
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literature, see Darlington, 1939). Thus, groups otherwise
indistinguishable but characterized by the presence of in-
versions, are frequently found within a species. Let us
mention only two recent papers: Geitler (1938) found about
forty-five different inversions in different chromosomes of
Paris quadrifolia from many different geographical habitats.
He has reason to assume that these inversions are phylo-
genetically old. In this case there is, however, a suspicion
that the species is actually a structural hybrid (tetraploid
on the basis of hybridization), and the case therefore belongs
properly to the following paragraph, in which we shall discuss
chromosomes of species. This difficulty, however, does not
exist in the case of Campanula persicifolia (Darlington and
Gairdner, 1937), which shows a close parallelism to the case
of Drosophila pseudoobscura. Here different local "races"
exist which, aside from the presence of trisomics, tetraploids,
and segmental interchange (see below), exhibit different
inversions.

It is very probable that the same phenomenon will be found
more frequently in animals, if attention is given to it.
Darlington (1936) mentions inversions in the grasshopper
Stauroderus, and I have frequently noticed the presence of
typical bridges in meiotic anaphases of insects, pictures
which used to be discarded simply as artifacts. A modern in-
vestigation of a whole rassenkreis of animals, including the
hybrids between the races and using the methods introduced
by Darlington, is badly needed. But the few examples
mentioned are sufficient to show that we are dealing not with
an exceptional behavior but with a very definite feature of
great evolutionary significance.

There is another case which closely resembles those just
reported, though another type of chromosomal repatterning
is involved, that of translocations between nonhomologous
chromosomes (segmental interchange). This phenomenon
also can easily be checked cytologically, even in the absence
of genetic information, and without the salivary-gland
technique which is restricted to Diptera. The presence of
ring-and-chain formation of meiotic chromosomes in plants
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indicates translocations, according to Belling, who showed
that rings and chains are produced as a consequence of the
attractions between parts of homologous chromosomes which
have changed place after segmental interchange (see text-
books of cytology and genetics). In the Jimson weed Datura
stramonium, in which these cytological observations were
first made, the phenomenon to be described also occurs
(Blakeslee, Bergner, and Avery, 1937). This weed spreads
over considerable parts of the world without clearly form-
ing distinct geographic races, though simple Mendelian dif-
ferences in flower color occur. Chromosomal rearrangements
due to segmental interchange are found everywhere if tests
are made for ring formation of definite chromosomes, the
norm of which is arbitrarily set by a tester race. Depending
on the chromosomes which have interchanged parts, these
new pattern types are called prime type 1, 2, etc. It turned
out that, just as in Drosophila pseudoobscura and azteca,
populations in a given region may be of one type only, or
preponderantly so, or of two different types (1 and 2, 2 and
3), or, finally of three or four different types without any
clearly visible regularity. Again we are faced with the
formation of new chromosomal patterns without concomitant
accumulation of mutant genes or visible effects, and this
within a species. Attention must be drawn to the difference
between the two cases; i.e., preponderantly inversions in
Diptera, translocations in Datura. Again we have to empha-
size that we are not discussing a somewhat freakish behavior
of one species, but an obviously widespread phenomenon. I
need refer only to the above-mentioned work of Darlington
and Gairdner (1937) on Campanula, where exactly the same
situation exists as in Datura. (The presence of inversions
has been previously discussed.)

The next step in this line of facts is the existence of dif-
ferent species, distinguishable mainly by chromosomal pat-
terns. The most important information is derived from the
work of Dobzhansky and his collaborators (see Dobzhansky,
1935; Dobzhansky and Tan, 1936; and other papers),
work which, in my opinion, has revealed the most illuminat-
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ing facts thus far available for bridging the gap between
microevolution and macroevolution. Drosophila miranda is
a new species closely related to D. pseudoobscura, with which
it may be crossed. They are so similar in appearance that
"taxonomists would hesitate to separate them on the basis
of morphological differences alone." But they present two
different reaction systems, marked by clear-cut physiological
differences, in addition to a difference in sex determination.
The morphological differences involve size, number of teeth
on the sex combs, and numerous small quantitative features
which have been described in detail in Dobzhansky (1937).
The physiological differences are speed of development, time
of maturity, reaction to temperature. The chief remaining
difference is found in the totally different X-chromosomes.
The hybrids between the two species are sterile, and the males
are thoroughly abnormal.

The salivary-gland method permits comparison of the
architecture and pattern of the chromosomes of the two
species by observation of normal pairing or abnormal be-
havior in the hybrid. The result is most amazing, in view of
the fact that the chromosome groups of the females in both
species look identical (i.e., in the ordinary metaphase plate,
usualy studied in cytogenetic work). In the salivary glands
the chromosomes either fail to pair or pair in very complex
configurations. The details indicate that homologous loci
are either situated at different points along the same chromo-
some, as the result of inversions, or they are found on dif-
ferent chromosomes, as the result of translocations. Further,
certain chromosome sections are obviously present in only
one or the other species. It is assumed that the latter situa-
tion is the result of such complete rebuilding of some chromo-
some sections through repeated inversions and translocations
that homologous loci cannot attract each other any more.
Detailed study of these differences, which are shown in
figures 33 and 34 (see legends), proves that the actual dif-
ferences must be the consequence of a series of consecutive
inversions and small translocations, resulting in a com-
pletely rebuilt chromosomal pattern. Dobzhansky and Tan
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have estimated that altogether about one hundred breaks
were necessary to complete the picture. Very similar facts
have been disclosed for another species, athabasca (Bauer

Fio. 33. Chromosome pairing in the salivary-gland cells in the hybrid
Drosophila pseudoobscura x miranda. Upper left, fourth chromosomes;
lower left, the fourth chromosome of pseudoobscura partly paired with
the left limb of the X-chromosome of miranda; right, the fourth chromo-
somes. PS and Mi, the respective chromosomes derived from the two par-
ent species; XL, left arm of X-chromosomes. The numbers mark the serial
loci according to a standard map. (After Dobzhansky and Tan. Reprinted
from Dobzhansky, Genetics and the Origin of Species, by permission of
Columbia University Press.)

and Dobzhansky, 1938). The available information actually
shows that the differences between the good species Droso-
phila melanogaster, pseudoobscura, miranda, azteca, which
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either do not cross at all or produce completely sterile
hybrids, are extreme in regard to the intimate chromosomal
pattern. No chromosomal sections have identical patterns,
not to speak of different chromosome sizes and numbers
(e.g., melanogaster, 4s pairs; azteca, 5 pairs). Therefore,
a complete repatterning of the chromosomes by transloca-

Fio. 34. A comparison of the chromosome architecture
of Drosophila pseudoobscura and miranda. Sections
which conjugate normally and are supposed to have the
same serial pattern are white; inverted sections cross-
hatched; translocations, stippled; sections of which the
homologues are not detectable in the other species,
black, ps IV, fourth chromosome of pseudoobscura;
mi XR, right arm of X-chromosome of miranda, etc.
(Reprinted from Dobzhansky, Genetics and the Origin
of Species, by permission of Columbia University Press.)

tions, inversions, etc. must have taken place in the phylogeny
of these species. "Chromosomal differences between species
of the same genus prove to be far more extensive than one
might have dared to suppose" (Dobzhansky and Socolov).

Though not many species crosses in Diptera have been
analyzed by the same method, comparable results have been
found whenever tested. We shall mention later another case
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in Drosophila. Metz (1938) has analyzed species crosses in
Sciara and comparable results were obtained. There is,
however, a difference. In Sciara crosses the pattern dif-
ferences of the chromosomes involve mostly only a single or
a few bands, and frequently a structural difference in what
seems to be the same band appears. (On a smaller scale these
differences occur also within the species, just as is the case
with inversions in Drosophila.) There can be no doubt that
further work will bring to light many more variations of
the repatterning process in the chromosomes of species.

Before we set out to draw conclusions from these facts,
we must ask ourselves whether these are unique features of
Dipteran species, or if it is reasonable to assume that here
a typical process has been discovered. A strictly comparable
analysis is thus far only feasible in Diptera because of the
salivary-gland method, but a number of facts are known,
especially in plants, which indicate that rearrangements in
the intimate pattern of the chromosomes accompany specific
differentiation. A considerable part of recent cytogenetic
work in plants deals with such facts, which are too numerous
to be reported here. (For detailed accounts and literature see
Darlington's book [1937] and the annual reports by
Oehlkers in the Ergebnisse der Botanik.) In a general way
it may be said that inversions may be recognized in the
meiotic divisions of plant species hybrids by bridge forma-
tion within separating tetrads (see above, p. 192). Reciprocal
translocations—segmental interchanges—are recognized by
the formation of rings or chains uniting two or more tetrads.
These types are actually found very frequently. This is
especially true of segmental interchange, which seems to
be more frequent than inversion in plants. We have already
mentioned the facts regarding segmental interchange in
otherwise indistinguishable races of Datura. In species crosses
of Datura (Bergner and Blakeslee; Bergner, Satina, and
Blakeslee, 1932—35) the same situation is found to a still
larger extent. How far this goes and whether the number of
translocations parallels the diversities of the species and
whether definite chromosomal patterns may be referred to
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definite phenotypic effects are, however, difficult to ascertain,
as ring formation is due only to exchanges at the free ends
of the chromosomes, the rest of the chromosome remaining
completely or almost unanalyzed. But there can be no doubt
that all over the plant kingdom specific differentiation is
most frequently associated with such pattern changes within
the chromosome set as are recognizable with the present
technique. Many other facts might be mentioned which lead
less directly to the assumption that comparable chromo-
somal pattern differences are distinguishing features of
species. I shall mention only the behavior of the chromosomes
in hybrids of Lepidoptera in cases in which the complication
of different numbers of chromosomes is absent. We know,
especially from the work of Federley (1913), that from
one to all chromosomes, as the case may be, may fail to
conjugate. As we know that conjugation is the result of
point-to-point attraction, the most probable inference is that
in these cases also the specific differences involve intra-
chromosomal pattern changes in one or more chromosomes.
(Further cases, literature, and details in Darlington's book,
1937.)

C. Interpretation
We come now to the decisive question of how these facts

are to be interpreted. We started this chapter with the con-
viction, gained from an unbiased analysis of all pertinent
facts, that microevolution by means of micromutation leads
only to diversification within the species, and that the large
step from species to species is neither demonstrated nor con-
ceivable on the basis of accumulated micromutations. We
have long been seeking a different type of evolutionary
process and have now found one; namely, the change within
the pattern of the chromosomes. Though present technique
restricts detailed analysis to species of Diptera, and allows
only a certain amount of insight in the case of inversions and
of translocations involving chromosome ends in plants, the
widespread occurrence of similar features when plant species
are compared and the indications of identical facts in animals
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point to the presence of a major and general principle. The
question now arises as to how a change of the serial pattern
within the chromosomes can be conceived of as having
evolutionary significance. Only a few years ago such an idea
would have had to be considered utterly senseless. The
chromosome was the carrier of a string of genes, independent,
atomistic units of at least molecular order, each of which
controlled certain developmental processes, though the final
result was brought about by an integration of these processes.
A genetic change could, therefore, be conceived of only as
a change in one or more individual genes, a mutation. Evolu-
tion in terms of chromosomes, therefore, could mean only
accumulation of gene mutations, loss of existent genes, or
creation of new genes. This conception had actually become
an article of faith, a credo which remained unshaken, when
occasionally some critical mind tried to follow the idea to its
ultimate conclusion, as did my predecessor in this lectureship,
the great skeptic Bateson (1914). His shocking conclusions
were accepted as a kind of grim joke, though he probably
was very serious about carrying the genetic theory of his
time to its inevitable consequences. The origin of new genes
has since been discussed with extreme reluctance, and not
until recently has any one tried (to my mind the product of
embarrassment) to derive new genes from duplicated old
ones which undergo various mutational changes until they
are completely different (see below for criticism).

However this may be, the classical theory of the gene and
its mutations did not leave room for any other method of
evolution. Certainly a pattern change within the serial
structure of a chromosome, unaccompanied by gene mutation
or loss, could have no effect whatsoever upon the hereditary
type and therefore could have no significance for evolution.
But now pattern changes are facts of such widespread and,
as it seems, typical occurrence that we must take a definite
stand regarding their significance. Three possibilities pre-
sent themselves: (1) The pattern changes may be a kind of
freakish occurrence without genetical or evolutionary sig-
nificance, leading the investigator astray simply because they
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are conspicuous; (2) The pattern changes are in themselves
insignificant, but act as a visible sign for the appearance or
disappearance of genes, together with numerous mutational
changes; (3) The pattern changes are in themselves effective
in changing the genotype without any change of individual
genes. If the first of the three possibilities is true, we may
dismiss the whole subject and consider the time of all in-
vestigators just quoted as wasted. The second possibility
would not change the situation either, beyond pointing to a
curious and hardly comprehensible phenomenon. The third
possibility, however, finds no place in classical genetics. The
dilemma is increased—provided the pattern phenomenon is
at all relevant—when we realize that point-mutations have
never been known to change the point-to-point attractions
between the homologous chromosomes in the heterozygote.
According to the elementary facts of genetical investigation,
any number of mutations might accumulate within the
chromosomes, theoretically affecting every single gene, with-
out changing the normal attraction and the normal pattern.
Therefore, as I said, only a few years ago, the facts regard-
ing pattern change could not have been regarded as sig-
nificant.

Meanwhile, however, the genetical situation has begun to
undergo a complete change. Without going into the highly
technical details (see the discussion in Goldschmidt, 1937,
1938, 1940 in press), here are the essential points. More
and more facts are accumulating which show that the in-
timate serial pattern of the chromosome is important for the
action of the hereditary material. Chromosome breaks which
lead to new serial arrangements of the parts of the chromo-
some; namely, deficiencies, inversions, duplications, and
translocations (see fig. 35) may produce definite genetic
effects, which are not different from the typical effects of
mutations. Such effects have been called "position effects,"
a term implying that the genes have some kind of action
upon each other and that, therefore, it makes a difference
whether they are located side by side or separated. Not all
rearrangements have visible position effects, but invisible



202 THE MATERIAL BASIS OF EVOLUTION

physiological effects will probably always be found if proper
investigation is made (see Goldschmidt, Gardner, and
Kodani, 1939). Though many geneticists still cling to an
explanation of these pattern effects in terms of gene neigh-
borhoods, it is becoming more and more evident that the
effect has nothing to do with the theoretical units, the genes,

S C O

FIG. 35. Diagrammatic representation of simple types of rearrangement
of the serial pattern of the chromosome. A, normal; B, deficiency; C,
duplication; D, heterozygous translocation; S, ditto homozygous; F, hetero-
zygous inversion; G, ditto homozygous. (Reprinted from Dobzhansky,
Genetics and the Origin of Species, by permission of Columbia University
Press.)

but is an independent effect of the whole chromosome or of
more or less small sections of it. The normal serial pattern
has a definite genetic effect which is changed with a change
of the pattern, and eventual units such as genes have noth-
ing whatsoever to do with the effect. If we were to illustrate
this conception with a simile, we might use one of the fol-
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lowing models. A violin string as a whole may produce the
tone A; if the string is stopped at a certain point, the tone
becomes C. The constitution of the string has not been
changed, but only its vibrating length; i.e., pattern. Or the
letters e, o, r, s read "rose" in one order, and "sore" in an-
other. Or the male sex hormone has well-known physiological
actions, but some of its stereoisomeres; i.e., different pat-
terns of the same atoms and radicals, have no such effects
at all. I shall not discuss here the viewpoint, which in my
opinion is daily becoming more probable, that actually no
particulate genes exist, but that all mutations are based on
very small pattern changes (see Goldschmidt, loc. cit.}. For
our present discussion the decisive point is that pattern
changes as such may have definite visible effects of the same
type as the standard mutations, and that, whatever the ex-
planation of the pattern (position) effects, these effects can
play a role in evolution. A repatterning of a chromosome
may have exactly the same effect as an accumulation of mu-
tations. And even more, a complete repatterning might pro-
duce a new chemical system which as such; i.e., as a unit, has
a definite and completely divergent action upon develop-
ment, an action which can be conceived of as surpassing the
combined actions of numerous individual changes by estab-
lishing a completely new chemical system. Model: two dif-
ferent pictures produced with the same set of mosaic blocks,
the new picture "emerging" only when all blocks are in their
proper place. It is certainly most remarkable that the new
developments in genetics lead to the same conclusions which
are derived as postulates from an unbiased analysis of the
evolutionary facts. This encourages me to believe that the
dead end reached by neo-Darwinian theory based upon the
conceptions of classical genetics can now be passed success-
fully.

Let us now return to the interpretation of the facts re-
garding chromosomal patterns in relation to specific differ-
entiation. It does not seem that many geneticists realized
the difficulties of the situation. Dobzhansky, I think, came
nearest to this realization. In 1935 he wrote: "All these data
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indicate that the process of race and species formation may
be resolved into at least two components: the genie differ-
entiation and the differentiation in the chromosome struc-
ture. These two components seem virtually independent, but
the phenomena of position effects may lead us to a recogni-
tion of an ultimate connection between the two." A para-
graph in his book (1937b) also bears witness to an uncom-
fortable feeling regarding the meaning of those facts: "To
what extent the differences between such species as Droso-
phila pseudoobscura and D. miranda are due to position
effects is also a matter of speculation; the greatly different
gene arrangements in these species may be responsible for
many alterations in the morphological and physiological
properties of their carriers. In any event, position effects
show that gene mutations and chromosomal changes are not
necessarily as fundamentally distinct phenomena as they at
first appear." It is obvious that the author realized, more or
less, that a decision had to be made between the mutation-
ist, neo-Darwinian view of the accumulation of gene muta-
tions and a repatterning of the chromosomes independent
of the assumption of. genes as units. But he has not yet been
willing to cut the Gordian knot.

Blakeslee, as mentioned before, furnished the largest body
of evidence for a single plant genus, Datura, both for races
where theisegmental interchanges do not have a somatic ef-
fect (?) and for many species in which new complicated
chromosomal patterns accompany the specific differentia-
tion. The dilemma certainly has also been felt by him, but,
as far as I.scan find, he has not committed himself. On one
occasion hewrote (Bergner and Blakeslee, 1932) : "Segmen-
tal interchange, therefore, may be assumed to have taken
place in the differentiation of these species. Just what role,
however, this process has played in speciation is not yet
clear." And on another occasion (Blakeslee, Bergner, and
Avery, 1937) : "Since we believe the problem of evolution
of species can bestibe stated in terms of the evolution of their
chromosomes. . . . " These remarks are rather noncom-
mittal, evading the fundamental issue: chromosomal pattern
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versus additive gene mutation. This issue, however, must
clearly be faced.

The facts which we have discussed thus far have led step
by step to the conclusion that we must look for a genetic
agency able to accomplish separation of species without slow
accumulation of gene mutations. In the changes of chromo-
some pattern by rearrangement of the parts of the chromo-
some such a new genetic method has been revealed. We must,
therefore, find out whether a method of macroevolution has
been discovered here which does not need the slow accumu-
lation of minute steps by gene mutation. For a long time I
have been convinced that macroevolution must proceed by
a different genetic method, and I have occasionally pointed
to this necessity (see Goldschmidt, 1933, and the next chap-
ter for similar views of other authors). The discoveries just
discussed, together with the facts of position effect, and the
elaboration of a conception of gene mutation differing from
the classic one, have led me to believe that a pattern change
in the chromosomes, completely independent of gene muta-
tions, nay, even of the concept of the gene, will furnish this
new method of macroevolution.1

This conception, which will be elaborated now, may be
stated in a few words somewhat as follows (the statement in
its general form is independent of whatever conception we
have of the nature of the gene and of gene mutation, though
its importance is enhanced by the recent developments in
genetical theory which have been sketched above) : So-called
gene mutation and recombination within an interbreeding
population may lead to a kaleidoscopic diversification within
the species, which may find expression in the production of
subspecific categories, if selection, adaptation, isolation, mi-
gration, etc., work to separate some of the recombination

1. This conclusion, together with some of its consequences, was elaborated in a
general address delivered at the International Zoological Congress in Lisbon, 1935.
It was presented also, in more or less different form, in a number of lectures in
Holland and England, at the New York Academy of Sciences, and at a number of
university lectures in eastern United States universities in 1936. None of these
papers have been published, because I feared that my position would be misunder-
stood if not properly documented.



206 THE MATERIAL BASIS OF EVOLUTION

groups, as described in preceding chapters. But all this hap-
pens within an identical general genetical pattern which may
also be called a single reaction system (see below). The
change from species to species is not a change involving
more and more additional atomistic changes, but a complete
change of the primary pattern or reaction system into a new
one, which afterwards may again produce intraspecific var-
iation by micromutation. One might call this different type
of genetic change a systemic mutation, though this does not
have to occur in one step, as we have seen.

A systemic mutation (or a series of such), then, consists
of a change of intrachromosomal pattern. This is what is
actually found taxonomically (the bridgeless gap) and cyto-
logically. Whatever genes or gene mutations might be, they
do not enter this picture at all. Only the arrangement of the
serial chemical constituents of the chromosomes into a new,
spatially different order; i.e., a new chromosomal pattern, is
involved. This new pattern seems to emerge slowly in a series
of consecutive steps, as the work just reported indicates.
These steps may be without any visible effect until the re-
patterning of the chromosome (repatterning without any
change of the material constituents) leads to a new stable
pattern, that is, a new chemical system. This may have at-
tained a threshold of action beyond which the physiological
reaction system of development, controlled by the new ge-
netic pattern, is so basically changed that a new phenotype
emerges, the new species, separated from the old one by a
bridgeless gap and an incompatible intrachromosomal pat-
tern. "Emergent evolution" but without mysticism! I em-
phasize again that this viewpoint, cogent as it is and, in my
opinion, necessary to an understanding of evolution, is to be
understood only after the fetters of the atomistic gene theory
have been thrown off, a step which is unavoidable but which
requires a certain elasticity of mind.

Once this viewpoint is accepted, it must be realized that
the problem of selection assumes a different aspect. As Dob-
zhansky and Socolov (loc. cit.) have emphasized, a repat-
terning of the chromosomes—our systemic mutation—neces-
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sarily leads at first to nonviable groups (homozygous trans-
locations, deficiencies, etc.). The new pattern, therefore,
cannot survive in the population except in the absence of
selection pressure against the heterozygote and under
proper conditions of interbreeding. But this applies only to
some of the initial steps corresponding to the simple pattern
changes by so-called chromosome mutation. The fact that,
for example, in Drosophila miranda a chromosomal pattern
perfectly different from that in pseudoobscura is viable in
homozygous condition proves that at some point in the re-
patterning process the condition of a new system, viable in
homozygous state, must have been accomplished (of course,
provided that one pattern is evolved from another one, which
can hardly be doubted). It is not known at which point this
decisive condition is reached, and it can be neither proven
nor disproven that it may be accomplished in a single com-
plete shakeup of the chromosomal pattern. However this
may be, as soon as the condition of homozygous compatibil-
ity is accomplished, selection acts only upon the new system
as a whole, with exclusion of nonviable classes or swamping
by interbreeding. The process of selection thus becomes re-
duced to the simple alternatives: immediate acceptance or
rejection. But even if a slow repatterning takes place and
the first steps are already subject to selection, they may
lead to positive selection in the heterozygote, before the level
of the homozygous viable system is reached. There are a
number of facts known regarding position effects which in-
dicate that pattern changes are frequently associated with
physiological actions upon development (see Goldschmidt
and collaborators, 1939). Invisible, purely physiological,
selective features may therefore assist in the increase of pat-
tern changes. If such changes are the decisive features in
building up new reaction systems, the rate of species forma-
tion will obviously be a much quicker one than that required
by the theory of slow selection of innumerable small mutants,
even with a relatively slow process of repatterning.

The facts regarding the evolution of species in the rela-
tively short time since the Tertiary certainly are in good
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agreement with such a conclusion. The most conspicuous
example of this type of quick evolution, and one which has
been mentioned repeatedly, is found in the fauna of the
Pacific volcanic islands of rather recent geological origin.
The closest relatives of such faunas, found on the nearest
continent, have undergone very little diversification, but a
kind of explosive evolution has taken place upon the islands.
The decisive differential feature is certainly lack of selec-
tion pressure and the presence of numerous niches ready for
occupation by properly fitted forms, as emphasized by many
writers. But the results are hardly conceivable if accumu-
lation of micromutations be required, whereas a relatively
small number of systemic mutations, occurring in small pop-
ulations without selection pressure, would suffice. A good
material with which to work out this point would be the
Hawaiian drepanids (see recent discussion by Mordvilko,
1937), or the geospizids of the Galapagos Islands. In both,
the immense variation on a macroevolutionary level and the
many adaptational features in regard to feeding habits, etc.,
are conspicuous. I cannot help feeling that this explosive
evolution under specific circumstances is a special feature
which is very difficult to describe in ordinary taxonomic
terms. I would not be surprised if, in such cases, even so-
called genera turned out to be interfertile, and segregation
in terms of chromosomes or chromosome complexes were
found. But no such data are available. Such cases, then, may
serve as a model for quick macroevolution which parallels
on a higher level the microevolution within a species. We
shall mention in the next chapter Guppy's work on Pacific
floras which led him to the assumption of large steps in spe-
cies; formation.

The difficulties presented by this group of facts to the
ordinary neo-Darwinian conceptions were, it seems, also
realized by J. Huxley (1938), though he otherwise defends
the neo-Darwinian standpoint of slow selection of micro-
mutations. He points especially to the ground finches (Geo-
spizidae) of the Galapagos Islands, and their irregular be-
havior in regard to variation. He mentions that Swarth, the
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latest taxonomist to study the group, "after classifying
them into five different genera with over thirty species and
subspecies, adds that it would be almost as logical to put
them all in one genus and species!" Huxley assumes the same
selective conditions as referred to above for an explanation,
and thinks that the ground finches show a very peculiar form
of evolution, diversification of type, without proper species
formation. (This would be a parallel of human diversifica-
tion, I think.) He proposes the term reticulate evolution (as
opposed to branching) for this type. I agree with the gen-
eral appraisal of the case from the standpoint of taxonomy
and evolution, but prefer an explanation free of neo-Dar-
winian bias, such as the one presented above.

A conception of macroevolution by systemic mutations, a
concept properly applicable also to the higher categories up
to phyla, requires a number of basic assumptions which must
be shown to be justified, before conclusions can be drawn
from the new concept. These assumptions are: (a) Macro-
evolution cannot be conceived of on the basis of accumulation
of micromutations. The material bearing on this point has
already been discussed for the lower end of the taxonomic
categories and will be studied again. (6) Macroevolution is
accompanied by repatterning of the chromosomes. The fac-
tual material has been presented, (c) An intrachromosomal
pattern change may exert a considerable phenotypic effect
independent of genie changes. In the quotations from Dob-
zhansky, we have already hinted at the pertinent facts (po-
sition effect), and additional information has been given.
(d) Such a thing exists as a complete change of the reaction
system based upon a genetic change different from an accu-
mulation of micromutants. We called such a change systemic
mutation, (e) It is possible to produce immense phenotypic
changes of a macroevolutional order by relatively small sys-
temic mutations not involving the creation of anything new
within the germ plasm. (/) The classical atomistic theory of
the gene is not indispensable, for genetics as well as evolu-
tion. It is this theory which blocks progress in evolutionary
thought, as was demonstrated before when we mentioned the
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impasse reached by Dobzhansky (see quotation, p. 204). We
have already foreshadowed the twilight of the gene, (g)
Models are available which make it possible to visualize the
systemic effect of pure pattern changes in the germ plasm.
The following chapters will discuss these points, insofar as
they have not already been analyzed.

2. MACROEVOLUTION AND MICROMUTATION
AT many different points of our analysis we have empha-
sized that macroevolution cannot be understood on the basis
of the neo-Darwinian principle of accumulation of micro-
mutations. This is true for the first step of macroevolution,
and still truer when the higher categories up to phyla are
concerned. We have derived this viewpoint from a close scru-
tiny of numerous facts including those of genetical analysis.
The latter point is of importance because the current neo-
Darwinian conception is almost exclusively based upon the
present genetic theory. All the work on the action of selection
in populations is based upon the axiom that evolution pro-
ceeds in the neo-Darwinian way, and that the theory of the
gene and its mutations furnishes the necessary basis for this
assumption. We have tried to show that this basis is slowly
but certainly slipping from under our feet, as far as the
genetical facts and the facts of macrotaxonomy are con-
cerned. Thus we have been forced to assume large evolution-
ary steps, and we are now engaged in proving that modern
genetics is furnishing the necessary facts for an understand-
ing of this process.

Though the analytical procedure and the interpretation
of the several facts are claimed to be novel, it must now be
added that the necessity of large steps in evolution, involv-
ing the whole system of the organism, has been realized by
many evolutionary writers who have not been in posses-
sion of most of the facts presented here. I shall not delve into
history in order to trace the idea back to Geoffrey St. Hil-
aire, etc., as the idea has become of major importance only
since the development of genetics has permitted a discussion
on a factual basis. But whereas the genetical facts are of
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importance only in connection with the taxonomic work, it
is important to show that modern taxonomists with great
field experience have also reached the same conclusions, with-
out thinking of the possibility of a genetical interpretation.
We have already mentioned Willis' work on Age and Area
(1922), and we now add that Guppy (1906) had already
anticipated many of Willis' ideas as a consequence of his
own study of the flora of Pacific islands. The conclusions
relating to our present problem (aside from the derivation
from facts of distribution) are well expressed by Willis
(1923), who says that the change from one species to an-
other must be in one or, at most, a few large steps, changing
many or all characters of the plant at once. Knowing that
the geneticists will not agree, he makes the situation clear in
the following words:

"The current attitude of the Mendelians towards ques-
tions of evolution is one of an aggressive agnosticism. Since
investigations upon Mendelian lines have not as yet been
able to throw as much light upon the problem as had been at
one time expected, they seem to think that no other line of
attack upon the question will be any more likely to find a
way that may possibly lead to something in the nature of a
solution of the problem at some future date. They seem in-
clined to think that because they have not themselves seen
a 'large' mutation, such a thing cannot be possible. But such
a mutation need only be an event of the most extraordinary
rarity to provide the world with all the species that it has
ever contained. As I have pointed out (Age and Area,
p. 212), one large and viable mutation upon any area of a
few square yards of the surface of the earth, and once in
perhaps fifty years, would probably suffice.2 The chance of
seeing such a mutation occur is practically nil, whilst if the
result were subsequently found it would probably be called
a relic. Darwin's theory of Natural Selection has never had

2. Dr. Guppy has suggested that it is by no means unlikely that the many species
once seen and never afterwards discoverable may often be such mutations. The case
of Christisonia albida, described in Age and Area, p. 151, is almost certainly a case
of a nonviable mutation, and it may be noted that Hooker, who was not a "splitter,"
accepted it as a Linnean species.
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any proof except from a priori considerations, yet has been
universally accepted, and has led to great advances in bi-
ology ; and until the Mendelians show us how to control mu-
tation (a thing that will evidently be some day possible), the
proposition now put forward will presumably go without
actual demonstration by verified fact. What I contend is
that the facts brought up here and elsewhere go to show that
neither of the extreme suppositions—Special Creation and
Natural Selection—contains all the truth, and that therefore
this, or similar, compromise between them is rendered neces-
sary by the present condition of our knowledge.

"The small mutations that are all that the Mendelian
school will allow are obviously in the highest degree unlikely
to give rise to mutual intersterility, such as so commonly
characterizes specific difference, and if they were to be ac-
cumulated it is difficult to see where the sterility would come
in, for each would seem as likely to be fertile with its suc-
cessor as with its predecessor-^-A with B, B with C, C with
D, and so on. But let a big,step, say, from-A to M, such as
dropping of endosperm! be taken, and one would feel in-
clined to expect mutual intersterility as a matter of course.

"If so large a difference as having, or not having, endo-
sperm, rudimentation of endosperm, few or indefinite sta-
mens, etc., etc., can occur, as it does occur, over and over
again between genera which are obviously closely allied, we
are evidently simply making difficulties for ourselves by sup-
posing such differences to be gradually acquired. It must
never be forgotten that gradual acquisition is an assump-
tion of the theory of Natural Selection. Whether the dif-
ferences were infinitesimal (or due to the universally occur-
ring fluctuating variation), or whether they were more of
the nature of sports, they were never supposed by Darwin
and his followers to be anything but small, and evolution of
new species was by their accumulation, whilst the larger
groups were due to further accumulation and to destruction
of the intermediate forms. Now the work which has been
done to establish the theory of Age and Area goes to show
that destruction of intermediates can no longer be invoked.

MACROEVOLUTION 213
There has been vast destruction of individuals, and probably
of species which were only represented by a few individuals,
but not of intermediates, unless these species which were de-
stroyed were of intermediate type; and in that case it is dif-
ficult to see how they could give rise to the later and more
successful forms. Even in the earliest known geological ho-
rizons that contain the group there can be recognized many
families of flowering plants that exist today, and that cover
a very large part of the systematic range at present existing.
They are as well and as widely separated as those now exist-
ing, and into families that no longer exist, and if these gaps
were due to destruction, then Natural Selection must have
operated with great rapidity and decision in the earlier ages
of the flowering plants. If the earliest known flowering
plants already show such differences as that between Mono-
cotyledons and Dicotyledons, then evolution upon the Dar-
winian plan must have been going on previously (in flower-
ing plants) for an enormously longer period than has since
elapsed, or selection and destruction must have been much
more rapid."

Willis then mentions many relevant examples from plant
organization showing that characters of all kinds, however
important they may be in classification, may be acquired
over and over again by single genera, and, therefore, that
they can be easily acquired without needing an immense
period for their acquisition. I think that the zoologist must
agree with this conclusion (which is independent of the age-
and-area hypothesis, though derived from it). The under-
lying facts in both kingdoms are exactly the same as those
which have always raised difficulties for the Darwinian con-
ception of evolution. These difficulties we are trying now to
remove by the new conceptions which are being presented
here.

We just mentioned that Guppy had preceded Willis in
his views. Guppy's views were derived from his expert knowl-
edge of the flora of the Pacific islands. We might, therefore,
return once more to this fascinating subject. Present-day
opinion does not favor the older theory postulating vanished
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land bridges between these islands. It is, moreover, assumed
that all islands appeared independently in their present
place and that they were settled by plants and animals ar-
riving from different directions over vast stretches of Mrater.
(For details and discussion see Setchell, 1935.) The endemic
fauna and flora of these islands are therefore not very old
and must have gone through their evolutionary process only
in recent geological time. Where endemic species are not
very different from their continental relatives or those found
on the probable path of migration, any theory of species
formation fits the situation. This is, however, not the case
when, in some instances, a kind of outbreak of evolution has
occurred. Let us take as an example the much discussed
honeysuckers of Hawaii (see A. Gulick's review, 1932a).
(The comparable case of the ground finches from the Gala-
pagos Islands has been mentioned before.) Probably derived
from a tropical American immigrant, the indigenous family
of Drepanididae consists of eighteen genera and forty spe-
cies. What has happened is expressed by Gulick in the fol-
lowing words:

"When the ancestral pair of drepanids first arrived, and
found this land rich with beetles and various other insects,
and gay all the year around with lobelias and other honey-
bearing flowers, yet with no rival or enemy in sight, it had
before it an evolutionary opportunity such as can scarcely
have been duplicated in the whole history of avian life. The
standardizing effect of close natural selection was removed.
Food was very abundant but probably differed in one way
or another from what those birds had formerly been used to,
so that they may even from the start have begun to turn
aside from their previous habits of feeding. And when pres-
sure of population finally began, there came to be a direct
premium on physical variability, and on versatility of feed-
ing. In addition they were subjected to considerable geo-
graphical isolation as between the several islands. This must
have led over into a condition comparable to that found
today among the Geospizidae of the Galapagos—several
new-formed genera, all of them very variable and rather ver-
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satile feeders, but each with a norm for beak, claws, etc., cor- I
responding fairly well to its major tendencies in food and I
habits. These several genera must have spread, each inde-i
pendently, over all the islands that furnished the appro-
priate foods, and each developed its own geographically re-
stricted races and species. But in Hawaii all this happened
ages ago, and since that time constant competition and se-
lection and specialization have worked the extreme results
which the accompanying diagram visualizes [see fig. 36].

FIG. 36. Diagram of the beaks of some Drepanididae indicating the rela-
tion of beak form to food. Most of these "genera" are represented by dis-
tinctive "species" on each island. (From Gulick.)

The ancestrally homogeneous family now has its 18 genera
ranging from stocky, seed-eating birds with bills like cross-/
beaks and parrots, through finch-like birds that glean
smaller seeds, to little creatures with long, thin, flexible bills
for gathering honey and insects out of tubular lobelias, and I
even birds with a short, stout lower mandible and a very
long, slender upper one, the first usable for pecking away
loose bark, and the other for probing out the grubs of the
native boring beetles. Adaptation has become completely
and narrowly specialized for feeding upon the nectar, seeds,
and insects native to their Hawaii."

It is well worth while to inquire whether such an evolution
can possibly have taken place on neo-Darwinian lines. How
the woodpecker or stonecrusher type, which involves, of
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course, the whole anatomy, may have evolved from a honey-
sucker type by a series of micromutations controlled by se-
lection is simply unimaginable, and one can understand why
so many nongeneticists stick to the Lamarckian explanation.
But with all our knowledge of mutation, selection, popula-
tion pressure, we cannot understand, either, why all these
different lines of evolution should have blossomed out simul- .
taneously, even if a neo-Darwinian interpretation of the re-
sulting type were feasible. One may try to work out the story
in detail, but one will always be confronted with the diffi-
culty of understanding the beginning and all the interme-
diate stages of the conditions, which lead up to such diversi-
fications of adaptation. As the geneticist is unable to accept
the Lamarckian viewpoint, there is only a single solution
left: the origin by large steps, our systemic mutation, which
leads at once so far toward the new type that selection can
immediately be efficacious, and which permits a large evolu-
tionary process to take place in a time as short as, or even
shorter than, is ordinarily required for the production of a
subspecies.

Only one more author will be quoted, again a taxonomist.
(I like to underscore "Taxonomist," since geneticists fre-
quently assume that taxonomic knowledge leads necessarily
to the neo-Darwinian conception.) Robson (1928), after a
very detailed presentation of the facts pertaining to the
species problem, finds difficulties with the neo-Darwinian
standpoint. He says:

"Our survey has been confined to the processes that are
currently believed to give rise to the differentiation of spe-
cies and lesser groups. We have confined our attention to
the slight divergences, principally in structure, that distin-
guish allied species and races, and we have neglected those
larger aspects of morphology that are concerned with the
history of organs and their progressive improvement or de-
terioration. Taking the narrower view and confining our
attention to interspecific differentia, we may perhaps be in-
clined to believe that all such differences may be satisfac-
torily explained by one or the other of the theories just con-
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sidered, or by them all collectively. On this assumption we
must believe that the history of an organ such as the ver-
tebrate eye, or of a group of animals such as the Cephalo-
poda or the Reptilia, consists of a number of small steps,
some of which might be treated by the systematist as 'spe-
cific.' We ought, before we conclude our inquiry, to ask if
modification by the environment, Natural Selection or
chance mutation can bring about the origin of complicated
organs or those sustained and progressive evolutionary epi-
sodes which we see in the history of any of the great groups
of animals. In short, if one of these principles, or all of them
collectively, can produce the sort of differentiation which we
have been studying, is there any particular difficulty in be-
lieving that, e.g., a complex organ is simply the end-term
of a series of such change, each stage being more complex
than the preceding one?

"We have, however, reason to doubt whether any one of
these principles by itself and without very important modi-
fication constitutes a satisfactory explanation of the whole
of the phenomena of evolution. It has even been suggested
that they do not do so collectively, and that the evolution of
complex organs on the one hand, and of certain evolutionary
trends on the other, seem to require a special explanation.
If that is the case, if such phenomena testify to the activity
of a totally different evolutionary principle, may not the
latter, held as it is by some to be apparent in the production
of complex organs and orthogenetic trends, also intervene
in the divergence of species. I do not say that need for this
additional principle is proved or even required. There is
enough evidence available to suggest that the current hy-
potheses, together with the effects of isolation, may be indeed
valid explanations within the limits of our experience. But
we cannot disguise the fact that they involve many difficul-
ties and labour under many disabilities, so that we are bound
to consider what alternatives have been proposed."

Though this author does not offer any solution for the
difficulties, it is obvious that only two solutions are conceiv-
able. The first is the mystic one (emergent evolution, evolu-
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tion creatrice, etc.), the second, the one presented here. We
shall have to discuss later on how modern paleontologists
have come to a similar conclusion.

3. THE REACTION SYSTEM
WE have repeatedly used this term, which is also found in
one of the quotations from Dobzhansky, to express the fol-
lowing viewpoint: According to the theory of the gene, each
individual gene exercises a definite influence upon the de-
velopment of morphological and physiological characters.
These influences are mutually interdependent and the end
result is the specific type. Although a definite visible trait
will be controlled by many, if not all, genes, nevertheless
certain genes will be predominantly concerned with definite
and localized actions, so that the action of the individual
gene is, after all, the decisive feature. A mosaic of individual
actions is thus assumed to produce the final whole. It is some-
times denied that modern geneticists still think of the gene
in such a way. The best proof that the theory of the gene
necessitates this atomistic assumption is found in the cases
of deficiencies opposite a so-called hypomorphic gene. In the
absence of the allele, such a "wild-type gene" produces the
type of mutant character ascribed to the same gene when
mutated! For example, a single wild-type gene at the ves-
tigial locus in Drosophila causes a kind of vestigial effect if
the allele is absent due to a deficiency covering this locus.

The idea of the reaction system in the sense in which this
term will be used is opposed to the idea of integrated genie
action. It means that the germ plasm as a whole; i.e., pre-
dominantly the chromosome complex, controls the general
features of development which lead to a definite type, the
species in question. This idea dispenses completely with the
individual gene and its individual action, with the attending
difficulty of integrating mosaic action into a unified whole.
It considers only a single unit action of the whole germ
plasm, with more or less independent action of the individual
chromosomes. Whether the intricate pattern of this germ
plasm is a pattern of genes, or whether there are no genes
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at all, is another problem; the point here is that the germ
plasm as a whole controls a definite reaction system, which,
then, is not a mosaic of separate effects but a single devel-
opmental system controlled as a whole by one agency. (The
important problem of how such a conception tallies with the
facts regarding definite actions of sections of the chromo-
somes is discussed in Goldschmidt, 1940 [in press]. We shall
not go into these technical details here.) It is certainly diffi-
cult for many geneticists to think in such terms, as most of
them are so completely wrapped up in the axiomatic belief
in the atomistic gene theory that they are unable to think in
other terms. But embryologists, physiologists, and probably
taxonomists will, I trust, not find any difficulty in accepting
such a conception, and may even welcome it.

The term reaction system was introduced into genetics
by Goodspeed and Clausen (1916), who realized at that
early date, right at the height of the new triumph of the
theory of the gene, that something more than the additive
action of individual genes must be involved in genetic deter-
mination. It is highly significant that they derived their new
concept from experiences with species hybrids. As a matter
of fact, these authors did not take the decisive step away
from the gene mosaic conception, but they tried to expand
it by adding the new idea of reaction system. "For if this
conception of genie interaction be valid then it should not
be possible, in certain cases at least, to shift and recombine
the elements, from which systems have been built up in the
haphazard way that some advocates of Mendelism have at-
tempted to do. //, for example, it is possible to obtain hy-
brids involving not a contrast between factors within a
single system, but a contrast of systems all along the line,
then it is obvious that we must consider the phenomenon on
a higher plane, we must lift our point of consideration as it
were from the units of the system to the systems as units in
themselves."3 These conclusions were derived from a set of
facts which we might have mentioned above when discussing
species hybrids and emphasizing their peculiarities, espe-

3. Italics mine.
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cially in the segregation of whole complexes of characters
(see p. 180). In crosses of the Nicotiana species sylvestris
and iabacwm the Fi shows exclusive expression of all tdba-
cum characters, irrespective of the presence of recessive or
dominant mutational characters in the parents. This applies
to all details of structure and habit, so that there is actually

| a dominance of the entire reaction system of tabacum over
i sylvestris. This applies also to all varieties (subspecies) of

tabacum, including individual mutants. The Fi is partly
fertile and may be backcrossed to sylvestris. Among highly
abnormal offspring a considerable proportion of pure-breed-
ing sylvestris is produced, which was interpreted as a segre-
gation for a whole reaction system. Meanwhile it has been
found out that the situation is more complicated. Clausen
(1927) has come to the conclusion that N. tabacum is an
allotetraploid hybrid, one of the genomes being derived from
the species sylvestris, the other from tomentosa. By continu-
ous backcrossing to sylvestris the chromosomes derived from
sylvestris can be tested, because they form tetrads with the
sylvestris chromosomes. They have been found to be com-
pletely different genetically. The idea of the reaction system
thus becomes less generalized and actually applies to the
whole architecture of individual chromosomes, in the same
sense as we developed it before. We have already referred
to similar cases which cannot be explained by linkage or by
survival of certain combinations only, in view of the innum-
erable gene differences which would have to be postulated
between the two species. Among other examples, we have
mentioned the perfectly parallel case in animals, described
by Harrison (1917) for crosses of geometrid moths.

At the time when these views were developed there was no
reason to express them in any other terms but as an exten-
sion of the theory of genie collaboration. A whole chromo-
some or a whole set of chromosomes meant nothing but a
number of genes, and a concerted action of a genome meant
a type of interaction of individual genes in a definite com-
bination. When, at the same time, Renner (1917) estab-
lished the theory of the complexes in Oenothera which was
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later understood in terms of segmental interchange between
chromosomes, phenomena of the type under discussion were
reduced to specific abnormalities in the chromosome behavior
(though this does not apply to the Fi results from which
the concept of reaction systems was derived). But with the
present knowledge of the importance of chromosome pat-
tern, independent of genes, all facts pointing toward the
existence of reaction systems assume a new significance, as
was just mentioned in relation to the Nicotiana case, though
this original case has since been found to be based on specific
conditions of hybridism (allotetraploidy).

A. Reaction Systems and Genes
Goodspeed and Clausen's conception was first derived

from the fact that a whole genome appeared dominant over
that of another species, irrespective of the dominance rela-
tions of individual genes in varietal crosses. Such a condi-
tion does not seem to occur frequently (apart from triploidy,
which is involved in Nicotiana), though it is observed rather
often that individual mutational differences show a changed
dominance relation in species crosses. Such facts, however,
can be completely explained within the theory of the gene,
either by assuming modifiers for dominance (Fisher) or by
postulating different grades of wild-type action beyond the
minimum threshold (see discussion in Goldschmidt, 1938).
But it must be emphasized that explanations of the facts in
terms of individual gene differences have been construed
under the assumption that gene differences are the only dif-
ferences known and worth discussing. Therefore explana-
tions had to be found in such terms. This, however, does not
mean that the same facts might not be understood, and even
better understood, if analyzed from the standpoint of re-
action systems. Let us take as an example Harland's (1933,
1934) work on cotton, though the question might be raised
in this connection as to whether the species which have been
crossed are actually different species or only subspecies.
This, however, is not very important for the present prob-
lem, as we have seen that chromosomal pattern differences
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may develop within subspecies independently of mutational
differences. Harland crossed Gossypium hirsutum X bar-
badense, species which are said to be different in every dis-
cernible character. Within each of the species a number of
characters have mutated in a parallel direction, as is so fre-
quently the case. For example, a large spot at the base of
the petals may be present or absent in both, or red versus
green leaf may be found in both species. In barbadense these
differences are single gene differences, though intermediate
grades occur on the basis of multiple alleles. The same ap-
plies also to hirsutum, but the multiple alleles are not found
here! Barbadense spotted X hirsutum spotless produces an
Fo with all gradations between the two extremes, differences
too minute to be classified. Reversal of dominance of spot
over spotless was also observed in later generations. Trans-
ference of the barbadense spot to a hirsutum background
by repeated backcrosses gave a weak spot. The conclusion
was that there is a basic gene for spotting, not identical but
allelomorphic in both species. The hirsutum gene for spot-
ting is able to produce its effect upon the hirsutum "back-
ground," but the same background almost nullifies the ac-
tion of the barbadense gene. In addition, there must be a
group of intensifying modifiers present in the barbadense

I genotype but absent in hirsutum, which may have a different
! set of modifiers. This would then mean that homologous
characters in the two species became built up in evolution

f in a different genetical manner. (In old Darwinian language
! this would be called convergence.) A test for nine different
< characters gave the same results, from which it was con-

cluded that most, if not all, genes are different (though
allelomorphic) in the two species and that each is accom-
panied by a different modifier complex. Harland therefore
reached the conclusion that the development of new modifier
complexes is the decisive step in evolution, that "the modi-
fiers really constitute the species."

This is a rather complicated explanation of the facts,
derived in order to explain the distinctive features of the
case in terms of gene mutations. It seems as if a restatement
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of the facts in terms of reaction systems would be appro-
priate. If the normal type (spot, etc.) is produced by dif-
ferent reaction systems; i.e., chromosomal patterns, in both
species, and if chromosomes in the hybrid conjugate and
segregate, as is the case, though with little or no crossing
over, the system of each chromosome will segregate as a unit
and therefore will act like a pair of alleles. If the chromo-
somes segregate independently, a complex chromosome ar-
rangement involving all homologous chromosomes, different
in pattern in both species, is found in the F2. This mixture
of incongruous patterns appears as a multiple-factor segre-
gation, though whole chromosomes, and not gene differences,
are involved. This view can be tested by an analysis of all
species differences in the F2, an analysis which has not been
reported. I expect that the results will be expressed not in
terms of innumerable gene segregations, but rather in terms
of more or less intricate reaction systems involving whole
character complexes, as reported above for Lepidoptera and
Salix.

This last example leads to a discussion of a method fre-
quently employed for the comparison of the genetic makeup
of two species which do not produce fertile hybrids but which
have developed phenotypically identical mutants, just as
in the cotton example. Three methods for comparison are
available:

(a) If both species produce mutants and may be crossed,
the identity of similar-looking mutants may be tested. If a
cross between two mutants results in the mutant type, where-
as mutant X wild type shows normal dominance relations,
it can be said that the mutant types are allelomorphic. In
addition, these mutants can be localized on the chromosome
map and their loci can be compared. The best-known exam-
ple of this type is found in Sturtevant's (1920, 1921)
crosses of Drosophila melanogaster X simulans. The species
differences are very small; the chromosomes are very much
alike, but the hybrid is sterile. In both species a large num-
ber of similar-looking mutants are known, and the majority
of these behave as alleles in the crosses. In addition, they are
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found to be located in the same chromosomes and in the same
order. The obvious conclusion is that both species have nu-
merous genes in common. But it is not obvious that any con-
clusion as to the actual genetic differences which must exist
between the species can be drawn. This is a vital point. In
this case, however, the salivary glands give decisive informa-
tion (Patau, 1935; Kerkis, 1936). There is a normal attrac-
tion, point for point, throughout most of the length of the
chromosomes, showing the identical nature of the minute
pattern. But, in addition, a large inversion and a number
of very small differences in detail are found. The latest study
of the same case by Horton (1939) actually reveals ten clear
chromosomal rearrangements; namely, five short inversions,
one large one, and four very minute changes at the ends of
the chromosomes. In addition, there are fourteen regions in
which the chromosomes do not pair ordinarily in synapsis,
indicating minute rearrangements. There is, then, a con-
siderable pattern difference, which might be made alone re-
sponsible for the specific differences. Otherwise one would
have to assume that the genie differences between the species
were all confined to genes which did not happen to mutate,
an assumption which sounds rather improbable.

(6) The second method applies to species which cannot
be crossed but in which comparable mutations are found.
The linkage maps or linkage relations between some mu-
tants showing a parallel effect may be compared. Haldane
(1927) has reviewed a number of instances in mammals
where similar-looking mutations had also similar linkage
relations, and Green (1938) has recently complemented the
list. In Drosophila a more extended comparison has been
made for melanogaster and pseudoobscura (Sturtevant and
Tan, 1937). If similar-looking mutants are assumed to be
based upon the same genes (which, however, is not the fact,
as is easily seen in the standard Drosophila mutants where
frequently a number of different mutants are indistinguish-
able phenotypically), parts of the chromosomes or whole
chromosomes in the two species seem to contain the same
genes. But in this case—two indubitable species—the ar-
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rangement of these mutant loci is a very different one in
both species, so that the authors conclude that many inver-
sions must have taken place in the derivation of one type of
intrachromosomal pattern from the other. The salivary-
gland chromosomes of the two species compared by Dob-
zhansky and Tan (1936) are entirely different, and no
parts can be considered completely alike. This shows that
analysis by way of comparing mutants does not give reliable
information regarding the species differences, and, I might
say, even leads to considerable misinformation. It stresses
what are probably most unimportant similarities and over-
looks the vital point, the pattern difference. (This, however,
is not Dobzhansky's opinion, nor that of Harland (1935),
who has reviewed a number of comparable instances.)

(c) The third method applies to fertile hybrids where
mutants in one form may be crossed to the other wild type.
If they show simple Mendelian segregation, an identity
of the genes is assumed. We mentioned this case before and
many similar examples have been reported since the first
work of Correns on Mirabilis crosses. The furthest conclu-
sion which may be drawn from this material concerns the
existence of one or a few homologous loci, but in most cases
the facts do not permit any other conclusions beyond those
on the functioning of the mechanism of chromosome pairing
and disjunction. I cannot see that this helps our understand-
ing of species differences, aside from the question of whether
species are actually involved.

B. Reaction Systems Versus Genie Balance
In plants, and sometimes also in animals, closely related

species differ by a single chromosome or by a few of them.
In some cases (Orthoptera, McClung's school and others)
it may be shown that one of the chromosomes of a set (or
even all the chromosomes) seems to have been broken into
two (which would require the acquisition of a new spindle
fiber). In other cases (Lepidoptera; Seiler and others) it
seems as if two or more small chromosomes had united into
a larger one. There are also all imaginable conditions of
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fragmentation, ranging from a single fragmentation in one
chromosome to fragmentation of all chromosomes. The
latter produces what appears to be polyploidy, but is some-
thing different. No definite rules can be laid down, but

FIGS. 37, 38. Normal diploid Nicotiana tabacum compared with 10 trisom-
ics and one more complicated chromosome type (Tertiary). Names from
left to right: fig. 37, diploid, recurved, enlarged, puckered, bent, stubby;
fif. 38, narrow pointed, late, compact, inflated, sticky (— Tertiary of re-
curved and compact). (From Goodspeed-Avery.) [Courtesy of the late
Dr. P. Avery.]
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Vandel (1938) points out that in a great many instances
the increase in chromosome number goes hand in hand
with specialization. But the opposite relation also occurs

FIG. 38

in Cyclops. This pseudopolyploidy, as we may call it, cer-
tainly has some relation to sexual propagation, as it favors
parthenogenesis (see above concerning Artemia and Van-
del's discussion in 1936. A full account of all the facts and
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a review of chromosome numbers in many groups of ani-
mals have been given by Vandel, 1938). If the cytological
explanation (fragmentation) is correct, it means in terms
of evolution that either the chromosomal change is nothing
but a haphazard feature accompanying species differentia-
tion—in other words, one of the differential specific char-
acters, without being the cause of specific differentiation—
or the chromosomal change is one of the causes of specific
difference. In the latter case we are facing a change in
chromosomal pattern without a change of the so-called genes,
as the cytological facts do not point to any structural
changes except the union or breaking of chromosomes. This
then means that in these cases the genetic effect of the same
chromosomal material changes as the material is divided
into a different number of constant units. We might call
this a kind of position effect. I do not know of any experi-
mental facts in favor of such an explanation; experimental
fragmentation of chromosomes (by X-rays) does not pro-
duce stable conditions which can be properly compared
with the case in question. We must, therefore, content our-
selves with stating the problem without drawing conclusions
from known facts. But we may point out, at least, that the
facts of chromosome fragmentation have to be kept in
mind, as their eventual interpretation in terms of position
effect will agree with all the other deductions to be made
here from similar facts.

Another type of change of chromosome number is found
when a single chromosome has been duplicated so that the
2n chromosome set is changed into 2n-|-l; i.e., so-called
trisomics. It is known that this actually occurs in many in-
stances in plants, and the facts of the case have a very
definite bearing upon the problem of reaction systems and
chromosomal patterns versus accumulation of atomistic gene
mutations. The existence of one chromosome in triplicate
instead of duplicate condition was early found (Gates) to
be the cause of a special form of Oenothera, one of the so-
called mutants. Since then, numerous cases have been an-
alyzed, including some in which trisomics for every single
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one of the chromosomes of a set have been found and dis-
tinguished. Blakeslee's pioneer work on the trisomics of
Datura is generally known and reported in all textbooks:
each of these trisomics involving a different chromosome
bears a definite name relating to its visible features and
can be distinguished at sight. A similar situation has been
studied by Goodspeed and Avery (in press) in tobacco.
Through the courtesy of these investigators I have had an
opportunity to see the material in the field and to observe
its striking features. The accompanying table (table 9) and
figures 37 and 38, which I owe to Dr. P. Avery, present
some of these features. Each of the different trisomics (eleven
out of twelve possible ones have been realized) is charac-
terized by a special habit which is expressed in all parts of
the plant and which makes the different trisomics appear
very different to the eye. If the genetic makeup of these
plants were not known, one would expect that their differ-
ences were due to a single gene with manifold (pleiotropic)
effect. Trisomics were actually among de Vries' mutants,
and were recognized by him as a single departure from the
original form. Though he was mistaken as to the type of
mutation involved (chromosomal versus point mutation),
he was more perspicacious than many of his followers in
realizing that the trisomic mutational change was a change
not in one trait but in a complete growth pattern. As far
as can be ascertained from descriptions, other trisomics in
plants behave like our example. There is an additional
feature in the tobacco case: Secondary trisomics with more
than one chromosome in triplicate are new types, which,
however, permit us to see the combined influence of both
primary types (Goodspeed and Avery, loc. cit.). In ani-
mals comparable cases have not been analyzed, due mainly
to the lethality of hyperploids. But a few exceptions exist,
as, for instance, the trisomics of the fourth chromosome in
Drosophila (triplo- IV). These have small smooth eyes, nar-
row, more pointed wings, darker body color, suppressed
trident—in short, a complex deviation from normal.
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TABLE 9

SOME MORPHOLOGICAL CHARACTERISTICS OF PRIMARY
TRISOMICS OF NICOTIAN A SYLVESTRIS

From Goodspeed and Avery (in press)
Primary General character differences Conspicuous diagnostic
trisomics from diploid characters
Recurved Slender throughout; leaves, flow- Recurved corolla limb,

ers, calices, capsules longer and Limb blade without extra fullness,
narrower.

Enlarged Length of parts increased; flow- Midrib elongates more rapidly
ers, calices, capsules, pedicels, than leaf blade, causing the
internodes, much longer. blade to fold back at the mid-

rib.

Narrow Narrow leaves, flowers, calices, Many basal laterals produce a
and capsules. bushy habit.

Leaf blade without extra fullness
except for slight undulations on
upper margin.

Pointed Tips of leaves and of corolla and Excess fullness of leaf tissuegath-
stigma lobes conspicuously acu- ered along midrib; leaves very
minate. erect, close-set, numerous.

Late Very slow growing; 10 to 18 Leaf tissue becomes necrotic be-
months later in blossoming, be- tween veins,
coming biennial; rosette leaves
very close-set and numerous
with bases tightly interlaced
and internodes almost elimi-
nated.

Puckered Lateral branches few and short; Extra fullness of leaf tissue accu-
branches of inflorescence short mulates in "puckers" between
with few flowers. veins; small necrotic areas de-

velop at apex and along mar-
gins of mature leaves.

Bent Large, full leaves and flowers; in- Margin of leaf bends at intersec-
ternodes, flowers, calices, and tion of veins where tissue ac-
capsules somewhat longer. cumulates to form a "blister."

Stubby All apices blunt; leaf and limb of Extra fullness of blade accumu-
flower orbicular; main shoot, lates along veins,
branches, leaves, flowers, cal-
ices, capsules, pedicels reduced
in length and number.
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TABLE 9 (Continued)
Compact Short internodes, leaves, branches Leaf tissue full between sunken

of inflorescence, flowers, calices, veins and midrib; full, waved
and capsules. margin.

Inflated Infundibulum of corolla tube and
calyx much inflated; lobes of
corolla limb and capsule also
broad.

Lax Leaves, flowers, and anthers Apices of leaves and corolla lobes
droop. acuminate.

The current explanation of these cases is based upon
the so-called "theory of genie balance." I had found (1911-
15, quotations in 1934) that sex is determined by a quan-
titative relation or balance between male and female de-
terminers in the sex cells, thus showing that the pheno-
type, in this case primary and secondary sex characters,
is determined by a balance between two competing and quan-
titative genetic conditions, which may be shifted in one
direction or the other. Soon afterwards it was realized that
this balance works through the control of properly ad-
justed reactions, and this permitted us to apply the same
principle to all genie actions (1920). The balance theory
thus assumed the form of a balance between closely adjusted
developmental reactions steered by the genes. As it was
assumed that the speed of these reactions was controlled by
the quantity of the genes, it followed that a disturbance of
the balance was produced either by a change in the quantity
of a single gene or by summation of quantities of different
genes of identical action. This theory was subsequently
formulated in a somewhat different way by Bridges (1922),
who looked at the balance more from the standpoint of the
genes than of gene-controlled reactions. He thought that
in the formation of each hereditary trait all genes were
involved. Some may pull the processes leading to a definite
character in one direction, others in the opposite direction,
and the end products will depend upon the number of genes
in one or the other group; i.e., on their balance. For each
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actual trait this balance is properly set, and a change in
it will lead to a different somatic effect. Whichever of the
two formulations of the balance idea one prefers (a choice
which is of no importance in the present discussion), the
decisive point remains that a definite quantity of genie
material controlling one type of developmental process has
normally to be present, in order to insure a balanced, well-
adjusted interrelation of all the morphogenetic reactions
which occur in development.

This theory was also used to explain the effects of the pres-
ence of one chromosome in triplicate. Goodspeed and Clau-
sen (1916) were the first to use such an explanation for
trisomics, thus anticipating the later development of the
balance theory, especially the formulation by Bridges. The
idea is that the addition of one more chromosome into the
genome introduces an extra set of genes, and if these genes
are preponderably of a type pulling in one direction
(Bridges plus and minus modifiers) the whole type of the
individual will be shifted in this direction. This explanation
seems reasonable at first sight, but it cannot stand closer
inspection. One of the basic facts of genetics is that mutant
genes controlling definite characters are usually spread over
all chromosomes. Well-known examples are the minute bristle
mutations and the eye-color, eye-shape, and eye-texture
mutants in Drosophila, flower colors, chlorophyll types in
many plants, etc. There is no fact known which suggests
that genes influencing one trait are all or preponderantly
linked in one chromosome. But as there are twelve pairs
of chromosomes present in tobacco, one of which is in tripli-
cate, and as it is assumed that each chromosome carries
numerous plus as well as minus modifiers, the appearance
of a distinct and specific type in each trisomic requires,
on the basis of the balance theory, the accumulation of modi-
fiers of one type in each individual chromosome and of dif-
ferent types in the different chromosomes. In other words,
twelve groups of modifiers would be required, each with dif-
ferent action and each present preponderantly in one of the
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chromosomes. This is in contradiction to all our genetic
knowledge.

If, then, genie balance does not account for the facts,
we must turn—and this is the reason for discussing these
facts here—to an effect of the chromosome as a whole, an
effect of the whole chromosome with its specific serial pattern
upon the whole reaction system of the plant. No genie bal-
ance is needed, and, as for that, no genes either, to under-
stand the reported facts, as soon as we have decided to
assume that a chromosome of a definite structural pattern
is acting as a unit. I know, of course, as I have already em-
phasized repeatedly, that it is difficult for many geneticists,
brought up to think exclusively in terms of integrated gene
action, to cut themselves loose from this preconceived idea.
But here are the facts, and the whole discussion contained
in this chapter, as well as in former chapters, leads to the
same conclusion, which is all-decisive for an understanding
of evolution.

Another remarkable problem ought to be pointed out in
this connection, though it seems at first sight to be rather
remote from the problem of species formation. When I first
tried to formulate ideas upon evolution based upon the
then new insight into the action of the gene (Goldschmidt,
1917, 1920) ; namely, its action by controlling velocities of
reactions concerned with differentiation, I started the analy-
sis with an evaluation of genetic sex determination. It was
pointed out that sexual differences within a species may be
of such a nature that, if found distributed among different
organisms, they would provide a basis for classification into
different species, families, or even higher categories. These
differences frequently touch upon practically every single
character of the organism, morphological and physiological.
Two forms found in nature, which showed morphological
differences of such degree as that existing between male and
female insects in genital armature or, in other cases, an-
tennae, wings, segmentation, would never be considered as
belonging to the same species, or even genus (not to speak
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of such differences as are found in Bonellia, Cirripedia,
etc.). In the sexual differences we have, then, two com-
pletely different reaction systems in which the sum total
of all the differences is determined by a single genetic dif-
ferential. We shall return later to this interesting set of
facts from the point of view of development. The genetics
of sex determination ought, therefore, to furnish informa-
tion on how a completely different reaction system may be
evolved on the basis of existing and known genetical agen-
cies. Insofar as a problem of chromosomal number is in-
volved, to wit, the mechanism of one versus two X-chromo-
somes, the agency in question is of the same order as that
involved in heteroploidy.

This is not the place to go into the details of the prob-
lems of sex determination. Only those points will be men-
tioned which lead to a conclusion comparable to that de-
rived before. There is no doubt that sex is genetically de-
termined by a balance between female and male determiners,
one being located within the X-chromosomes, the other out-
side of them (Goldschmidt, 1911-20, see 1934). There is
no doubt, either, that the X-chromosome mechanism regu-
lates this balance by opposing one or two quantities of the
determiners within the sex chromosomes to the determining
condition outside of the sex chromosomes, which remains
constant in both sexes, and that this balance works by regu-
lating the amount of activity of sex-determining stuffs
(Goldschmidt, Loc. cit.). The decisive point which concerns
us now is the genetic meaning of male (Lymantria type)
or female (Drosophila type) determiners within the X-
chromosomes. I used to describe these determiners as single
genes (or closely linked groups of genes) because in the
Lymantria experiments only a single action and a 1 : 1 seg-
regation without any evidence of crossing over were ob-
served. Bridges (1921-22), in his studies on triploid Droso-
phila intersexes, not only assumed (without a single fact in
favor of the assumption) that these determiners exist in
the form of a large number of sex modifiers, but in addition
assumed that these modifiers pushing sex in one or the
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other direction are present in all chromosomes. The X-
chromosomes, under this assumption, would differ from
the autosomes only in containing a higher number of one or
the other type. Dobzhansky and Schultz (1934) later
tried to prove this conception experimentally by compar-
ing the degrees of triploid intersexuality obtained after
adding duplicated pieces of fragmented X-chromosomes. I
have shown (Goldschmidt, 1935a) that the facts presented
by these authors fail to substantiate their claim. On the other
hand, adherents of Bridges, like Winge (1937), have tried
to show that my experimental material can be interpreted
in line with their position. Hammerling (1938), however,
found it easy to demonstrate that Winge's interpretation
does not work, if applied to the details of the case. There
are, as far as I know, only a very few facts available which
may be interpreted as genetic proof for a localized sex gene.
These are the experiments of Mowus (1933) with the flagel-
late Chlamydomonas, where crossing over between the locus
for sex determination and another locus is claimed, and
the experiments in fishes by Kosswig, some of which we can
interpret in a similar way by assuming the occurrence of
crossovers between individual sex determiners (Goldschmidt,
1937a; see, however, Kosswig's reply, 1939). Recently two
groups of facts have become known which furnish some
positive information. Completing the work of Patterson and
collaborators (see 1938), Bedichek (1939) has covered
every single locus of the Drosophila X-chromosome by du-
plications added to triploid intersexes. The result is that
no individual locus which switches sex from one to the other
alternative has been found. But simultaneously Knapp
(1939) found something very different in the liverwort
Sphaerocarpus. He broke the X-chromosome into differ-
ent fragments by X-raying and found that some of these
splinters of different length changed the sex in a completely
clear-cut way without any intersexual conditions. This
shows that the smallest of the sex-determining fragments
contains all the female determiners, and that the rest of
the chromosome does not contain any indispensable sex de-
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terminers. These new facts may mean that in Drosophila
many sex determiners are sprinkled over the whole X-
chromosome, and that in Sphaerocarpus they are confined
to a small section or a point, as I had assumed for Lyman-
tria. But there is also another interpretation, which is
the reason why these facts have been mentioned in the pres-
ent context.

Looking over the facts just reported and comparing
them with the facts discussed before regarding trisomics
and species differences, I am now inclined to assume that
both Bridges and I were wrong in the discussion of one gene
versus many. It is, I think, neither a single differentiating
gene at one locus of the X-chromosome which decides the
sexual alternative, nor is it an array of male and female
"modifiers" sprinkled over the X-chromosome and the au-
tosomes (a rather poor mechanism, by the way, to be
evolved all over the living world in order to secure a simple
alternative!). The sexual alternative seems, moreover, to be
decided by a pattern effect of the whole sex chromosome
or, as the case may be, of a more or less small portion of it.
It is not this or that gene or array of genes which is acting
to produce the extreme morphogenetic differences of the
sexes, but rather the typical serial pattern within the X-
chromosome, or definite parts thereof. The chromosome as
a whole is the agent, controlling whole reaction systems (as
opposed to individual traits). The features which are as-
sumed by many geneticists to prevent a scattering of in-
dividual sex genes by crossing over (one X in heterogametic
sex, or inert Y) actually prevent major changes of the pat-
tern within the chromosome as a whole. Once more I must
emphasize that such a conception offers mental difficulties
to those steeped in the classic theory of the gene. To them
an X-chromosome cannot mean anything but a collection
of genes influencing many different somatic traits, inter-
spersed with genes controlling sexual differentiation. An
action of the chromosome is, therefore, nothing but the ad-
ditive action of the individual genes (see Bridges' plus and
minus modifiers). Once this conception has been understood
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as only one possibility, the other possibility (the action of
a whole pattern arrangement without individual action of
the serial ingredients) becomes intelligible. This is not
the place to discuss the merits of this viewpoint of the genetic
basis of sex determination. It has been brought out only
to show that facts are accumulating from all sides in favor
of major morphogenetic changes being based more on ar-
chitectural features of the chromosomes as a whole than
upon accumulation of small integrating differences.

A few words ought to be added in this connection regard-
ing the phenomenon of polyploidy, which, in plants, seems
to play a considerable role in some types of species dif-
ferentiation. I do not intend to enter into a discussion of the
general role of polyploidy in the evolution of plants. The
pertinent facts may be found in Darlington's books (1937,
1939). There is no doubt that the different types of poly-
ploidy (autopolyploidy, allopolyploidy) have something to
do with species differentiation in many plant genera. In ani-
mals true polyploidy by doubling of the chromosome set
is either not found or is of very limited significance (see
Vandel, 1938). But in plants also it cannot lead very far
in macroevolution, as the possibilities of such differentiation
are quickly exhausted. In our present discussion, however,
the facts have a special significance; namely, in regard to
the question as to whether the chromosome or the chromo-
some set has a definite action which cannot be expressed
in terms of integrating genes and which therefore comes
in as a factor in evolution outside of the neo-Darwinian
conception of the accumulation of gene mutations. We are
not speaking of allotetraploidy, the combination of two
different specific or generic genomes in one individual by
hybridization followed by tetraploidy. We are referring
only to autotetraploidy, doubling of the chromosome num-
ber within a species, resulting only in a change of the num-
ber of chromosomes and their constituent parts without a
change of the gene-mutation type or a juxtaposition of dif-
ferent genomes. It is generally known that the mutation to
a tetraploid condition is accompanied frequently by giant
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size (gigas forms in numerous plants). It is further known
that this is sometimes the result of an increase in cell size
proportional to the chromosome number. This certainly
is due to an action of the whole genome as a unit, which
thus reveals a nongenic action upon cellular growth. It is
further known that frequently this relation does not exist
at all. But more important is the fact that the doubling
of the chromosome number, in nature or in experiment, with-
out any other known change, may also result in morpho-
logical and physiological effects of the same type as other-
wise attributed to gene mutations. All the facts pertaining
to this question in plants have been assembled and tabulated
by Muentzing (1936-39) (see also Melchers, 1939). The
general points relevant to our discussion are: Experimental
and natural tetraploids are slower growing and exhibit a
tendency to become biennial or perennial. In a general way
the rate of cell division is decreased and specific physiological
properties of the cell—for example, the osmotic system—
are changed. The whole metabolism in influenced, and starch
and vitamin content increased. Even the basic chemical
constitution may be changed. A most remarkable fact has
recently been added to this discussion by Sinnott and Blakes-
lee (1938). They find in experimentally produced auto-
tetraploids of cucurbit fruits the size difference so frequently
observed in tetraploids. But, in addition, in every case the
tetraploid fruit is distinctly shorter and wider than its
corresponding diploid type. This is the result of changes
in the shape of the early fruit primordium and in the rela-
tive growth rates of length and width during development.
Sinnott had previously demonstrated that shape in these
fruits is determined by "genie" action independent of the
determination of size. Here the action is obviously one of
the whole genome.

It is most remarkable that the natural polyploid races
of plants which are autotetraploids frequently show a defi-
nite geographical or ecological habitat, which means that
the physiological traits, just mentioned, adapt the species
to a definite environment. Many facts of this type are tab-
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ulated by Melchers (1939). This predilection for certain
habitats is significant and demonstrates the evolutionary
importance of the phenomenon. Muentzing, in his analysis,
comes to the conclusion that in numerous cases the evolu-
tion of perennial and specially adapted species is due ex-
clusively to a doubling of the genome. In a particular case
the diploid and tetraploid races Dactylis Aschersoniana and
glomerata were compared morphologically in all details,
with the result that the differences were found to be caused
only by the difference in chromosome number and not by
specific genes present in one and absent in the other "spe-
cies." We do not intend to discuss further details. The points
which we want to emphasize are that considerable diversi-
fication may be brought about by a quantitative change in
the chromosomes without any participation of gene muta-
tions or changes in so-called genie balance, and that the
facts relating to polyploidy, therefore, contribute to the
conception of the determination of definite reaction sys-
tems by chromosome-pattern action.

Tetraploidy is not frequent in animals, but in the few -
cases studied (Artemia, Artom, Gross; Solenobia, Seiler)
the whole reaction system of the individual is changed, in
addition to morphological changes which do not conform
to the simple formula: more chromosomes, larger cells. The
work of Gross especially falls completely in line with that
in plants. However, changes in chromosome number in ani-
mals result more frequently from fragmentation than from
doubling, and it seems as if fragmentation is somehow con-
nected with specialization in evolution. A complete review
of the facts is found in Vandel (1938), and a few cases have
been reported above (p. 187). Though no definite rules are
clearly visible, in a general way it may be said that in
animals also the chromosome number alone, excluding genie
changes, has a definite morphological and physiological
effect which is independent of eventual changes in cell size.
Here is a large field awaiting an experimental attack.

We do not intend to go beyond the discussion of the points
which seem important for the conception of what we called



240 THE MATERIAL BASIS OF EVOLUTION

systemic mutations. We shall especially refrain, as already
indicated, from a discussion of the polyploid series in plants,
which are certainly connected with specific diversification,
and also from a discussion of allotetraploidy or structural
hybridism, which also lead in plants to species formation.
Since it seems that comparable features are absent, or at
least unimportant, in animals, the process of polyploidy can-
not be regarded as a general evolutionary principle. The
facts can be found in Darlington's books. I might point
out only that the facts concerning tetraploidy which have
been mentioned seem to indicate that the effects of polyploidy
may also be understood as due to concerted action of
chromosomes and whole genomes, independently of the ac-
tion of individual genes. Winge (1923) has tried to formu-
late an explanation on the basis of multiplication of genes
(polymery) resulting from tetraploidy. I cannot see how
such a conception can work if all genes are involved.

In concluding our present discussion I wish to point out
that the new conception of systemic mutation might pave
the way for an understanding of some facts which have
always defied an explanation in neo-Darwinian terms. Fore-
most among these are complicated mutual adaptations, like
adaptations of flowers to insects, or the favorite hobbyhorse
of teleologists, the "fremddienliche Zweckmassigkeit"
(Becher) as found in plant galls with a preformed exit.
Here also belong many of the facts generally included under
the term mimicry; e.g., the resemblance of orchids to bees,
flies, or bumblebees, the general similarity to ants or termites
of some of their commensals, the leaf-butterflies and leaflike
Orthoptera, and many similar examples. There is a possi-
bility that one such case can be considered as suggesting
that the entire adaptational complex has been produced
in a single step, a, systemic mutation. I mean the much
discussed cases of mimetic Papilios, as, for example, Papilio
dardanus. Here a number of different female types exist
within the same species, whereas only one male type is found.
These females, hatching from the same egg batch, are as
different in wing pattern, shape, size, and color as other
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species or even genera. In addition, they mimic poisonous
butterflies of very different families with amazing exact-
ness, though different wing-pattern elements may produce
the similarity in appearance in the two cases. In addition,
the different geographic races of PapUio mimic different
models in their respective habitats. In this case something
of the genetic situation is now known: The different pat-
terns behave in heredity as if they were controlled as a
whole by one or two ordinary Mendelian differences, which,
however, act only in the female body. From innumerable
crossing experiments in Lepidoptera we know that pattern
differences of such an order, if analyzable at all, ought to
turn out to be the result of collaboration of many mutant
genes. Ford (1936) has tried to solve the difficulty by
assuming, following Fisher's ideas, that the simple Men-
delian difference is in fact the result of a long selection
of invisible modifiers to which the one gene difference is
finally added only to act as a differential. I wonder whether
the proper solution is that the simple Mendelian difference
is in fact a difference of a whole chromosome, the archi-
tecture of which has been changed by a systemic muta-
tion, thus demonstrating within a species in a case of special
adaptation the happenings otherwise found between species.
A cytological test of this explanation ought to be possible
where the material is available. I point to this case not in
order to offer a hypothesis but to draw attention to the
constructive possibilities of the new conception in instances
where the accumulation of micromutations, which can hardly
be of selective value before the whole pattern is practically
finished, does not work, as is proven by the never-ending
discussions on the origin of mimicry and the proposed radi-
cal way out of the difficulties; i.e., complete negation of
mimicry, to which many authors have resorted.

4. PATTERN EFFECT AND SYSTEMIC MUTATION
HAVING shown that numerous facts tend to demonstrate that
the basic feature of macroevolution is a change of intra-
chromosomal pattern as opposed to slow accumulation of



242 THE MATERIAL BASIS OF EVOLUTION
gene mutations, we have to answer the question as to whether
such pattern changes are known to produce the required
effects. We have already quoted (p. 204) Dobzhansky,
who, on realizing the importance of intrachromosomal pat-
tern changes, has found himself rather embarrassed by his
own discoveries. He argues: "There can be little doubt
that chromosomal changes are one of the mainsprings of
evolution. . . . It may be paradoxical that inversions and
translocations are so important as evolutionary agents. In-
deed, they change only the gene order, but not the quan-
tity or the quality of the genes. . . ." But then there
is the classical theory of the gene, which he thinks to be
beyond doubt and as well established as the theory of mole-
cules and atoms. Evolution therefore can proceed only by
gene mutation and the origin of new genes. How to solve
this dilemma ? In the book from which we quoted it is quietly
shelved. But in an earlier paper (1935) the dilemma is
solved, by denying its existence (see above, p. 204). He as-
sumes that there are two different elements of species for-
mation, genie differentiation and differentiation in the
chromosome structure. Both procedures are independent,
but the phenomenon of position effect "may lead us to a
recognition of an ultimate connection between the two."

I think that the time has come to face this situation
without permitting ourselves to be prevented from further
analysis by a dogmatic belief in the inflexibility of the
classical theory of the gene (as emphasized over and over
again in the previous analysis). The appeal to position
effect leads, I believe, to a dodging of the issue. This issue
is: Does the assumption of the accumulation of small gene
mutations explain the facts of macroevolution ? If not, are
other facts available? If the other facts demonstrate effects
without appeal to gene mutations, are genes and gene mu-
tations needed at all to understand evolution? My answer
to this last question is: No. I am firmly convinced that,
except in microevolution, the facts already available today
force us to drop completely from evolutionary thought the
idea of the so-called gene mutation, whatever it turns out
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to be physically or chemically. We have discussed these
facts, and we have concluded that the really decisive
change of the genetic material involved in macroevolution
is the change of chromosomal pattern. The problem thus
left is to find out not how such a pattern change may be
fitted into the classical theory of genes and slow accumula-
tion of their mutations, but whether this type of genetic
change is able to produce the effects required. If this leads
to a change in our attitude toward the classic conceptions,
we shall have to adjust our thoughts to the unavoidable
new conceptions. We have already pointed out (see p. 201)
the critical situation in which genetical theory finds itself,
if the classic theory of the gene is accepted as an unalterable
fact. We have seen that the direction of the present develop-
ment is toward an abandonment of the particulate gene in
favor of a conception which emphasizes the serial pattern
of the chromosome and its parts. We have seen that an un-
biased analysis of numerous facts relating to evolution
falls completely in line with the purely genetic facts.

Now that the evolutionary facts have been discussed,
we return once more to the genetical situation. We had to
use repeatedly the conception of position effect, a term
which is meant to describe a phenomenon which actually
does not fit into the classical conception of the gene in
terms of this theory; namely, in terms of changed dis-
tances between genes. Rearrangements in intrachromosomal
pattern, like inversions and translocations, occur in nature
and can be induced experimentally by some of the agen-
cies; e.g., X-rays, which are assumed to produce so-called
gene mutations and according to the same quantitative
laws. Some of these pattern changes produce visible ef-
fects which are called position effects because it is assumed
that the change of the normal position of the individual
gene, bringing it into a different neighborhood, is re-
sponsible for the effect. These phenotypic effects (in ani-
mals) are of exactly the same type as those of so-called
gene mutations: dominant and recessive effects upon the
same organs and of the same visible type as those produced
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by mutants; simple and pleiotropic effects; multiple-allelic
effects fitting into a series of mutant multiple alleles; lethal
effects; modifier effects. (Details and literature in Gold-
schmidt, 1938, 1940 in press). There is, then, no doubt
that an accumulation of chromosomal pattern changes as
they are found actually may lead to considerable phenotypic
effects without the necessity of a single gene mutation.
Here again we must beware lest our discussion founder
on the rocks of prejudice. We have repeatedly emphasized
that the concept of pattern effect is intelligible only after
the particulate concept of the gene string is no longer
considered to be the only possibility. The parallel prejudice
regarding evolution; namely, that it must be understood
in terms of accumulated gene mutations, has in turn also
blocked the path of progress for the theory of the gene.
Muller, who discovered many of the decisive facts upon
which our ideas regarding the pattern effects are based,
also considered the possibility of changing the particulate
gene conception into one of intrachromosomal pattern (see
1937, 1938). But it is evident that one of the main reasons
why he hesitated is the conviction that evolution cannot
be understood without genes.

Leaving aside for the moment the question of genes and
gene mutations as such, it appears that the pattern effect
—if we use this term instead of the term position effect,
which implies adherence to the classical gene theory—
saves us from some of the insurmountable difficulties attend-
ing the concept of evolution by means of gene mutations. A
complicated change of intrachromosomal pattern may occur
instantaneously or in a few consecutive steps, and, if it leads
at all to a stable condition, may at once produce the new
reaction system, the species. Thus all the difficulties in
the way of a slow, step-by-step selective accumulation of
innumerable mutants vanish, difficulties which appear when
we get away from generalities and try to apply the neo-
Darwinian explanation to concrete cases. Selection will work
upon a whole balanced system which may be rejected or
accepted, but not upon one minute change of minor sig-
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nificance after another. The insurmountable difficulty of the
production of new genes is avoided. (The idea, proposed
first, I think, by Bridges [on the basis of gratuitous inter-
pretation of repeated parts of the pattern as duplicated
genes] that new genes are formed by duplication of old
ones, with consequent diversification by mutation, cannot be
taken seriously. One of the main tenets of the theory of
the gene is that mutation changes a gene into an allele.
How could mutation in a duplicated gene produce anything
else, but for a new localization? One might call the new
locus a new gene, but what could it accomplish in evolu-
tion except a repetition of the action of the original gene
and its mutants?) If only the serial pattern as a whole is
decisive, an unlimited number of patterns is available with-
out a single qualitative chemical change in the chromosomal
material, not to speak of a further unlimited number after
qualitative changes (model: addition of a new amino acid
into the pattern of a protein molecule). Macroevolution
may proceed by large and rather sudden steps which ac-
complish at once what small accumulations cannot perfect
in eons, and this on the specific as well as on any higher
level. The systemic pattern mutation—as opposed to gene
mutation—appears to be the major genetic process lead-
ing to macroevolution; i.e., evolution beyond the blind
alleys of microevolution.

We have repeatedly said that the repatterning of the
chromosome produces at once a new genetic system with all
its consequences. This "at once" is an important point. From
the work on intraspecific chromosome changes (see p. 189)
we know that inversions and rearrangements may occur with-
out having any noticeable effect, even when they are ac-
cumulated, as in the case which was quoted from Dubinin
and collaborators. From these facts alternative conclusions
may be drawn: These pattern changes may be an accident,
without any significance except for creating new conditions
of genetic isolation by chromosomal incompatibility, as the
adherents of neo-Darwinism assume. A population prob-
lem and not a strictly genetical problem is involved here.
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Dubinin and collaborators seem to favor this view. On the
other hand, the pattern changes may be such that in the
beginning they do not lead to a new pattern above the
threshold of pattern action (systemic mutation). Only when
by chance a pattern, viable in homozygous condition and
above the threshold, has been reached; i.e., such as the pat-
terns actually found when comparing species, does the new
system of reaction suddenly emerge, though prepared by
subliminal steps.

At this point of our discussion I would like to draw
attention to a fact which seems to be of great importance
for the problem of chromosomes and genes. The neo-Dar-
winian theory requires numerous mutating genes besides
the formation of new genes. The basic fact regarding genes
is their serial location in the chromosomes. Since the in-
genuous analysis of Roux (1883), we know that the form
of the chromosomes and their longitudinal division make
sense only if they provide a mechanism for an exact divi-
sion of determiners arranged serially in the chromosome.
The classical theory of the gene from Weismann to Morgan
assumes the same. From this it follows that the number of
genes in a chromosome is roughly proportional to the length
of the chromosome when completely stretched. The chromo-
some maps and the structure of the salivary chromosomes of
Drosophila bear out this conclusion. Now the hardly or-
ganized protozoan Monocystis has chromosomes of the
same order of magnitude as those of the highest animals
and plants, not to speak of the large and numerous chro-
mosomes of Radiolaria, which may not be strictly compara-
ble to other chromosomes. If Roux's analysis is correct—
and how can it be otherwise—Monocystis must have approx-
imately the same number of genes as some higher animals
and plants. Let us not deceive ourselves and try to evade
the question by an appeal to inert material (see modern
textbooks of cytology), for which the cogent argumentation
of Roux is just as binding as for the rest of the chromosome.
The difficulty vanishes if the pattern replaces the genes.
In this case different chemical effects may be produced
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without a change in the number of loci making up the serial
pattern if in the lower organism the constituents of the
chromosomal pattern are chemically simple, and if in the
higher organism they are complex (model: simple amino
acids in a chain molecule versus highly substituted ones).

Most of the foregoing conclusions, however, may be
drawn without touching upon the problem of the gene and
its mutations, as repatterning happens on the chromo-
somal level and not on the level of the gene locus. It is
possible that within the major pattern changes, the in-
dividual loci, called genes, may undergo local changes, called
mutations, which may play their local role in microevolution,
as analyzed above. So-called gene mutations are known to
occur within inversions and translocations, and in a similar
way, within the different chromosomal patterns of two
species (say, Drosophila pseudoobscura and simulans, or
two Oenotheras). But I do not think that we can stop here.
The analysis of the genetic basis of evolution has actually
led us to a point which is identical with the point which
has been reached from another avenue of approach, as
pointed out before. In a few short reports (to be followed
soon, I hope, by a comprehensive one) I have come to the
conclusion that all the recent developments of genetics tend
to show that the classical theory of the gene as an actually
existing unit, lying in the chromosome like a bead in a
string of beads, is no longer tenable; that the linear order
of the loci in a chromosome is an internal pattern of in-
tegrating elements which does not necessarily involve the
existence of separate units of a molecular order; that the
mutational change at a definite locus, which alone informs
us of the existence of this locus, does not prove that a
particle is located at this point, a break, for example, being
also able to account for the changed action. In spite of all
opposition which such a viewpoint is bound to encounter,
I am fully convinced that geneticists will have to accept
it eventually. The coincidence of the derivation of such
conclusions from both a genetical and an evolutionary point
of attack supports me in my strong conviction that I am
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thinking along the right lines. We have already tried to visu-
alize the effects of repatterning (a fact which has to be
understood in terms of its effect) by models which help in
forming a mental image. We may now use one of these models
as a simile for the systemic pattern mutation. Let us
compare the chromosome with its serial order to a long
printed sentence made up of hundreds of letters of which
only twenty-five different ones exist. In reading the sentence
a misprint of one letter here and there will not change
the sense of the sentence; even the misprint of a whole word
(rose for sore) will hardly impress the reader. But the
compositor might arrange the same set of type into a
completely different sentence with a completely new mean-
ing, and this in a great many different ways, depending upon
the number of permutating letters and the complexity of
the language (the latter acting as "selection"). To elevate
such a model to the level of a biological theory we have, of
course, to restate it in chemical terms. I do not think that
an actual chemical model can yet be found. But we might
indicate the type of such a model which fulfills at least
some, though not all, of the requirements. It is not meant
as a hypothesis of chemical chromosomal structure, but only
as a chemical model for visualizing the actual meaning of a
repatterning process.

Let us compare the chromosome to a very long chain
molecule of a protein. The linear pattern of the chromo-
some is then the typical pattern of the different amino-
acid residues. Let us assume that this chain molecule acts
as an autocatalytic proteinase (an assumption required
for any model of the germ plasm). As it is known that each
protein (and therefore probably each proteinase) is char-
acterized by the length of the chain, the type of amino
acid residues, and the specific order or pattern or rhythm
of the repetition of these residues along the chain, innumer-
able types of protein may be obtained by permutation of
these three variables, without any change within the in-
dividual residues, the loci of the chain; still more may be
obtained if different polypeptids are united end to end into
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a superchain. The mechanics of the possible changes from
one type of protein to another by a pattern change involv-
ing the three variables may be described in terms equivalent
to the words breakage, inversion, translocation, deletion,
rearrangement. A series of steps will probably be needed
to transform one stable pattern into another, though the
details can hardly be understood yet. As soon as this trans-
formation is completed, a new protein, proteinase, chemi-
cal system has been achieved. It is possible and conceivable
that within one such long chain small local pattern changes
(stereoisomerisms) occur which do not change in a general
way the catalytic activities of the whole though they im-
pair it. I do not know of chemical examples involving pro-
teins, but such a thing is known for sex hormones, where,
according to Ruzicka, different stereoisomeres—pattern
changes—sometimes produce very different effects; namely,
action as sex hormone or no such effect. A similar condi-
tion, applied to small parts of a chain molecule, would be
a perfect model for mutations, if mutations were actually
identical with position effects, as we claim. But larger
and complete repatterning effects, producing a new chemi-
cal system though using nothing but the same residues,
would be the model for those complete pattern changes
within the chromosome, or systemic mutations, which ac-
count, as we believe, for the two major steps of macroevolu-
tion. Whether this model is good or bad, possible or im-
possible, the fact remains that an unbiased analysis of a
huge body of pertinent facts shows that macroevolution
is linked to chromosomal repatterning and that the latter
is a method of producing new organic reaction systems, a
method "which overcomes the great difficulties which the ac-
tual facts raise for the neo-Darwinian conception as applied
to macroevolution.

In the whole preceding discussion the chromosomes alone
were discussed in the light of their evolutionary significance.
There is no doubt that the action of the chromosomes is
primarily an action upon the cytoplasm, and therefore we
might ask what role ought to be attributed to cytoplasm in
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evolution. Unfortunately, this question cannot be answered.
There are many cases known in which cytoplasmic differ-
ences can already be found at the level of microevolution.
We mentioned before cytoplasmic differences between geo-
graphical races of Lymantria. Other cases will be found
reviewed in Goldschmidt (1938). But there is no indication
that whatever differences exist are of essential value to evo-
lution. (We speak, of course, only of cytoplasmic differ-
ences which are not under chromosomal control. Most of
them probably are, as the inheritance of serological features
proves.) Actually, recently experimentation has shown that
tissues of different orders (Amphibia and fishes, Oppen-
heimer, 1939) may be combined into a whole, which would
hardly be possible if the cytoplasmic constitution were so
very different. For the present, therefore, the evolution
of cytoplasm—not under chromosomal control—may be
neglected.

5. EVOLUTION AND THE POTENTIALITIES OF
DEVELOPMENT

WE emphasized before that direct genetic information stops
almost at the point where macroevolution begins, though a
considerable body of evidence is still available right on the
borderline. But where the higher categories begin, and
especially where huge differences of the entire architectural
plan are involved, direct genetical information ceases to
exist, though indirect information may be found, as we
shall see. But this does not mean that no exact method for
further analysis is left. Exact analysis is not confined to
experiments in hybridization, as some geneticists want us
to believe, but may be based upon any body of reliable facts.
Such a body of facts was used in my essays of 1920, when
I tried to link them with definite genetical conceptions.
These facts were mainly taken from the realm of develop-
ment, in the widest sense of this word.

Evolution means the transition of one rather stable or-
ganic system into a different but still stable one. The
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genetic basis of this process, the change from one stable
genetic constitution to another, is one side of the problem.
No evolution is possible without a primary change within
the germ plasm; i.e., predominantly within the chromosomes,
to a new stable architecture. But there is also another side
to the problem. The germ plasm controls the type of the
species by controlling the developmental processes of the
individual. Whatever may be our conception of the germ
plasm, mosaic of genes or chromosomal pattern, the speci-
ficity of the germ plasm is its ability to run the system of
reactions which make up the individual development, ac-
cording to a regular schedule which repeats itself, ceteris
paribus, with the purposiveness and orderliness of an autom-
aton. Evolution, therefore, means the production of a
changed process of development, controlled by the changed
germ plasm, as well as the production of a new pattern
of germ plasm. A change within the germ plasm, therefore,
is of evolutionary significance only if the subsequent dif-
ferent processes of development are again properly inte-
grated to produce a balanced whole, the new form. It is,
therefore, of decisive importance for the understanding of
evolution to take into consideration the potentialities of
the developmental system for a more or less radical change.
In other words, the action of the germ plasm, the genes, or
what you will, in controlling orderly development has to be
taken into account when we try to link genetical changes
with the resulting evolution. Continuing the line of argu-
ment derived in the foregoing chapters, we must find out
further whether the developmental system is capable of
being changed suddenly so that a new type may emerge
without slow accumulation of small steps, but as a conse-
quence of what we called a systemic mutation.

Such an analysis may be carried out in complete inde-
pendence from the detailed conceptions which we developed
concerning the architecture of the germ plasm and its
changes. It does not make any difference whether a single
macroevolutionary step is caused by a major change within
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the chromosomal pattern, a systemic mutation, or by a
special kind of gene mutation with generalized effect, if
such is imaginable. The decisive point is the single change
which affects the entire reaction system of the developing
organism simultaneously, as opposed to a slow accumula-
tion of small additive changes. As a matter of fact, when
I first tried to derive ideas concerning macroevolution on
the basis of specific genetic changes (Goldschmidt, 1920),
I did so within the classical theory of the gene by making
use of the concept of gene quantities and their relation to
reaction velocities. But all the facts reported above which
push the systemic mutations into the foreground point to
the necessity of regarding these as the effective agents of
macroevolution. In the following discussions we mean, there-
fore, systemic mutations when we speak of genetical changes,
though we admit the possibility that the same facts may
be discussed, at least theoretically, in terms of single large
gene mutations.

A. The Norm of Reactivity and Its Range
In early Mendelian days Woltereck introduced the term

"norm of reactivity" (Reactionsnorm) to describe one of
the basic conceptions of genetics. The genotype cannot be
described simply in terms of the phenotype, since the descrip-
tion must contain the whole range of reactivity of the
phenotype under different external or internal conditions.
A genetic condition controlling, for example, large size,
is in fact a condition which produces large size, provided
that a series of environmental conditions is present, like
nourishment, temperature, light, normal production of hor-
mones. The genotype is, therefore, the inherited norm of
reactivity to the ensemble of conditions which may influence
the phenotypic expression. This concept of norm of re-
activity, under natural as well as under experimental condi-
tions, is founded on a huge set of facts which are of basic
importance for the discussion of our present problem, the
potentialities of development.
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a. Examples
We do not need to discuss the innumerable modifications

produced by the environment which furnish the material
for the statistical treatment of nonhereditary variation. But
within this group of facts we meet one rather general feature
which parallels features of evolution. Species and varieties

FIG. 39. Three sister caterpillars of Lyman-
tria dispar, of equal age (stage), raised in
normal, optimal and pessimal conditions.
(From Goldschmidt.)

differ in many cases in typical size and proportions. But
frequently, though not always, the range of modificability
of one species under experimental conditions transcends
the maximum of the ranges of all species combined and
studied under natural conditions. For example, a stunted
large species may be not only smaller than a luxuriant small
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one, but also smaller than the smallest individual recorded
for the small species. To use our old paradigm, figure 39
represents sister caterpillars of a pure race of Lymantria
dispar, one bred under optimal, the other under pessimal
conditions. The size difference goes far beyond the limits
of hereditary size differences observed in different races
bred under average conditions. A long chapter could be
written on such facts, all illustrating the same point. (For
further examples see Cuenot, 1911; Goldschmidt, 1911,
1929a). Only one more example may be mentioned as rele-
vant to the present discussion. The hermit crab (Pagurus)
has a highly modified, asymmetrical abdomen with many

FIG. 40. Cyclomorphosis of Hyalodaphnia. (From Wol-
tereck.)

abnormal features, obviously related to the life within shells.
Przibram (1907) showed that hermit crabs which were
forced to live outside a mollusk shell transformed their
abdomen into a hard, more symmetrical structure, closely
resembling that of free-living pagurids like the coconut-
thief, Birgus latro (details may be found in Harms, 1934).
Much more significant, however, are cases in which the
norm of reactivity is typically alternative or polymorphic
under different external conditions. A well-known example
in plants is the case of Limnophila, which has broad leaves
if grown in air, and finely laciniated leaves if grown in
water. Here the same genotype is able to produce under
alternative conditions two phenotypes which differ in order
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of magnitude to an extent typical of macroevolutionary
differences. Many analogous cases in animals are known.
We may consider, for example, all the cases of so-called
cyclomorphoses in fresh-water animals like daphnids and
Rotatona. Here the generations which follow each other
in the seasonal cycle are morphologically completely differ-

FIG. 41. Cyclomorphosis of Keratella (Anuraea) (Rotatoria), first form
giving rise to four different series of variation in time. (From Lauterborn.)
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ent, and the order of magnitude of the differences is again
sometimes on the specific level (see figs. 40, 41). An example
of the alternative type is the seasonal dimorphism of many
Lepidoptera (Vanessa, Papilio, and others). Here the spring
and summer forms, or, in the tropics, the forms of the dry
and the wet season, may exhibit such different patterns,
colors, and shapes that the order of magnitude of the dif-
ference is certainly on the specific if not the generic level

-7.

FIG. 42. Seasonal dimorphism of tropical butterflies. 4, 5, Prioneris Wat-
soni; 4, dry season; 5, wet season; both from underside. 6, 7, Precis oc-
tavia natalensis; 6, wet season; 7, dry season. (From Hesse-Doflein.)

(see fig. 42). Another much discussed example is that of
castes in bees, ants, and termites, a group of facts which
has been repeatedly analyzed from an evolutionary point of
view ever since the Weismann-Spencer controversy. For
our present discussion the decisive point is that undoubtedly
only a single genotype is present and that the different
castes, as different in order of magnitude as higher system-
atic categories usually appear to be, fall within the norm
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of reactivity of this genotype. Though the details are not
yet completely known, there can be no doubt that the de-
velopment of the same individual can be pushed in the
direction of one caste or another by external influences. (We
shall return later to this point.)

A rather remarkable type of the norm of reactivity is
the one in which the retracing of very old phylogenetic
steps lies within the range of the reactivity under known
or unknown external conditions. We shall return to this
point later and mention only a few cases here. Exper-
imenting on the blind newt Proteus, Kammerer (1912)
obtained large open eyes in individuals raised in yel-
low light.4 The mountain newt Salamandra atra is vivi-
parous. The embryos develop peculiar gills which are used
for intrauterine absorption of food. Under definite experi-
mental conditions the larvae develop in water and form the
usual water-gills (von Chauvin, 1877; Kammerer, 1919).
This is certainly an immense range of reactivity, retracing
phylogenetic differentiation. A final example: The earwig
Anisolabis annulipes is a completely wingless form. In the
same group of animals an African genus exists, Psalis, which
is winged. Pantel (1917) found a specimen of Anisolabis
with complete wings of exactly the structure found in Psalis.
In this case it is not known whether the condition was
hereditary or not, though the latter is more probable.

These examples should suffice to show that under defi-
nite external conditions (including the internal environ-
ment) development may be easily changed, typically in
some cases and exceptionally in others, in such a way that
the order of magnitude of the shift is on the level of a
higher categorical difference. (We mentioned before Kinsey's
case, where it turned out that forms of Cynips, considered to
be distinct genera, were seasonal variants of the same
species. Many seasonal forms in butterflies were for a long
time regarded as distinct species or genera.)

4. As many of Kammerer's claims are under suspicion, I may say that I have
seen the specimens. Of course, I could not swear that the good eyes had not been
transplanted into the specimens.
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b. Experimental analysis
The important point now for our discussion is to ascer-

tain those features of development which make it possible
for the range of variation within the same genotype to be
large enough to include the extent of morphological and
physiological features found to distinguish higher system-
atic categories. Though this is predominantly a problem of
development, it will obviously convey important informa-
tion regarding the possibilities of evolution. Most of the
material to be discussed will be taken from the animal king-
dom. This does not mean that in plants the situation is a
different one in principle. But it is different in detail, ow-
ing to the fact that from the standpoint of development
plants are open systems, and animals closed systems. One
of the consequences of this fact is that experimental embry-
ology in plants has not yet furnished the same degree of in-
sight as has been achieved by Entwicklungsmechanik in
animals, though recent developments in our knowledge of
plant hormones bid fair to lead to important discoveries in
the near future which may clarify the differences on a rather
simple basis. For this reason I shall mention here only one
experimental contribution to the problem of norm of re-
activity in plants, which demonstrates the huge range of
variability within the same genotype, of an order of mag-
nitude found genetically in macroevolution, though it does
not lead to an understanding in terms of development.

The numbers of the organs of flowers; i.e., petals, sepals,
anthers, etc., are more or less constant and characterize
the species and higher categories of plants. In experiments
performed with Sedum and Sempervivum, Klebs (1907)
could shift these numbers considerably, far beyond the range
of natural variation. The experimental conditions were,
broadly speaking, different types of nutrition, including
light. The typical number of anthers is ten, with a normal
variation down to five anthers in about 20 per cent of the
individual flowers. This range of variation could be altered
experimentally. The result was variation from three to
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sixteen anthers, the modal class being different in different
cases. The normal and practically constant number of
five petals could be shifted to from two to fourteen.

In the animal kingdom the facts of the type discussed in
this chapter which lead to insight into the potentialities
of evolution are mostly, though not exclusively, found in
cases of alternative norm of reaction. This means those
cases in which normally, in nature, the same genotype is
hidden behind alternative phenotypes with differences of
a huge order of magnitude. Some of the cases have been
given as examples above, and their meaning must now be
discussed. Let us consider first the case of seasonal poly-
morphism, found in the form of cyclomorphosis in fresh-
water organisms, as described above. The experimental work
of Woltereck (1919) has demonstrated that the same range
of variation may be produced by controlled feeding, in-
cluding also the feeding of the parental generation. How-
ever, the very interesting details, which have led to a con-
siderable amount of theorizing, do not permit as yet an
actual insight into the developmental processes which are
changed by the environmental action.

But there are other cases in which such an insight is
available to a certain extent. Let us take up first the case
of seasonal dimorphism in butterflies. The classical example,
known since the pioneer work of Dorfmeister (1864) and
of Weismann (1875), is the case of Araschnia levana-prorsa
(see fig. 43). The wing patterns of the two generations
differ more strikingly than do in many instances the pat-
terns of two good species of Lepidoptera. The early experi-
menters could already show that the action of a series of
temperatures upon certain stages of development resulted
in the production of a corresponding series of intergrading
conditions between the two standard patterns, as seen in
figure 43. If such a series based upon hereditary differences
were found in nature, it would be hailed as an example of
species formation by gradual accumulation of small steps.
If, however, the two extreme seasonal types levana and
prorsa were found in nature as two distinct hereditary forms,
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they would certainly be called good species, and if a cross
between the two produced in the F2 the gradated series just
mentioned, the case would be proclaimed a fine example of
purely multiple Mendelian differences between two species.
These two unreal ifs show at once why we are discussing this
material; the norm of reactivity within this genotype pro-
duces exactly the same degree of visible effects as is pro-
duced in other cases by a series of evolutionary steps based
upon genetic changes; i.e., mutations and their accumula-
tion. In other words, within a constant genotype the po-

FIG. 43. Araschnia (Vanessa) Levana (left upper) and prorsa (right
lower) connected by experimentally produced intermediates. (From Gold-
schmidt.)

tentialities of individual development may include a range
of variation of the same phenotypic order of magnitude
which otherwise characterizes large evolutionary steps based
upon changes in the genotype. The norm of reaction thus
shows what paths are available for changes in the geno-
type (mutations in the broadest sense) without upsetting
normal developmental processes, changes concerned with
the same developmental processes in both cases, modification
as well as mutation.

In this case some knowledge is available as to how the
external agencies may act upon development, an action
which, according to our interpretation, is identical with
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the type of action of genetic changes in other cases. The
facts, however, have turned out to be much more compli-
cated than might be assumed on the basis of the short
description given above. Araschnia levana and prorsa had
been considered as two good species until their real nature
was recognized. This finding made the case of great inter-
est for Darwinistic speculations of a phylogenetic nature
and simultaneously stimulated what might be called the
first major contribution to experimental evolution. Dorf-
meister (1864), and especially Weismann (1875), per-
formed the important experiments, later followed by Merri-
field (1912). The basic facts discovered by these early
authors are the following: A. levana-prorsa has two gen-
erations, a spring and a summer generation. The spring
generation is the form levana with a yellowish brown-and-
black pattern. The summer form prorsa is almost entirely
black, with a white band across both wings; the underside
of the wing is also different. These two generations alter-
nate in the following way. Prorsa produces offspring which
develop up to the pupal stage, when the diapause sets in
for the hibernating pupa. In the spring, levana hatches
and its offspring develop without diapause into prorsa.
The authors just mentioned took it for granted that it is
the influence of winter cold upon the pupae which produces
the levana form, and the influence of summer heat which
produces the prorsa form. They were led to this conclusion
by their experiments with temperatures. By action of cold
upon the pupae of the summer generation which were to
produce prorsa, levana was produced; by action of dif-
ferent low temperatures a series of intermediates could be
produced. The summer form was obtained by action of
heat upon the hibernating pupae. The situation is, how-
ever, more complicated, as is shown by experiments per-
formed in my laboratory by Stiffert (1924). Actually two
different features come into play; namely, the alternative
of diapause or no diapause and the action of temperature.
Hibernating pupae (with diapause) always produce levana,
even if kept all the time in warm temperature. Levana is,
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then, absolutely linked with the occurrence of a diapause,
and in the same way, prorsa, with the absence of a diapause.
If in nature or under experimental conditions the diapause
is occasionally prevented, prorsa invariably hatches; and
if after the diapause, producing levana, a second diapause
is induced experimentally, levana is again the result. This
induction can be obtained by the action of cold upon young
caterpillars or grown caterpillars before pupation. The
temperature-effective period (critical period) for the con-
trol of the diapause occurs before pupation. The result
is always the levana form. Siiffert could also induce partial
diapause by less extreme action before pupation (before
pupation is important, as we shall see at once; after pupa-
tion the pupae were kept in normal temperature). In this
case transitional stages between prorsa and levana were
produced of a grade roughly in proportion to the length
of delayed development. Thus it is clear that the physio-
logical processes which cause the diapause produce a con-
dition which simultaneously controls the wing pattern, and
the same applies mutatis mutandis to the conditions prevent-
ing diapause.

But there is a second phenomenon which produces similar
phenotypic effects but on a different physiological basis.
The same old experimenters who were mentioned before had
shown that it is generally possible to change the wing pat-
tern of Lepidoptera by applying different temperatures to
pupae of a definite age. (A complete review of the facts
may be found in Biedermann, 1912.) Thus the temperature-
effective period for pattern changes (the critical period)
was discovered. The same method can now be applied to
the pupae of the summer generation of levana-prorsa,
destined to be prorsa. By action of cold the levana form may
be produced without diapause, and by graduating the ac-
tion, the transitions to prorsa. (The specimens photographed
in figure 43 were produced by this method.) For this ac-
tion the sensitive period was found to be a pupal age of
twenty-four hours, which agrees with the results obtained
in other Lepidoptera. It is obvious—and borne out by all
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the later work on sensitive period and wing pattern in
Lepidoptera (reviewed in Goldschmidt, 1938)—that in this
case the action of temperature influences directly definite
developmental processes occurring during the period in
question and connected with wing-pattern formation. In
the other set of facts, however, the same result was obtained
by enforcing (or changing) a period of rest in development
occurring before the time of the sensitive period involved
in the present case. The problem is to find an explanation
which covers both sets of facts.

I have derived (1920, 1927) an explanation of the situa-
tion on the basis of a generalized insight into the action of
the genetic material in controlling development. This ac-
tion can be described in terms of balanced reaction veloci-
ties. Developmental, differentiating processes proceed at
a definite speed, and the different processes are properly
synchronized. The genetic material controls the velocities
of production and the time of action, of the determining
stuffs which control differentiation. The proper timing
of these processes is the decisive feature in the general con-
trol of development. This idea, which has since been elabo-
rated and has been found to agree with numerous experi-
mental facts (see complete review in Goldschmidt, 1938),
was applied to the case under discussion. The elaboration
started from the fact that it is possible to shift the wing pat-
tern of all Lepidoptera by applying extreme temperatures
at a definite time after pupation, the sensitive period, though
the shift is not as extreme as in the levana-prorsa case. (A
huge body of detail is found in Biedermann, loc. cit.) As a
similar, though not quite identical, action can be produced
by extreme heat and cold, suffocation, narcosis (Standfuss,
Fischer, von Linden, etc., and recent work by the school
of Kiihn), it was concluded that in these experiments a de-
cisive process of wing-pattern formation occurring during
the sensitive period was changed in its velocity (slowed
down relative to other developmental processes), different
processes of this sort having different temperature co-
efficients or susceptibility to inhibition, as the case may be.



264 THE MATERIAL BASIS OF EVOLUTION

After the sensitive period the processes in question would
otherwise have led to a final determination of the typical
pattern. (Details and further development of the prob-
lem are to be found in Goldschmidt, 1938.) This idea could
be immediately applied to that part of the experiments with
seasonal dimorphism in which the direct effect of tempera-
ture twenty-four hours after pupation was shown. The dif-
ference between the two phenomena is a twofold one. First,
the temperature effect in ordinary cases is less extreme than
in the levana-prorsa case. In the latter case a different norm
of reaction is present, which permits a pattern shift of a
higher order of magnitude. We do not know what the
underlying mechanism is: either a larger range of differ-
ences in the integrating reactions still capable of co-
operation, or different threshold conditions. The second
special feature of the levana case is that another hereditary
norm of reaction, which determines the alternative of dia-
pause or no diapause according to the prepupal temperature,
indirectly also determines the wing pattern. As the same
patterns are produced by direct temperature action after
pupation and indirect action via control of diapause, we
might well conclude that the latter process also results in
some way in the same slowing down of the patterning proc-
ess. We do not need to discuss these special features in de-
tail. For our discussion it is sufficient to know that a change
of pattern (in some cases also wing shape and size) of an
order of magnitude found in macroevolution can be pro-
duced by a slight shift of definite developmental processes,
enforced at a time when these processes take the decisive
step in embryonic determination.

In order to visualize the importance of such facts for our
evolutionary discussions, let us enumerate the different
groups of relevant facts. (1) External agencies which af-
fect the speed of developmental processes concerned with
the determination of the wing pattern can shift the pat-
tern in the Lepidoptera experimented upon with an order
of magnitude corresponding to microevolutionary changes.
(2) In many different families of Lepidoptera, forms exist

MACROEVOLUTION 265

with a hereditary norm of reaction permitting the produc-
tion of patterns of the order of magnitude found in macro-
evolution, if a shift in the patterning processes is induced
directly or indirectly by external agencies. The occurrence
of this phenomenon in different families, in connection
with the first group of facts, demonstrates that it is not
a rare situation requiring peculiar conditions, but that
the general potencies of development, as far as wing pat-
tern in Lepidoptera is concerned, permit a shift of a macro-
evolutionary order of magnitude within the same genotype
if the proper conditions are available. (3) We discussed
above the case of the sexual polymorphism of Papilio
dardanus, where a few Mendelian differences accounted for
an immense difference in wing pattern. As a matter of fact,
corresponding cases exist in which the sexual dimorphism
of the females is of a lower order, corresponding to the order
of magnitude of a microevolutionary difference (e.g., Colias
edusa after Gerould, 1923; Argynnis paphia after Gold-
schmidt and Fischer, 1922). In these cases, then, a phe-
nomenon closely related to the former ones is found to be
based on a simple genetic difference. Obviously, the same
type of possibility of shifting the embryonic pattern-
determining processes is present as in the former cases, but
the determining agency controlling the shift is a purely
genetical one. But there is an additional feature: sex-con-
trolled inheritance. This means that the patterning
embryonic process can be shifted only in the female; i.e., in
a definite developmental system realized only in the female.
(For detailed explanation of this feature in terms of reaction
velocities see Goldschmidt, 1927.) There can be no doubt
that in this case the features of both former cases are united;
namely, shifting of developmental processes within an
alternative norm of reaction (the sexes) and an order of
magnitude of the shift from micro- to macroevolutionary
level. But here the control of the process is exclusively a
genetical one.

Carefully weighing this set of facts we reach the con-
clusion that the potentialities of development, as embodied
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in the potentiality for shifting processes of embryonic de-
termination with relation to each other, provide for a
potential range of phenotypic changes of the order of
magnitude of macroevolutionary changes, and, further, that
a genetical change which is able to control the possibilities
of shifting these processes all over their range is able to
produce in one step a change of macroevolutionary order
limited only by the extremes of the range of shifting which
still permit the formation of a harmonious whole. This con-
clusion, derived from this first example in our analysis of
the relation of the laws of development to evolution (Gold-
schmidt, 1920 ff.), will be borne out in all the further ma-
terial to be discussed.

c. Mutants and phenocopies
The foregoing discussion has already led to conclusions

which will reappear at the end of our analysis of the norm
of reactivity. Let us now return once more to the simple
facts regarding relative shifts of embryonic processes during
development and analyze the relation of these expressions of
the norm of reactivity to the developmental changes brought
about by ordinary mutation. Let us recall the old experi-
ments in which the treatment of lepidopteran pupae with
extreme temperatures, etc., during a sensitive period pro-
duced definite changes in the wing pattern. In such experi-
ments Standfuss (1896) and Fischer (1901) found that
the modified specimens appeared phenotypically identical
with certain geographic races (called species at that time)
of the same species, a result which led to Lamarckian in-
terpretations (see the title of Fischer's paper). The ex-
planation which I proposed for such facts (Goldschmidt,
1920), in line with my general ideas regarding the action
of the mutant gene, is of the same type as that reported for
seasonal dimorphism. The typical processes of the embryonic
determination of the wing pattern may be changed in their
velocity differentially from the other simultaneous processes
of differentiation by the action of external agencies such as
cold and heat. The result is a different pattern. Mutations
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which have the same phenotypic effect also act by influencing
the velocities of the same embryonic processes of pattern
determination, directly or indirectly, during the period in
which such a shift is possible. One might generalize from
this explanation by saying that the mutant genotype pro-
duces a shift in the speed of developmental processes within
the normal range of variation set by the norm of reactivity
of the process in question. If this conception is correct, it
follows that the phenotype of any possible mutant can also
be produced as a nonheritable modification, provided that
an experimental agency is available which produces the
necessary shift in velocity, and, further, that the sensitive
period of the process is known and that the experimental
procedure is able to act differentially upon one of the several
processes. I have introduced the term phenocopy for this
purely phenotypical process of copying the type of a
mutant. In extensive experiments on Drosophila I have been
able to show (Goldschmidt, 1929b, 1934a) that it is possible
to produce practically every known type of mutant as
phenocopy by the action of different degrees of heat shock
during the sensitive periods of the pupa. It has been shown
since that cold shocks (Gottschewski, 1934) and X-rays
(Friesen, 1936) produce the same effect. Numerous less
elaborate examples have also come to light (see review and
discussion in Goldschmidt, 1938). These facts, as far as
they go (and further unpublished data from my laboratory),
prove beyond any doubt that the interpretation which we
have given above is correct.

In discussing the levana-prorsa case we gave a general
interpretation of shifts in adult pattern in terms of embryonic
reaction velocities. Now we see that the interpretation of
the special case is only a part of a general law which
simultaneously embraces development, nonhereditary modi-
fication, and mutation. It is obvious that such an insight is
highly relevant to evolution, and we have already pointed
to some consequences in the case where variation on the
macroevolutionary level was concerned. The present dis-
cussion deals only with the smaller changes of a micro-
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evolutionary order of magnitude (however, see the discussion
below on homoiosis). But it seems worth while to look at some
of the consequences entailed by the phenomenon of pheno-
copy. Let us, therefore, once more return to the interpreta-
tion of development as controlled by the genotype; that is,
to the theory of balanced reaction velocities, which I have
developed during the past twenty years and which seems to
be the only possible explanation of genie action in physio-
logical terms. (Details may be found in Goldschmidt, 1920,
1927, 1938.) There can be no doubt that the germ plasm
controls development by means of determining-stuffs (in
the widest sense) which are the products of definite re-
actions, the speed of which is exactly controlled and properly
fitted to all the other simultaneous reactions, which have to
be integrated into an orderly, properly timed whole. The
most easily imaginable consequence of a genetic change is,
therefore, a change in the velocities of one or more such
reactions which leads to the upsetting of the delicate timing
process at some point of development. It is obvious that the
actual result of such an event will depend upon the amount
of upsetting, the time in development when the change
occurs, and the interrelations of the reaction in question
with other vital ones. If the shift of a single reaction or a
group of reactions is so large that no more integration with
other vital reactions is possible, the whole developmental
system will be out of gear and we speak of a lethal muta-
tion. If the change in a reaction occurs somewhere near
the end of development, there is considerable probability that
it will be too local to be fatal, and a more or less viable
visible mutant may result, showing predominantly a single
changed character with at best few other effects. If, how-
ever, the change occurs earlier in development, the proba-
bility is considerable that a series of subsequent processes
will be hit by the one change. This will lead to more manifold
effects and accordingly to lower viability. A still earlier in-
cidence may affect vital reactions and be fatal. If there is
a dosage relation between chromosomal change and the time
of incidence of effect, one dose—heterozygous mutation—
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may be viable, but two doses—homozygous—may be lethal,
and in addition the effect will be dominant because of its
early incidence in development. Finally, there is the problem
of the type of process involved. An early change in a de-
velopmental reaction which holds a key position; e.g., in the
general determination of body parts, will upset the whole
fabric of development and will, therefore, be lethal, unless
harmony is preserved by a simultaneous change of all other
reactions (or by regulation; see below). But other early
changes may be possible which are not fatal because the
type of development precludes lethal interactions. The de-
velopment of Diptera may serve as an example. Here
imaginal discs from which such organs as wings, eyes, etc.
differentiate, are formed early in development. Subsequent
happenings in these discs will hardly ever interfere with
other developmental processes and may, therefore, be changed
completely without causing other consequences.

The evolutionary importance of the facts and their in-
terpretation become visible when we consider some rather
popular generalizations. In numerous cases in animals and
plants it has been found that definite types of mutation recur
as so-called parallel mutations in many forms, whether
closely related or not. Thus, all domesticated rodents have
black, white, yellow, and piebald mutants. Angora hair
appears in rabbits and guinea pigs, as well as in dogs, goats,
and cattle. Albinism is found everywhere; melanism occurs
in many animals; dwarfism, variegation, etc., in many plants.
These facts, especially those on closely related forms, have
led to many discussions of an evolutionary nature. Vavilov
(1922) (see further discussion, p. 187), to mention only one
example, speaks of the law of homologous series and uses the
facts met with in domestic plants to explain the spreading of
forms from a common center. In a great many instances such
parallel mutation is interpreted as proving that the species
in question have those genes in common which produce ap-
parently identical mutants, a point which was discussed
above (p. 223). The facts regarding phenocopies demon-
strate, however, the inherent weakness of such a conclusion.
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There are numerous developmental processes which must be,
in a general way, identical throughout large groups and
which by their very nature cannot vary except in a few
directions. Let us take eye pigmentation. The chemistry of
the melanin pigments allows for the presence or absence,
or presence in different quantities and at different times, of
the basic ingredients, chromogens and oxidases. The absence
of pigment may be caused not only by the absence of the
chromogen or its precursors, or the absence of an oxidase,
of a coferment or of a proper substrate, but also by a shift
in morphogenetic processes which might perfect the eye
too early for the pigment, or the pigment too late for the
eye. Innumerable developmental upsets may exist which in
the end cause an unpigmented eye. In insects white-eyed
mutants have actually been analyzed in such different groups
as Lepidoptera, Diptera, and Hymenoptera. The claim that
this proves the presence of the same gene for eye pigmenta-
tion in the three classes is obviously absurd, though fre-
quently advanced. We know, further, from the work of
Ephrussi and Beadle, Caspari and Kiihn (literature in
Goldschmidt, 1938) that eye pigmentation requires the
presence of a substance, most probably a chromogen-
precursor,5 which is absent in certain mutants. This sub-
stance (or substances) is identical in the different insect
groups, probably because it is necessary in the chemistry
of melanin (eye pigment) formation. Does this then mean
identical genes for the production of pigment? The same
argument might be used for hair form in mammals, or for
any other comparable case. But we always reach the con-
clusion that the phenomenon of parallel mutation does not
give any information about the genotype of the two or more
contrasted forms, beyond the general statement that eye
pigment or hair form, etc., is inherited. But it does give in-
formation as to the embryonic, morphogenetic, and physio-

5. This is not the opinion of the authors named, who call the substances hor-
mones. I am sure that the substances will turn out to be chromogen precursors,
which can be hydrolyzed into the real chromogens. Whatever chemical informa-
tion is thus far available points to such an interpretation.
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logical processes and their intrinsic limitations as regards
possible aberrations from the typical line of events.

d. Norm of reactivity and hormones
The last-mentioned examples, and others which will be

mentioned in the following chapters, show that the range
of the norm of reactivity is directly dependent upon the
possibilities of shifting the relative speed of some simultane-
ous developmental processes. There is another group of
facts concerning a large range of developmental potenti-
alities, a range which on the phenotypic level is comparable
to macroevolutionary changes. We mean the effects caused
by an utterly simple change of internal environment;
namely, a change in the features of production of active
substances, especially hormones. The determining stuffs
produced in development and responsible for orderly serial
differentiations may be of two types: different substrates
for the embryonic differentiation (embryonic segregation,
fields, stratification; see Goldschmidt, 1927, 1938), and ac-
tive substances controlling morphogenetic processes. The
latter vary considerably in significance and bear different
names, the merits of which have been discussed by J. Huxley
(1935). But their type of action is in a general way very
similar to that of hormones, in that definite substances in-
duce definite and often complicated morphogenetic proc-
esses if brought into contact with a definite substrate.
Wherever these determining substances of a hormonic type
(using the term hormone in a generalized sense) control dif-
ferentiation, a change in differentiation may be brought
about by changes in the quality, quantity, time and place of
formation, direction, and speed of transport of the sub-
stances in collaboration with an otherwise unchanged general
developmental system. Since these substances produce an im-
mense morphogenetic effect when called into action (see the
so-called organizer of the amphibian egg), small changes of
the type just indicated may lead to large results, provided
that the general harmony of differentiation is not interfered
with. This simple argument shows that any hereditary
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change in the production of these substances may have an
immense effect of a macroevolutionary order if it leads to
the development of a viable and properly balanced whole.
Expressed differently, if the norm of reactivity of embryonic
development is such as to allow for changes induced by a
changed activity of hormones (that is, hormones in the wid-
est sense, including all determining substances), a single
hereditary change affecting these hormones in one of the dif-
ferent ways indicated above may produce an immense evolu-
tionary effect.

Discoveries regarding the active substances of the organ-
izer type, so important for experimental embryology, can-
not yet play an important role in our present analysis, ex-
cept in the way of rather generalized information. What we
mean by this may be shown by an example. Embryonic un-
determined skin transplanted from an amphibian donor
species which has typical larval structures, like a horny
beak, to the prospective mouth region of a host species
devoid of such organs is induced by the inductive substances
of the host to oral differentiation, which, however, assumes
the characteristics of the donor; i.e., a horny beak, etc. The
host inductor substances then control differentiation at a
definite point, but the genetic constitution of the material
controls the specific type of the differentiation. This shows
that a genetical difference in the reacting system may pro-
duce a huge departure without a change of the inductive
materials which initiate differentiation (Spemann, Holt-
freter, Schotte; see Spemann's Silliman Lectures, 1938).
The inductive substances are known to be rather unspecific
and perhaps are even identical over large taxonomic groups.
We know nothing about taxonomic differences in inductor
material and therefore cannot discuss their eventual origin.

A more concrete insight of evolutionary significance may
be derived from a study of the effects of that group of de-
termining stuffs which are called hormones proper. The
gist of our argumentation becomes easily visible if we look
at the well-known case of metamorphosis in Amphibia. In
the classical studies of Gudernatsch (1912) it was shown
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that metamorphosis in frogs is controlled by the thyroid
hormone. Experimental administration of this hormone
produces metamorphosis long before the normal time of
onset; absence of the thyroid prevents metamorphosis. In
addition, the absence of the hypophysis prevents normal
metamorphosis and produces giant neotenic larvae.6 The
innumerable details which have since been added to these
basic facts are not of importance here. One of the extensions
of this line of work is the study of the role of the thyroid in
the metamorphosis of urodele amphibians. The classical case
is the Mexican axolotl, which reaches maturity without
metamorphosing, a hereditary condition which is absent in
its nearest relatives. Feeding with thyroid makes the axolotl
transform into the Ambystoma, a transformation which in-
volves an immense morphogenetic change from gills to lungs,
with all the concomitant changes in all systems of the body.
(The complete literature is listed in Marx, 1935.) Now, it
is generally known that a whole group of Amphibia, the
Perennibranchiata, remain in the axolotl stage of develop-
ment and do not metamorphose. It has not been possible to
force them into metamorphosis by hormone treatment (ex-
cept for minor changes: Noble), and it seems that they are
genetically unfit for complete metamorphosis. This is best
demonstrated by the experiment of grafting Proteus skin
onto an axolotl and inducing metamorphosis. The typical
metamorphotic skin changes do not extend to the graft
(Schreiber, 1939). We shall not discuss here the old
problem as to whether the perennibranchs are phylogeneti-
cally primitive or whether they are derived as neotenic larval
forms from metamorphosing Amphibia. The point of our
argumentation is independent of such speculations. The

6. For curiosity's sake I might mention that I was the first to realize this fact. I
had obtained giant neotenic frog larvae in an experiment and on dissecting them,
could not find the hypophysis. Comparing this observation with those on certain
human abnormalities based upon hypophyseal action, I concluded that it was re-
duction of the pituitary which had led to the neotenic growth. I suggested, therefore
to my student Adler that he extirpate the hypophysis in tadpoles, an experiment
which produced the expected result (1914), later elaborated by Alien, Klatt, and
others.
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facts demonstrate that there are Amphibia in which a
hereditary norm of reaction permits metamorphosis, which
is a morphological change of an order of magnitude char-
acteristic of the taxonomic difference between families or
orders. The reaction takes place if thyroid hormones are
produced in the proper concentration, which normally hap-
pens at a particular time. There are other Amphibia
(axolotl) in which the same norm of reaction is present, but
some unknown hereditary threshold condition prevents the
reaction from taking place under natural conditions.7 There
are other Amphibia in which the genetic norm of reaction

FIG. 44. Periophthalmus schlosseri $ in fighting position. (From Harms.)

makes metamorphosis impossible. Whether this means that
the tissues, the substrate, are unable to undergo the morpho-
genetic changes of metamorphosis because they have not yet
acquired this faculty or have lost it again; or whether it
means that the genetically determined threshold conditions
for the action of the hormones are not fulfilled, we do not
know. But one conclusion we may safely derive from the
known facts: a single genetic change controlling either of
these possibilities can produce the immense morphogenetic
differences of a macroevolutionary order between non-
metamorphosing Perennibranchiata and metamorphosing
Urodeles, whatever the direction of evolution may have been.

7. According to recent investigations by Blount (1939) the decisive condition is
the lack of production of thyreotropic hormone by the hypophysis of the axolotl.
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Given a condition of hormonic control, then, large evolu-
tionary steps are imaginable as a consequence of a small
change in the genetic norm of reaction involving either part
of the developmental system;
i.e., reacting substrate or re-
action-producing hormones,
or any constituents of the
whole system. We are facing
a situation similar to that
derived from the study of
phenocopies, the main differ-
ence being that in that case
simple shifts in processes of
differentiation were involved,
based either on genetic or on
phenotypic action, whereas
here the controlling agency
is the production of hor-
mones and a reactive sub-
trate.

There is a very interesting
set of facts of related sig-
nificance available in fishes.
One of the most remarkable
groups of fishes are the Go-
biids, because they have un-
dergone strange adaptive
changes in connection with
specific modes of life. Some
forms have largely given up
swimming activities and live
upon the sandy bottom of the
sea. Their fins have changed Fl°- 45- Periophthalmus variabilis.
in structure and enable them <°>'. no™?« (6)' after, thyroxin

-—- treatment. (From Harms.)to hop upon the ground.
Another group (Periophthalmus, etc.) has assumed an am-
phibian life. These are able to live out of water for a con-
siderable time, to move on their fins as on legs, and even
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climb trees. Harms (1934) has made an extensiveto Clirnu trees, i-i.eu.mc. y^^,^^/
study of this group and has described in detail the morpho-
logical changes of all organ systems in connection with the
life out of water, structures which are perfected during
metamorphosis of the water-adapted gobiiform larval fish.
The facts relating to hormonal control of metamorphosis in
Amphibia suggested in this case as well a relation between
the origin of the adaptational traits and specific changes in
the endocrines. (Harms explained the whole set of adaptive

FIG. 46. Periophthalmws vulgaris treated with thyroxin; use of anterior fin
as an extremity with three lever arms. (From Harms.)

evolutionary changes on a purely Lamarckian basis; we re-
frain from discussing his arguments, which may be used as
a fine example of the fallacies of that doctrine.) Harms
actually found that during the metamorphosis of Perio-
phthalmus the thyroid undergoes changes which closely
parallel those occurring during amphibian metamorphosis.
This suggested an experiment paralleling that of Guder-
natsch, and it was actually found that metamorphosis can
be induced in the larvae by feeding thyroid. Most remarkable
were the results obtained by continued treatment with
thyroid. The efficiency of all adaptations to life out of water
was enhanced in the treated animals. The exophthalmus in-
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creased; the skin became drier; the animals walked away
from the water and even remained for considerable time on
dry soil; the form of the mouth changed, and the teeth in-
creased in size; the operculum changed, the gill cavity nar-
rowed, and the gills became reduced in size; all the fins
changed in shape, color, and structure of the skin. An ex-
treme change was observed in the
anterior fins: they narrowed and
transformed into functional three-

/ levered extremities (figs. 44, 45,
U46). Simultaneously the thyroid

was transformed from the diffuse
structure found in the fish into a
compact one of amphibian type
(figs. 47, 48).

These remarkable facts are very
suggestive in connection with our
present discussion. We can see that
a phylogenetic differentiation with-
in a group, associated with defi-

I nite adaptations involving macro-
/ evolutionary morphological and
' physiological changes, is connected

with the presence of specific en-
docrine conditions which are not
present in close relatives living
under usual conditions. We see
that the administration of hor-
mones enhances the same adapta-
tional traits to an extreme degree.
As the same cannot be accomplished with any other fish,
these Gobiids must possess an hereditary ability to respond
to thyroid action by metamorphosis. The situation, then,
is very similar to that in Amphibia: a change in the reactiv-
ity of the substrate to hormones and a change with regard
to the production of the hormones must have been the in-
itial features of this evolutionary line. Again we see that
simple genetic changes, which can be conceived of as occur-

FIG. 47. Periophthalmus vul-
ffaris, normal thyroid. (From
Harms.)
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ring in a single step, may lead to macroevolutionary changes
when endocrine control is the intermediary between geno-
type and morphogenesis. I may add finally that Harms
quotes Sklower as having shown that during the metamor-
phosis of eels and flounders, the thyroid undergoes changes
of the same type as are found in Amphibia and the Gobiids.

FIG. 48. Periophthalmus koelreuteri, thyroid after three years of
administration of thyroxin. (From Harms.)

This fact certainly indicates the wide range of applicability
of our argumentation.

There are many facts which illustrate the importance of
the argument, but we need mention only a few. An important
hereditary trait in many animals is the typical behavior of
the cycle of sexual propagation, which so often acts as an
important adaptive trait with regard to seasonal cycles in
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nature. For example, the sexual cycle is controlled in
Amphibia by the hormones of the pituitary glands in a
definite hereditary way, in harmony with the seasons. But
experimental treatment with the proper hormones permits us
to shift this cycle at will. The developmental stage at parturi-
tion is a major taxonomic feature of macroevolutionary sig-
nificance: compare the newborn marsupial, rat, man, and
lamb. But by daily injections of thymus extract into
pregnant mice, Rowntree (1935) succeeded in changing the
normal rate of differentiation of the embryo so that in
newly born animals eyes and ears were open, the vagina was
developed, the descensus testis in males was speeded up, and
the teeth were present.

One more example taken from vertebrates may suffice.
The influence upon human growth of the hormones of the
thyroid and pituitary is well known, and the conclusions
derived from human pathology are substantiated by the
experiments on mammals. The different types of giants and
dwarfs show the strange morphogenetic effect upon all types
of organs, including the brain, which is exercised by the
presence, absence, insufficiency or hyperproduction of cer-
tain hormones, or by a change in the coordination of the
whole endocrine system. It has been frequently emphasized
that similar types occur as hereditary monstrosities in ani-
mals and that, therefore, in the latter cases it may be as-
sumed that the genetic change (mutation) acts via a changed
condition in the hormonic equilibrium. (See literature and
discussion in Mohr, 1934; Stockard, 1931.) As an example
of pathological mutants of this type we may mention the
achondroplastic Dexter calf, which, according to Crew, is
due to a hereditary hypophyseal defect. On extension of this
argument it has been claimed that the human racial types
are based upon hereditary endocrine differences; the pygmy
races have been suggested as a hypothetical example. The
best material for our discussion is found in Stockard's (see
1931) studies on the races of dogs. He pointed out that a
considerable number of breeds of dogs are of a pathological
type which closely resembles the type of well-known ab-
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FIG. 49. The lower surface of the skull of a normal man (upper right)
and an achondroplastic dwarf (upper left). Below, German shepherd dog
(right) and English bulldog (left). (From Stockard. Courtesy Norton Co.)
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normalities caused in mammals and man by hormonal in-
sufficiencies or unbalance. Such forms as the St. Bernard,
Great Dane, bulldog, and dachshund fall into this category,
showing in growth habit, skeleton, and instincts the condi-
tions known in pathology as achondroplasia, dwarfism,
gigantism, acromegaly, all caused by abnormal endocrines
(figs. 49, 50). These racial traits in dogs are certainly
hereditary and they are based, as far as information goes,
upon relatively simple Mendelian conditions. A study by

FIG. 50. Skeleton of St. Bernard dog and, below, that of a dwarf toy
poodle. (From Stockard. Courtesy Norton Co.)

Stockard of the endocrines of these races revealed them to
be abnormal in many different ways, so that the conclusion
seems justified that the mutational changes act via endocrine
disturbances. Of the many details of the situation one ought
to be mentioned in connection with our problem. Some of the
abnormalities which characterize the breeds involve the
whole organization of the body and therefore point to "some
hereditary disturbance of pituitary gland secretions causing
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abnormal pituitary-thyroid-parathyroid gland coordina-
tions." In other cases, however, the abnormal growth con-
ditions affect only one organ, say, the legs (dachshund).
Stockard assumes that in such cases the glandular dis-
turbance is of short duration and acts only during a critical
moment in the origin of the embryonic limb skeleton. An
alternative explanation [author] would be that a change
occurs in the threshold conditions of response to hypophyseal
stimulation in the limb bud. Whichever is the correct concept,
the decisive fact remains that a small genetic change affecting
the endocrine system may lead to general or localized growth
changes of a huge order of magnitude. The skeletal dif-
ferences existing between a wild dog, a Great Dane, and a
poodle would certainly suffice for establishing generic dif-
ferences if found among extinct forms. Actually differences
of just this type must have played a considerable role in
evolution, and I have not been the only one who has pointed
to such facts.

Stockard himself points to a phylogenetic argumentation
in this connection. Among comparative anatomists the
fetalization theory of Bolk has been much discussed. This
anatomist drew attention to the fact that the human head
ahd brain retain more immature and foetal proportions than
do those of any other mammal. This applies also to the
relative proportions of cranium and face. Stockard recalls
in this connection the fact that simultaneously the postnatal
growth in man has been drawn out considerably, far beyond
that of other mammals up to the apes. There is no doubt
that this peculiarity of man is somehow controlled by the
endocrines, as is proven by the cases of abnormal growth

I in infancy and sexual maturity in early infancy, all of
' which are connected with glandular disturbances. (See the

experimental production of similar conditions in mammals
by Rowntree, loc. cit.) Stockard further points out that we
might therefore surmise that the delay in human maturity
has arisen from a mutation affecting the usual mammalian

H coordination and balance among the endocrines. He assumes
| that these mutations had not yet arisen in early man, e.g.,
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Sinanthropus. An evolution from this hominid to Homo
sapiens may therefore be conceived of as having been per-
fected in a single genetic step, an event which is possible on
the basis of endocrine control of growth and differentiation.
This is certainly purely speculative. But the important point
is not whether these specific conclusions can be proven. We
are only interested in demonstrating that the norm of
reactivity of developmental processes in regard to their
hormonal control furnishes evidence in favor of our main
thesis; i.e., that the potentialities of development permit
changes of a macroevolutionary order of magnitude, in-
volving the whole body or parts of it, to occur in a single
genetic step.

Stockard's case may well serve as a model for all com-
parable situations in vertebrates. Similar evidence may also
be found in invertebrates. We know nowadays, since the
pioneer experiments of Wigglesworth (1934), that molting
and puparium formation in insects are controlled by
hormones produced in a gland near the brain. Extirpation of
the gland prevents the process of molting, and injection of
the hormone precipitates it. Time and number of molts are
hereditary traits, which, as we saw in Lymantria, may be
different in different races, the difference being based upon
a simple Mendelian mechanism. But the occurrence of a
special type of molt, pupation, makes up the essential macro-
evolutionary difference between ametabolous and holometa-
bolous insects. If we try to visualize that difference in gen-
eral terms of development, the formation of a pupa means
that the developmental processes connected with the evagina-
tion of the imaginal discs for legs, wings, antennae, etc.,
are shifted from embryonic to late larval time, and, further,
that a special molt which occurs at the same time enforces
a period of rest within the cuticle, which is not shed as
quickly as in other molts. The actual working of this timing
mechanism can be inferred from cases of so-called prothetely,
where a single larval organ, e.g., wings or antennae, meta-
morphoses alone. In a case which I studied (Goldschmidt,
1923) a group of Lymantria caterpillars failed to pupate
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at the proper molt. However, the antennae pupated, as figure
51 shows. The caterpillars lived for weeks beyond their
normal time and grew to an immense size. Simultaneously
their ovaries grew to the size of late pupal ovaries. Finally
they died or were preserved. In this special case there is no
doubt that an unknown hereditary change had produced the
prothetely, which occurred in many individuals of a definite

cross. (Harrison [1920] ob-
tained a four-winged cater-
pillar; i.e., another type of
prothetely, in a species
cross.) It is not possible to
give a definite explanation
of this occurrence. But, since
it is known that the time of
molting, including the pupal
molt, is genetically con-
trolled, and, further, that
the proper coincidence of the
steps of pupation—evagina-
tion of discs, puparium
f o r m a t i o n , etc.—is con-
trolled by hormones, we must
conclude that the genetic
change in question upset

..., both the timing and the hor-
FIG. 51. Head of prothetelic cater- monic prOCCSS, except for a
pillar of Lymantria dispar with pupal single pair of imaginal disCS.
antennae. (From Goldschmidt.) „ , , , .. . •bucn an abnormal situation,
based on a small change in the genetic background, sug-
gests that in evolution as well a small change involving the
production of definite hormones in relation to the general
timing mechanism of development may lead directly to a
macroevolutionary step of huge magnitude. (Vide the pre-
ceding paragraph upon the evolution of man.)

The mention of hormone-controlled reactions in amphib-
ians and prothetely in insects leads us to a short discussion
of a closely related phenomenon, hysterotely, which is anal-
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ogous to neoteny, though no hormonic control of the
phenomenon has as yet been established. Whereas in pro-
thetely a later step in development is jinticipated, in
hysterotely an earlier developmental feature is retarded and
appears, therefore, in later stages. (If the earlier feature is
considered to be one present in the ancestors, a hysterotelic
feature is usually described as an atavism.) A good example
of hysterotely has been presented (Goldschmidt, 1923) with
reference to the gonads of Lymantria dispar, and has been
discussed in the sense of our present analysis. In primitive
insects (Thysanura, Japyx, etc.) the gonads are segmented
structures, as in some annelids. In the development of higher
insects cases are known (e.g., Blatta, according to Heymons)
in which the earliest primordia of the gonads are still seg-
mental. In Lymantria the gonad consists of four individual
compartments and, as far as is known, does not show a
segmented stage. But occasionally larvae are found in which
the individual compartments of the gonad are separated and
located in different segments. The obvious explanation of
this and similar cases (many of which have been described by
Schulze, 1922) is that a shift in the velocity of differentiation
of the hysterotelic organ has taken place relative to the
velocity of general development, though the details may be
different in each case and may include additional features,
especially conditions of hormonic control. The evolutionary
meaning of such a situation is obvious, as here again the
possibility of a large departure in a single step is offered. (A
discussion of this point in line with our ideas is found in de
Beer's book, 1930.) I do not know of any good case of
mutational hysterotely except those such as harelip and
coloboma, which cannot be used for conclusions upon evolu-
tion. But in a general way we may illustrate the correctness
of the interpretation by the following example. Many
mutants are known which are called regressive, because the
phenotype is less complete than that of the norm. In
Lepidoptera many wing-pattern mutants consist of an in-
completely formed pattern, a kind of diluted condition. In
some experiments on wing pattern (Goldschmidt, 1920c) I



286 THE MATERIAL BASIS OF EVOLUTION

was able to slow up the development of the pigmentation
process in one wing (the other wing serving as control) by
operating on the pupa, with the result that a stage of pig-
mentation of the same type as might be produced by muta-
tion (fig. 52) was present in the imago. This case may then
serve as a model for the explanation of typical cases of
hysterotely.

FIG. 52. Fully developed pupal wings of a cecropia moth. Left, control;
right, development retarded by operation. (From Goldschmidt.)

As already indicated, neoteny is closely related to hystero-
tely insofar as sexual maturity is anticipated at an earlier
stage of development. The meaning of neoteny for phylogeny
is a much discussed topic, and in a great many cases
zoologists have come to the conclusion that whole groups of
animals must have been derived from neotenic larvae (see
de Beer, 1930). A recent discussion of the case of the two
species of Polystomum, integerrimum and ocellatum (Le
Gallien, 1935) is very suggestive. The latter species re-
sembles the larva of the former. Hubbs's (1926) discussion
of the relation of developmental rate to adult differentiation
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in fishes, leading to retention of juvenile characters or ex-
treme expression of later ornamentation, may also be
mentioned. I shall not enter here into the phylogenetic argu-
ment, but want to point to the problem as another illustra-
tion of the general principles under discussion.

We have repeatedly confronted experimental facts with
appropriate examples of phylogenetic features, appropriate
because they may find their explanation in simple genetic
changes causing huge morphogenetic consequences as a
result of hormonic control. We may be permitted to add a
few facts which point to the usefulness of our argument in
explaining some features of macroevolution. There has
always been a big rift between the Lamarckian viewpoint
of evolutionary change and the Weismannian point of
view. Although geneticists, with extremely rare exceptions,
have accepted the Weismannian doctrine and believe that
they have proven it, a great many zoologists and most
paleontologists hold fast to the Lamarckian explanation. It
is of little use to scoff at such convictions or to ascribe them
always to insufficient knowledge, nor is it of any use to
deride such ideas as purely speculative. Genetical analysis
leads only to a certain point in the analysis of evolution. Be-
yond that point conclusions have to be based upon synthesis
of all other available facts, experimental or not, and this is
speculation. To erect barricades against synthetic thinking
at the point where a definite type of experimentation ends,
and to denounce as sheer speculation an analysis which
goes beyond the possibility of direct experimentation, are
indications of an attitude of snobbery which is typical of a
newcomer, in this case genetics. Though I am convinced of
the fallacy of the Lamarckian doctrine as thoroughly as is
any geneticist, I think it necessary to try to understand why
so many zoologists of broad knowledge and understanding
cannot get away from the Lamarckian conception of evolu-
tion. I am sure that the reason will be found in the existence
of a huge body of facts which exclude an understanding on
the basis of selective accumulation of small haphazard
mutants. A further reason for such an attitude is that the
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same facts frequently reveal such extreme conditions of
adaptation that a Lamarckian, or even a psycho-Lamarckian,
explanation appears preferable to the nongeneticist. It is,
therefore, the duty of the geneticist to find out whether and
how such facts can be explained on a genetic basis, not only
without Lamarckism, but also without the improbabilities of
accumulation of micromutations. As no direct experimental

Sit arts/lumemlis.

FIG. 53. Life cycle of Sitaris humeralis. 1, first larva of
coleopteran type; 2, secondary maggot stage; 3, pseu-
dochrysalis; 4, last maggotlike stage; 5, pupa; 6, imago.
(From Fabre, after Harms.)

attack is possible, he will have to base his conclusions upon
synthesis of all relevant facts. Two examples closely related
to the general content of this chapter will show the direction
in which we may find a solution of the old difficulties.

Sitaris humeralis (fig. 53) is a herbivorous beetle. From
its eggs a typical coleopteran larva (1) hatches which will

, not continue development unless it succeeds in getting at-
[^tached to a bee, which carries the larva into the hive. Here
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the larva molts and, losing eyes, legs, etc., emerges as a
primitive maggot, feeding on honey (2) ; after some time, a
resting stage (pseudopupa) occurs (3) from which another
maggot emerges (4). This one finally pupates regularly
(5) and from the pupa the beetle hatches (6). This strange
life cycle is certainly adapted to the special ecological
features, and its origin cannot be understood on the basis of
selection of haphazard micromutations. Our previous dis-l
cussion of embryonic reactivity to hormones indicates that!
there is a possibility of origin of this type of adaptation
which requires neither Lamarckism nor selection of small
steps. We saw that insect metamorphosis is governed in a
definite way by hormones which control growth by molting
as well as the processes of metamorphosis, especially the be-
havior of the imaginal discs. The special feature of our case
is that after transfer to the hive the next molt returns the
larva to a level of organization which otherwise would
have been definitely passed in the embryonic stage. Though
we do not know much more—here is an interesting field for
experimentation—we must assume that a definite feature of
hormonic regulation controls the aberrant growth and dif-
ferentiation. This permits the conclusion—of only a very
general nature at the present stage of our knowledge, to be
sure—that a single genetic change affecting the mechanism
of hormonic control may have been responsible for the initia-
tion of the whole series of adaptational changes. There is no
need to try to work out the possible details; we want to
demonstrate only that a single genetic change of a definite
type may entail a large departure which defies explanation in
neo-Darwinian terms.

The second example which we want to mention is taken
from the hermit crabs. We have already referred to Przi-
bram's experiments on the asymmetry of shell-inhabiting
pagurids. The primitive species of this group are sym-
metrical, like other Crustacea. But the hermit crab has a
completely asymmetrical abdomen, which is hidden in the
shell of a snail, and an enlarged pincer which serves as a
shutter for the entrance of the shell. This asymmetry begins
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to appear during development and increases even if no shell
is available. On the other hand, crabs of extreme asymmetry,
if deprived of shells, become almost symmetrical in subse-
quent molts. Further, the inborn right-handed asymmetry
may be changed into a left-handed one, if only left-handed
shells are available. Thus there is present an inherited trend
to asymmetry and a wide norm of reactivity to outside con-
ditions which permits of considerable adjustment.

One of the near relatives of this group is the coconut-
thief Birgus latro, a huge, powerful crustacean, well known
for its habit of climbing the coconut palm and of throwing
down the nuts. Birgus has developed special features for
breathing air and many other adaptations needed for his
mode of life. These have been described in detail by Harms
(1932). Typical pagurids undergo development in sea
water. Rather early, after the last larval molt, they take to
an empty shell, where they metamorphose into typical hermit
crabs. Strangely enough, Birgus carries its eggs when these
contain the zoea stage into the sea (see Harms, 1934), where
development takes place to the so-called glaucothoe stage,
which already shows some specific Birgus characters. Still
completely symmetrical, these also enter a shell which they
leave occasionally at first, that is, as long as they are still
symmetrical and have a normal abdomen capable of swim-
ming movements. But soon their development becomes
paguruslike, the abdomen becomes asymmetrical with all the
ensuing morphogenetic consequences, and a true hermit-crab
stage follows. After some time the shell is left again and
symmetry is restored. The whole organization now changes
into that of the typical symmetrical air-breathing land
animal, with all the concomitant changes of structure and
use of the different legs.

Phylogenetically, then, the hermit-crab type must have
been produced by the origin of a tendency to asymmetry
under conditions of a rather labile norm of reactivity to
pressure (?) on the abdomen. The further steps toward
Birgus must have been initiated by a changed growth rate
beyond the size of available shells, a change in the inclina-
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tion toward asymmetry and probably also in the lability of
the norm of reactivity. It is, then, conceivable that the whole
group of changes was primarily initiated by a genetic change
with regard to the growth-controlling hormones.

These particular examples were mentioned because both
have been used to demonstrate the necessity of a Lamarckian
interpretation (by Harms), because both defy a purely
Darwinian explanation by slow selection of micromutations,
and because both suggest an explanation in terms of a single
change (at least initially) in the hormonic control of growth
and molting, producing an immense effect upon the whole
organization at once and thus preadapting the new form to
completely new ecological niches.

e. Norm of reactivity and regulation
At different points in our discussion we have met with the

important phenomenon of regulation without mentioning
it specifically (except in one instance). Actually this phe-
nomenon is just as important in a discussion of the evolu-
tionary significance of the potentialities of development as
it is paramount in the experimental analysis of individual
development. Regulation may be defined as a purposive
response of the organism to changed conditions. Regeneration
is the most typical form of regulation; the transformation
of an experimentally produced half embryo into a whole
is another type; the rebuilding of the spongiosa of a femur
bone after a break, resulting in a new arrangement of the
trajectories, is still another type. In one of our first examples
of the inherited alternative norm of reaction, the air and
water leaves of Limnophila, we observed regulation on the
basis of a hereditary condition; most other plants do not
show such a regulation after immersion. This example leads
to an important point in our discussion. If a definite genotype
is necessary for the production of a regulatory response,
the ability to respond will have arisen as all genetic dif-
ferences do, by some kind of mutation (or by an accumula-
tion of mutations if the neo-Darwinian thesis is accepted),
and its perpetuation under selection. Regulation, therefore,
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would have to be treated like any other hereditary trait.
But this is not always the case. There can certainly be no•/ •/

doubt that whatever regulation may occur in individual cases,
it is possible only within the limits set by the hereditary norm
of reaction. One insect regenerates limbs; another is unable
to do so. But within this obvious restriction there are dif-
ferent possibilities. The following is one involving a special
genetical background. The older generation of biologists
may recall the discussion about the regeneration of the lens
from the dorsal margin of the iris in Amphibia. Wolff, the
discoverer of this phenomenon, and his follower Driesch,
emphasized that Darwinian principles could not explain the
origin of this regulatory ability, and used the case as a proof
for vitalism. Weismann, however, tried to show that this
hereditary ability might very well have arisen under the in-
fluence of selection, just as might be argued for the regenera-
tion of a limb, or the tail in Amphibia and Reptilia. Whether
we agree or disagree with Weismann's conclusions is not
relevant for this discussion. The purpose of the example is
only to show that regulations exist which are explicable on
neo-Darwinian lines if one is willing to accept the argumenta-
tion, which is bound to be often rather crude.

But there are innumerable cases of regulation in which
the genetical side of the problem, and therefore the selective
aspect, does not come into play, except for the obvious fact
that everything happening in an organism must have its
potentiality in the genotype. The following is a good ex-
ample. The mechanism of walking in man consists, among
other things, of the lever system of the foot with the heel-
bone as the shorter arm. To this is attached the tendon of the
gastrocnemius muscle which moves the lever. Marey (1887)
has shown that in the white races the short arm of the lever
is relatively short. In connection with this the muscle is
compact and powerful, showing a characteristic featherlike
arrangement of the fibers, and the tendon is long. In black
races, however, the short lever arm of the heel-bone is much
longer, and correspondingly the muscle has a completely
different structure (absence of a pronounced calf), and the
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tendon is short. This is, of course, a hereditary difference.
The leg of the cat is built like that of the Negro. If the cat's
heel-bone is shortened by operation, regulation sets in after
some time and the muscle of the calf assumes the type of
structure found in the white man. Nobody can claim that this
potency for regulation in the cat is the result of a selection
of mutants. The same holds for many other regulations,
especially all the regulations of early embryonic develop-
ment known to the experimental embryologist. It is also true
for a very different type of regulation usually described as
atavism. If Kammerer's Proteus experiment is to be ac-
cepted, the formation of a normal eye under experimental
conditions involves a complicated set of regulations, which
cannot have been provided for by a special set of genetical
conditions under the stress of selection. The potency for eye
development must be provided in the genotype, but once this
potency is realized, the concomitant regulatory processes
are automatic; i.e., they are based upon a general ability
of embryonic processes to adjust themselves for the sake of
the production of a harmonious whole. It is this ability which
appears over and over again in experimental embryology.
Witness, for example, the numerous types of chimeras pro-
duced not only from different individuals but also from dif-
ferent species, even families

We must confess frankly that this power of regulation is
not yet completely understood. Otherwise it would not be
the favorite haunt of vitalism and its disguised variants. But
experimental embryology has already furnished sufficient
material at least to realize the direction in which an ex-
planation has to be sought. Some of the most important facts
have been presented by Holtfreter (1938), and his dis-
cussion of the situation is the most up-to-date statement
of the problem available, though it is restricted to a special
type of embryonic regulation. He describes regulation in a
general way as the ability to repair a disturbance in the
material construction or in the symmetry of a developing
organism, in the direction of a harmonious whole. This re-
pair can be accomplished by a reshuffling, increase, or de-
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crease of the material without change of its character. Or it
may be accomplished by a change of the original determina-
tive character of the material. Or, finally an assimilation of
parts, not primarily involved, into the new whole may be
accomplished by a shift in the formative capacity, or by
reshaping or resetting the material. (It is needless to say
that the regulations under discussion here follow operative
disruptions of normal development, which produce the ten-
dency for regulation.) What actually will happen depends
upon many conditions of the internal and external environ-
ment. Important among these are the condition of the regu-
lating material, its location, and the time at which regula-
tion starts. There is, first, the condition of determination
of the material, which regulates only if not yet finally deter-
mined, though secondary regulation within the limits of the
already determined potency is still possible. The time factor
enters insofar as the time of determination is a different one
for different primordia. Thus there is a definite time of still
labile determination during which regulation is possible.
Many examples of these rules may be found in Holtfreter's
brilliant experiments. Environmental factors are mentioned,
especially the mechanical conditions of the system, first
exemplified in Roux's famous half embryos. The environ-
ment of the isolated blastomere, in this case contact with
the other dead one, prevents regulation, which takes place
if the contact-stimulus is not present (Spemann). Another
extremely important factor is the intrinsic ability and tend-
ency of the embryonic cells to move and to unite with other
cells in the formation of new tissue adapted to the new me-
chanical conditions.

This latter point is of paramount importance in our pres-
ent discussion, because it deals with a phenomenon which
is not based upon a special genetic condition which might
have arisen slowly in the course of evolution, but is the ex-
pression of a primary property of living cells. We might,
therefore, interrupt Holtfreter's argumentation for a mo-
ment to point to the important phenomenon of morpho-
genetic movements (Gestaltungsbewegungen) aside from
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embryonal experimentation. The most convincing examples
of this cellular potency are found in such cases as the fol-
lowing. Cells of an adult hydroid or sponge, if isolated and
completely mixed by straining through fine gauze, come
together again and build up a perfect new organism (Wil-
son; J. Huxley; Foyn, 1927—bibliography here). In the
propagation of some Myxomycetae, individual, isolated
amoeboid cells come together and build up by appropriate
morphogenetic movements the complicated toadstoollike
structure (Arndt, 1937). Arndt's film showing this develop-
ment is a most stupefying sight to a thinking biologist. Sim-
ilar examples are found in the behavior of cells in tissue
culture, where isolated cells may come together to form tis-
sues, the structure of which is determined by the conditions
of the medium. I have found some fine examples in tissue
cultures of Lepidoptera (Goldschmidt, 1916, and much un-
published work). From an isolated group of spherical
spermatocysts cells migrate and finally connect all the cysts
floating free in the medium into a characteristic unified
tissue. Migrating cells from other organs may form, when
attached to the surface of the cover glass, a flat epithelium
with definite internal pattern arrangements, in response to
mechanical conditions. A comparable group of facts is found
in Steinmann's (1933) experiments on regeneration in pla-
narians. The removal of the head, which ordinarily results in
regeneration, leads to a formation of a structureless, wildly
growing blastema of tissue-culture type, if the regeneration
takes place in Holtfreter solution instead of water. This
result may be described as inhibition of regulation without
inhibition of cell movements. These examples may suffice as
illustrations of regulative potency by morphogenetic move-
ments.

The morphogenetic tendencies in the aforementioned
cases of isolated cells in tissue culture are increased to actual
regulation if embryonic parts are grown in tissue culture.
Holtfreter, who performed numerous such experiments, re-
ports, for example, that an isolated piece of chorda-primor-
dium may produce musculature, nervous tissue, etc. It is
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amazing that these tissues, if given a chance, are not mixed
in an irregular way, but may arrange themselves into a kind
of bilateral, orderly pseudoembryo. (An example of regu-
lation which is unsuccessful because of mechanical hindrance
is, I suppose, the embryoma.) Holtfreter emphasizes in con-
nection with these experiments that some facts indicate that
the direct cause of the initiation of regulation is a rather
simple chemical one. Finally he discusses experiments in
which the regulative ability of a given embryonic tissue is
not determined by its immediate chemical or physical en-
vironment, but by some action of the whole germ, whereas
normal embryonic induction is a localized one. He adds this
important statement (original in italics) : "It may be as-
sumed that these strange processes of determination surpass
the usual principle of action by contact, and occur not only
in experimentation, i.e., after material disturbances, but
probably are important also for normal development." And
further: "One thing is sure, that here a mutual relation be-
tween the parts is involved, and not only a one-sided one,
as is the case with induction. The system as a whole is here
taking a part in controlling all partial processes." I may
add to the last statement that I have derived the same con-
clusions with regard to one regulative process, regeneration,
from a general analysis of genetic control of development
(Goldschmidt, 1927), by explaining regeneration in terms
of redistribution of all determining substances, according
to the given physicochemical conditions of the system as a
whole.

We have gone into some of the details of regulation be-
cause they are of utmost importance in a discussion of the
potentialities of development with regard to evolution. We
have discussed many cases in which a hereditary change (a
mutation) has produced exactly the same shift in the proc-
esses of individual development as has an experimental
disturbance of development. In the experiments on regula-
tion it is always an operative disruption of continuity be-
tween embryonic parts which sets regulation in motion. A
comparable disruption may also be produced by a genetic
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change. We have reason to believe that many genetic
changes result in a relative shift of the rate of interlocked
developmental processes. Such a shift, if produced in early
developmental stages, at the time of still labile determina-
tion, may act in the same way as an experimental disruption
by operation; except that there is no disruption by crude
separation of the parts, but a disruption by separating
interlocking processes through the shifting of one integrat-
ing process. (Simile: the disruption of the function of a
motor by breaking a shaft, as against dislodging it from
the synchronizing mechanism.) What will be the conse-
quence of such a mutation? In many cases the result is an
upsetting of the developmental mechanism; i.e., lethality.
In other cases a certain amount of regulation takes place
and the result is some kind of monster. However, effective
regulatory processes may be induced if the change occurs
under proper circumstances (see the conditions for regula-
tion, above). In this case the single genetically produced
change of an embryonic feature results in a whole series of
changed developmental processes—in other words, in a com-
pletely new type of development; i.e., a departure of a
macroevolutionary order of magnitude. To take a fictitious
example, a genetic change in vertebrate development which
shifts the differentiation of the gill arches will lead to regu-
lation of the developmental processes of the aortic arches,
the gill pouches, and many other cephalic structures. The
actually existing series of large anatomical differences be-
tween taxonomic groups does therefore not require an evo-
lution by simultaneous selection of numerous small mutants
of the determiners for every single organ, a necessary hy-
pothesis on the basis of the neo-Darwinian view, or the cur-
rent theory of the genes. A single mutational step affecting
the right process at the right moment can accomplish every-
thing, providing that it is able to set in motion the ever-
present potentialities of embryonic regulation. It is needless
to say that this statement also contains the explanation of
atavism as well as of the positive and negative features of
embryonic recapitulation. We shall have to return again to
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this important problem of embryonic regulation as a phe-
nomenon of evolutionary significance.

We may conclude this chapter by stating that it has been
shown before that the potential range of effects of single
mutational steps coincides with the range of the individual
norm of reactivity as determined largely by the range of
shifting individual developmental reactions. Now we may
add that this range is immensely enlarged if the norm of
reactivity includes also the power of regulation.

/. The sexual norm of reactivity
In discussing the alternative norm of reactivity as well

as the relation of hormones to determination, we did not
mention the sexual alternative and its relation to hormones.
This subject will now be discussed, as we consider it to be
of great significance in the present connection. We have
reported upon a number of cases which demonstrate the
range of developmental potencies based upon the general
type of developmental processes (we mean such types as
permit a certain amount of shifting without interfering
with the harmony of the resulting organism). The sexual
alternative furnishes a case in which the developmental proc-
esses within a species may become so different that the re-
sulting organisms, the two sexes, may exhibit differences
of a macroevolutionary order of magnitude. As I pointed
out in the essays (1920) to which I have repeatedly referred,
a morphological difference of the magnitude found between
the female and male genital armature in Lepidoptera (see
fig. 25) would suffice for at least generic distinction if found
as a somatic character distinguishing two different forms.
This argument could be easily extended all over the animal
kingdom. This sexual difference, however, is based upon a
genetic difference—if we take only the most frequently
found situation—i.e., the mechanism of the X-chromosomes,
which creates within the same species two different genetic
situations which determine differences in development. But
these developmental differences are also based upon a def-
inite norm of reactivity of the embryonic primordia, an
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alternative norm of reaction. Let us explain the situation
by means of some examples. The anlage of the tissue on
either side of the cloaca in mammals has an alternative norm
of reaction. Under the influence of female determination it
develops into labia majora; under male influence, into a
scrotum. In Lepidoptera a group of cells in a certain ab-
dominal segment develops into an ovipositor (labia) if the
individual is genetically female, and into a clasping hook
(uncus) if it is genetically male (see fig. 25). In both cases
it can be demonstrated that the corresponding groups of
cells in both sexes have an alternative potency of develop-
ment. The decision over the alternative, which is usually
brought about by the action of genetic determiners, accord-
ing to female or male chromosomal constitution, may also
be enforced within the same genetic constitution either as a
consequence of a special genetic situation (zygotic inter-
sexuality) or as a consequence of environmental influence,
including action of hormones. The sexual difference, then,
furnishes examples of developmental potencies of a large
range within the same species, of a genetic control of these
potencies via the existence of an alternative norm of re-
action of the embryonic primordia, of the realization of
these potencies within the same individual either by environ-
mental influence of a simple nature or by genetic determi-
nation, and, finally, of the realization of both these potencies
within the same individual in the special cases of inter-
sexuality, both on a genetical and an environmental basis.
This shows that the sexual alternative exemplifies within a
single organism different aspects of the developmental norm
of reactivity which are otherwise found in different forms,
and that this happens sometimes with realization of an ex-
treme range of morphogenetic possibilities. We may there-
fore expect to find in this field good models of large morpho-
genetic (as well as physiological, chemical, psychological)
changes of the type occurring in macroevolution.

As we emphasized just now, the morphogenetic range of
the sexual alternative is based upon the alternative norm
of reaction of the primordia of the sexually different organs.
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It might appear that this is a special genetical condition
which cannot be used as a model for ordinary processes.
However, we have already met with similar situations out-
side of the sphere of sex: the alternative norm of reaction
of the leaves of Limnophila, grown in dry or moist air, the
alternative norm of reaction in butterflies with seasonal
dimorphism. In the latter case we could show that this norm
of reaction was only a special situation within the general
norm of reaction of lepidopteran development. In the case
of the sexual alternative we meet with all imaginable dif-
ferences of alternative reactivity. Within the same taxo-
nomic group we may have extremely dimorphic forms as
well as those in which the sexes are hardly distinguishable,
which means that the tissues in one case react sharply to
the genetic sexual difference (IX versus 2X), and in the
other case, little or not at all. Where hormones are involved,
which amounts in the sense of our discussion to a reaction
to environmental conditions (internal environment), closely
related forms may have an extreme alternative reaction to
hormones (plumage of fowl), or a slight one, or none at all
(pheasants, passerine birds). Such genetic differences can-
not be considered to be different in principle from ordinary,
i.e., not sexual, differences in the norm of reaction of em-
bryonic primordia which are encountered in closely related
forms. The literature on experimental embryology contains
a tremendous amount of data showing that the same experi-
ment does not give identical results if performed on differ-
ent species (see, for example, lens induction). The sexual
alternative, with its special features, is therefore to be con-
sidered as furnishing the same type of model of large mor-
phogenetic changes caused by a single step as the other
examples studied before and those to be considered below.

A group of facts which are of importance in our discus-
sion is found in cases in which a definite genetical situation,
definite features of alternative development, and certain tax-
onomic facts may be linked together. Such facts have been
found in our work on intersexuality in Lymantria dispar
(literature in Goldschmidt, 1934), facts which are extreme-
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of sex. We will select for our argument two topics, certain
features of the genital armature and of the antennae.

In the male gypsy moth the dorsal posterior part of the
armature consists of a characteristic hook, the uncus (fig.
25). The female homologues, developed from the same pri-
mordia, are the sheathlike labia flanking the body openings
(fig. 25). The uncus primordia are paired like the primordia
of the labia (Kosminsky). In the development of the uncus
the paired anlagen unite dorsally and grow into the single
uncus. Thus, strictly speaking, the basal part of the uncus
is the homologue of the labia. The genetic sexual difference

a b c

FIG. 54. Genital armature of male intersexes of Lymantria dispar in three
different grades, a, b, c. La, labia; U, uncus. (From Goldschmidt.)

controls the decision whether the primordium remains paired
or not, and whether it differentiates into one or the other of
the two very different structures. Intersexuality is caused
by a definite genetic situation (not to be discussed here)
within a normal diploid female or male chromosomal consti-
tution. Let us consider here only male intersexuality, where
the male chromosomal constitution is present, but intersexu-
ality is produced by special genetic features. The embryo-
logical consequence is that development proceeds first in the
male direction and changes sooner or later in the direction
of female differentiation, thus leading to different degrees
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of intersexuality. Therefore, parts which have not yet been
finally determined when the turning point occurs continue
their growth according to the female alternative. Figure 54
shows this situation for the uncus in three different degrees
of intersexuality. Since the form and structure of the uncus
are determined early, as can be proven by many facts, but
the concrescence of the paired anlagen is determined later,
the lowest degree of intersexuality leads to complete but
paired unci (figure 54a). An earlier turning point (fig.
546) finds the determination of the uncus completed, but the
basal part (the zone of growth) is still undetermined and
therefore grows in breadth, forming labiumlike structures
(La) to each of which an uncus-point is attached (U).
With a still earlier turning point, determination of the al-
ternative has not yet been accomplished and complete fe-
male labia are formed (fig. 54c). The series, then, demon-
strates the embryonic alternative as controlled by definite
genetic situations acting at the proper time of determination
of the anlage.

It has now been shown by Kosminsky that treatment of
normal male pupae during a temperature-effective period
with extreme temperatures produces a double uncus exactly
like the one pictured for intersexuality (fig. 54«). The tem-
perature shock thus has the same action as the genetic con-
dition in low-grade male intersexuality. The effect belongs,
then, to the category of phenocopies. I may add that in the
case of low-grade intersexuality the position of the still nor-
mal uncus is frequently changed, as it is bent forward at
its base; the same condition can also be obtained by tem-
perature action. (It is not known how far the musculature
is involved, but a normal male never shows this infolding of
the uncus.) To complete this set of facts, there are near
relatives of the lymantriids in which a paired uncus, exactly
like the one described, is a typical taxonomic character; and
others in which the single, bent uncus also occurs as a spe-
cific feature. In these instances, then, we have an embryonic
anlage which has in one case (Lymantria) an alternative
norm of reaction, which may be steered either by the normal
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genetic sex difference, or by an abnormal genetic constitu-
tion within one of the sexes, or by a crude change of en-
vironment. The same partial process, paired growth versus
concrescence, is determined in other cases by the specific ge-
netical constitution of a different taxonomic unit, independ-
ent of the sexual alternative; i.e., uncus vs. labia.

A very similar case can be made out for the antennae of
Lymantria dispar. The female antennae have small side

FIG. 53. Antennae of high-grade male intersex of Lymantria dispar; one
row of branches has assumed the female condition. (From Goldschmidt.)

branches; the male antennae, very long ones. Differences in
histological structure, especially of sense organs, are com-
bined with these external differences. The sexual difference
of the antennae is obviously connected with the mode of life.
The females are sluggish, hardly ever fly, and are not in
need of elaborate sensillae, whereas the males are energetic
fliers and use their antennae in the search for the females.
The embryonic determination of the general size of the an-
tennae is fixed at the time of pupation, but the details of
structure, especially the length of the side branches, can be
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shifted after pupation. Just as in the foregoing example,
we can make a comparison of conditions in the normal sexual
alternative with those found severally in intersexuality, in
phenocopic experimentation and in natural taxonomic units.
In female intersexuality the branches of the antennae elon-
gate and all degrees of transition to the structure of male
antennae are found. We shall not present the details of the
developmental procedure in this case, as they are rather
complicated. We shall confine the discussion to male inter-
sexuality. A definite grade of male intersex is characterized
by antennae with one row of branches of male type and one
of female type (fig. 55). In the normal development of the
male antennae a stage occurs in which one row of branches
differentiates first, the other row starting only later. Ob-
viously, then, in the intersexual antenna the male deter-
mination of the first row is already accomplished at the time
of the turning point, and therefore only the second row de-
velops in the female direction. The details, which can be
understood only if the whole process of development is de-
scribed, are not of importance in our present discussion. Just
as is the case with the uncus, antennal differentiation may
be affected by action of extreme temperatures during a sen-
sitive period (Kosminsky, Goldschmidt). A female antenna
may thus be changed into one of the intersexual type by
starting the male type outgrowth of the side branches (ac-
tually not a growth but a stenciling process). Finally, the
taxonomic parallel is also available: There are moths of dif-
ferent families, related to the lymantriids, in which the fe-
male antennae are branched more or less like the male ones.
In one genus (Orgyia) closely related to Lymantria, the fe-
male antennae are like those of Lymantria, but the male ones
are characterized by one long and one short row of branches,
exactly as in the intersexual males of Lymantria! The im-
portance of this set of facts to our discussion of evolution
is the same as that of the foregoing example.

One more interesting point should be added. Normal dif-
ferentiation of the antennae involves mainly three integrat-
ing processes (details and literature in Goldschmidt, 1934) :
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development of the shaft by a gradual shrinkage of the
broad epithelial sac from which the antenna is modeled;
formation of the side branches by a strange combination of
cutting and stenciling of the branches from the sac, com-
bined with growth at the growing point of each branch;
chitinization of the whole, which ends differentiation. Shifts
in the relative timing and in the detailed procedure of these
processes (in addition to the size of the epithelial sac to start
with) account for the normal as well as the abnormal sexual

FIG. 56. Lamellate antenna of female Lymantria dispar resulting from a
racial cross or, identically, from temperature experiment. (From Gold-
schmidt.)

differences mentioned. In certain racial crosses as well as in
temperature experiments the type of antenna shown in figure
56 is frequently produced. Here the normal branches of
a female antenna are replaced by platelike structures. In
some individuals part of these plates are not developed and
instead a continuous chitinous blade is found which stretches
over a varying number of antennal segments. This blade or
membrane is nothing but a chitinized part of the antennal
sac which has failed to develop branches. This structure is
connected through a complete series of intermediate stages
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with the type of platelike side branches which are present in
the antenna in figure 56. The details clearly indicate that
this strange type of antenna is produced by a chitinization
of developmental stages of the antenna. In other words, an
upset in the proper timing and integration of the three proc-
esses of differentiation described above accounts for the
pathological type of antenna. But what is in this case a
pathological feature, caused by a genetically or environ-
mentally conditioned shift of developmental processes, is (at
least approximately) the normal structure of the antennae,
the so-called lamellate antennae of a far-distant family of
Lepidoptera, the Cossids.

The examples described thus far involve the sexually al-
ternative norm of reaction of development as controlled by
definite genetic conditions (IX—2X and inter sexuality) and
as subject to influences of the environment. Another case of
great importance to our present argument can be found in
the facts of hormonal control of sexual characters in verte-
brates. Again we find a number of primordia of different
organs with an alternative reactivity. In different species
the same organ may or may not exhibit this alternative norm
of reaction (probably a threshold problem). The sex glands
and ducts always belong to this type of alternative reaction,
though their reactivity differs quantitatively in different
cases (vide the more or less extreme sexual differences found
in these organs in different groups). The copulatory organs
may show an extreme alternative reactivity (mammals) or
almost none at all (birds). The so-called secondary sex char-
acters exhibit all degrees of alternative norm of reaction,
from absence to presence, with innumerable modifications
based upon different hereditary constitutions (example: the
reaction of the plumage to sex hormones in fowl, pheasants,
passerine birds). This statement includes all the metabolic
and psychological features distinguishing the sexes.

In normal development the sexual alternative of differ-
entiation of a group of cells is decided by the genetic con-
stitution (IX—2X). This acts in vertebrates via the pro-
duction of the sex hormones (aside from the disputed exist-
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ence of special embryonic hormones). This feature permits
us to isolate the action of the internal environment (the hor-
mones present) in those experiments in which only a single
genetic basis is involved; i.e., in experimental administra-
tion of hormones to one sex only. The decisive facts may be
stated in a few words, if we neglect all details and restrict
the discussion to the more important primary sex characters.
By injection of sex hormones into avian or mammalian em-
bryos all degrees of intersexuality may be produced. This
means that the decision of the sexual alternative can be
shifted without any genetic change in one or the other di-
rection by the simple means of hormonic action, of course
only in those organs in which the genotype provides an al-
ternative of differentiation; e.g., cortex-medulla, Mullerian-
Wolffian ducts. (See especially the recent work of Wolff,
Dantschakoff, Willier, etc.)

Let us now look at the morphogenetic side of the situation
and appraise the order of magnitude and range of morpho-
genetic differences induced within the same genetical and
developmental system by the presence of a single chemical
compound. Let us assume that a female is masculinized.
Muller's duct will show all degrees of rudimentation, a phe-
nomenon of the same order as any type of rudimentation
occurring in evolution. Certain pronephric tubules, which
would have become rudimentary in the female, grow into
vasa efferentia, which is a functional change of the type
found so frequently in evolution. The Wolffian duct, which
would have become rudimentary in the female, becomes a
functional organ and enters into specific associations with
other parts. This is again a morphogenetic process parallel-
ing happenings in evolution. In the cloacal region a series of
concrescences, outgrowths, shifts of position, etc., take place
in the production of the male genitalia. In mammals the
descensus testis, with the concomitant rebuilding of the in-
guinal region, is an additional feature. These are morpho-
genetic features of an order of magnitude and of a range of
concomitant correlational effects found in many evolution-
ary processes in the vertebrates; e.g., in the transformation
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of the urogenital apparatus from that of reptiles to that of
mammals, which is hardly of a larger morphogenetic lati-
tude than the hormonic effects just described. It is not nec-
essary to continue this enumeration, as it is obvious that the
norm of reactivity of development, in the case of hereditary
disposition to alternative development, permits a morpho-
genetic shift of the order of magnitude of large evolutionary
changes, and this under control of a single chemical com-
pound, the respective sex hormone.

In order to prevent misinterpretation of the purport of
this discussion, let me emphasize once more that the genetic
difference between the basis of evolutionary change and of
sexual change is found in the presence of the alternative
norm of reaction in the latter case. But this difference is not
one of principle but only of degree. In the chapter on regu-
lation we saw that under definite experimental conditions
many groups of embryonic cells may change their prospec-
tive fate. Though this is not the same thing as the sexual
alternative, the latter involving a special genetic provision
for different types of differentiation, the former the general
potency of regulation, it is certainly an indication that the
sexual alternative is a specialized case of the general potency
of development to proceed in a different direction if the
proper stimulus is provided. In both cases different types
and degrees of reactivity are found, and in both cases the
stimulus has to work on a system which is genetically ca-
pable of reacting more or less completely. Therefore I think
that the facts relating to the sexual alternative may serve
as a model to demonstrate the ability of developmental proc-
esses to change on a large scale as a result of a single event
which may be compared, with regard to evolution, to a single
mutational change affecting major features of develop-
ment.

B. Mutation Affecting Early Development
One of the important points in the evolutionary discus-

sions of my essays of 1920 was the following: I had come to
understand the action of the genes in controlling develop-
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ment in terms of relative velocities of the integrating proc-
esses of differentiation. I had found that certain conditions
of the genes, which I interpreted as different quantities of
that material (for discussion, critique, and changed outlook,
see Goldschmidt, 1938), were linked with an action occur-
ring at a definite time in development. This suggested the
idea that a single mutation of the type considered to involve
the quantity of the genes might act upon an early embryonic
process by changing its rate relative to the rates of the other
integrating processes of differentiation. If at all viable, such
a mutation could accomplish in a single step a huge evolu-
tionary departure. I pointed out briefly that facts taken
from the field of comparative anatomy of vertebrates, as, for
example, the history of the visceral skeleton, could thus find
an easy explanation. The same applies to orthogenesis and
the law of recapitulation. I called this conclusion obvious
and did not go into further details. Later I returned briefly
to the same point (Goldschmidt, 1923, 1937), using a few
other examples by way of illustration.

Originally my idea had been that evolution generally pro-
ceeds by the accumulation of micromutations, but that occa-
sional mutations affecting early embryonic differentiation
via change of rates may account for some major evolution-
ary changes which could not be accomplished slowly. This
viewpoint was accepted by others and enlarged upon in the
writings of Haldane (1932a), Huxley (1932), and espe-
cially de Beer (1930), who elaborated it in detail. But when
my own work on geographical variation later led me to the
conclusion that geographic races are not incipient species,
and that the origin of the higher categories cannot be ex-
plained in terms of micromutations (Goldschmidt, 1932,
1933), I began to realize that the large departures, pro-
duced in a single step by what we call systemic mutations,
offer the only feasible method of macroevolution on and above
the specific level. I have since found out that the general
idea of evolution in large steps based upon early embryonic
changes has been proposed before; but I think that only the
linking of such an idea with the facts of genetics and phys-
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iological genetics can raise it from the status of a hint to
that of a theory. This is still more the case in view of the
fact that older as well as newer discussions of such ideas have
been for the most part linked with all kinds of mystical or
formalistic discussions. F. Miiller (1864), Kolliker (1864),
Mehnert (1897), and the paleontologist Cope (1887) had
long ago discussed the idea, more or less clearly, which also
appeared hidden behind speculations, in the writings of
Jaeckel and others. To these early authors must be added
Sedgwick (1910), Naef (1917), Garstang (1922). A full
elaboration of the idea was given by Severtzoff (1912) in
Russian (quoted from Severtzoff, 1931). After I had dis-
cussed the problem (1917, 1920, 1923) it was taken up by
a number of paleontologists acquainted with my work, Beur-
len, Wedekind, and especially Schindewolf (see below).
Among morphologists it was Severtzoff (1931) who pushed
the idea further and furnished important materials, which
will be discussed below. The value of his discussion was un-
fortunately impaired, because he was not acquainted with
the genetic side of the problem and frequently hid impor-
tant conclusions behind purely formalistic theories. Finally,
the general idea has recently been "rediscovered" by the
anatomist Boeker (1935), who buries it, however, under
mystic speculations of the psycho-Lamarckian type, and by
the botanist Ungerer (1936), who is inclined toward a sim-
ilar philosophy. We shall describe later some of the material
used by these authors and insert it into the general line of
our argument, without stopping to discuss their specula-
tions, which cannot be reconciled with the elementary facts
of genetics.

We shall now elaborate our original thesis by analyzing
relevant facts, old and new. Again we shall speak of muta-
tion in a rather general way without discussing whether the
ordinary type of mutation or only what we called systemic
mutation is involved. The nongenetical material of these
chapters does not convey information on this purely genet-
ical problem, though we shall meet with a few facts which
point in the direction of systemic mutations.
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a. Growth and form
The repeatedly quoted essays of 1920 conclude with the

following sentences: "The quantitative conception [quan-
titative genie control of velocities of differentiation] per-
mits us to understand extraordinary changes in the final
result, i.e., evolution over a rather considerable range on the
basis of very simple and minute causes. One may read in
. . . Thompson's brilliant book how most forms of shells of
Mollusks can be understood as caused by very small changes
in the algebraic value of the individual terms of the equa-
tion for the underlying curve; or how complicated differ-
ences in the form of body, skull, skeleton can be related to
shifts in comparable systems of coordinates; how a mass of
morphological differences may be reduced to the action of
differential relative growth within simple mathematical laws.
Add to this the proof that highly specific differential growth
may be initiated by the production of specific hormones [de-
termining stuffs] at a definite time and one will be able to
visualize the host of evolutionary processes, which can be
caused by small quantitative changes of the basic genes with
its consequence, the host of shifts in the interplay of timed
coordinations." On later occasions the same idea was ex-
pressed more specifically (Goldschmidt, 1923, 1927). These
former statements contain the gist of the present chapter,
and, for that matter, also the gist of much of the work which
has been done by others since the above lines were written.

Faced with the necessity of linking the facts of relative
growth with definite conceptions of physiological genetics
and of deriving from such studies conclusions with regard
to macroevolution, I found important material in D'Arcy
W. Thompson's then newly published work on growth and
form (Thompson, 1917). Thompson starts with the state-
ment that in morphology our task is to compare related
forms. This will lead to a recognition that one form may be
a deformation or definite permutation of another. This de-
formation may be described exactly by relating the form
to a system of coordinates. This can be done in a simplified
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form by a projection in two dimensions, which results in an
outline which corresponds to a curve in a system of coordi-
nates and may be described in general terms as a function
of x and y. The rectangular system of coordinates can then
be submitted to deformation, for instance by altering the
direction of the axes, or the ratio of x/y, or by substituting
more complicated expressions for x and y. In this new sys-
tem of coordinates the inscribed figure will be a different one,
or rather the old figure under strain, just as the new system
of coordinates is the old one under strain. (The procedure
is a similar one to that used in a rectangular Mercator pro-
jection of the earth, derived from the actual globular sur-
face.) If it is possible to derive different forms from each
other through such transformations, we may conclude that
very simple "forces" (Thompson) suffice for an explanation
of the morphological changes. As a matter of fact, the dif-
ferences between related forms are those of growth and pro-
portions (the Aristotelian scholar Thompson points to Aris-
totle's words, "excess and defect"). It is obvious that this
method of graphic transformation is devoid of heuristic
value if the several constituent parts of the body represent
so many independent variants. This seems to be the opinion
of many evolutionists. Thompson, who does not use genetical
terms in his analysis and, therefore, does not mention the
neo-Darwinian interpretation, makes it clear, however, that
he is opposed to such conceptions as far as the change of
form is concerned. He points out that the morphologist
usually compares organisms point by point, character by
character, and therefore falls into the habit of thinking and
talking of evolution as though it had proceeded on the lines
of his own descriptions, point by point, though a certain
amount of correlation is admitted. Thompson himself pre-
fers to assume that a comprehensive law of growth pervades
the whole, and therefore that the phenomenon of correlation
loses its complexity and becomes the expression of very
simple conditions. The differences in form then "might have
been brought about by a slight and simple change in the
system of forces to which the living and growing organism
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was exposed." If we replace the energetic assumption of a
"system of forces" in this statement by the genetical con-
ception of single mutational change affecting early processes
of differential growth, we arrive at our thesis as stated
above, which we may then assume to be implicit in Thomp-
son's less concrete statement in terms of energy.

FIG. 57. Left, Oithona nana; right, Sapphirina, with the grids showing the
Cartesian transformation of one form into the other. (From d'Arcy
Thompson.)

Thompson proceeds to demonstrate his idea with several
brilliantly conceived illustrations. He develops a number of
different types of changes of a simple system of coordinates
up to very complicated changes and inscribes the outlines
of many different forms into such a system, showing that
after deformation of the system of coordinates another re-
lated form appears through the corresponding deformation
of the inscribed form. A few of the many beautiful examples
will adequately illustrate the point. Figure 57 shows how the
very different forms of the copepods Oithone and Sapphi-
rina may be derived from each other by such a rectilinear
transformation. A little more complicated is the example of
figure 58 showing the outlines of the carapace of different
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crabs. Here the transformation of the coordinates (mathe-
matically not so simple) even reproduce very unexpected
details of form. The third example (fig. 59), the transfor-
mation of the outline of the porcupine fish Diodon into that

FIG. 58. Outline of carapaces of different crabs: 1,
Oeryon; 2, Corystes; 3, Scyramathia; 4, Paralomis; 5,
Lupa; 6, Chorinus; and the Cartesian transformations
needed to derive them from each other. (From d'Arcy
Thompson.) .

of the sunfish Orthagoriscus, is also very striking. Very re-
markable are the diagrams which show the type of Cartesian
transformations which account for well-known phylogenetic
changes of form in the series of crocodiles, horses, etc.
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Thompson does not fail to realize that this manner of ap-
proach is only a first approximation which is too simplistic,
especially since it neglects the third dimension. But this does
not detract from the immense importance of this analysis.
I cannot find any statement in Thompson's book to the effect
that he is ready to conclude that macroevolution must have

FIQ. 69. Derivation by Cartesian transformation of the outlines of Ortha-
goriscus from those of Diodon. (From d'Arcy Thompson.)

proceeded not by accumulation of micromutations but by
single steps, small from the standpoint of genetics, large,
however, in their consequences because they affect primary
processes of relative growth beginning in early development.
But his unexpressed conclusions cannot have fallen far short
of those voiced by us, as he states his general standpoint in
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the quotation of the rule of parsimony: Frustra fit per plura
quod fieri potest per pauciora, a maxim which I appropri-
ated as a motto for my essays of 1920.

I am afraid that both Thompson and I were too far ahead
of our time to make an impression upon evolutionary
thought, and especially upon the reasoning of the geneti-
cists who were unable to turn their minds from the idea of
micromutations and their accumulation by selection. But re-
cently the evolutionary importance of these ideas has been
rediscovered by de Beer (1930) and by J. S. Huxley (1932)
in his work on relative growth. Huxley succeeded in finding
the proper mathematical expression for the usual type of
heterogonic growth, and this led him to consider the meaning
of this law for problems of evolution. Though realizing the
great general importance of Thompson's derivations, he
points out their shortcomings. The graphic method can give
only a general and qualitative picture of the mechanism at
work, in place of a specific and quantitative one. It does not
account for the change of proportions with growth, which
is a consequence of relative growth following Huxley's for-
mula. "It is static instead of dynamic, and substitutes the
short-cut of a geometrical solution for the more complex
realities actually underlying biological transformation."
(Huxley). This is certainly true, and a detailed investiga-
tion would no longer follow Thompson's simplistic proce-
dure. But this does not change the fact—and Huxley agrees
to this—that Thompson's analysis shows that macroevolu-
tion can proceed by single small changes affecting the sys-
tem of growth gradients as far as change of growth and
form is involved. Huxley describes Thompson's transforma-
tion of the form of Diodon into that of Orthagoriscus (see
fig. 59) in dynamic terms in the words: "From the figure it
will be immediately obvious that the essence of the trans-
formation, considered biologically, and not merely as an
exercise in higher geometry, must have been the origin of a
very active growth-center in the whole of the hind region
of the body, whence the intensity of growth diminished reg-
ularly towards the front end. In other words, superposed
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on whatever growth-mechanisms may be necessary to gen-
erate a form similar to that of Diodon, there has arisen a
steep and unitary postero-anterior growth-gradient extend-
ing throughout the entire body, with high-point almost or
quite at the extreme hind end." To this is added later, in
complete agreement with our antecedent conclusions, that
the actual evidence, as well as a priori reasoning, indicates
that a single mutation can act on a growth gradient as a
whole, thus simultaneously altering the proportions of a
large number of parts.

This dynamic interpretation of Thompson's idea is de-
rived in Huxley's work from a fine, detailed analysis of
numerous instances of heterogonic growth in terms of
growth gradients controlled by a simple mathematical law.
We shall not enter into the details of this analysis, as only
the general features are essential to our present argument.
However, some of the evolutionary consequences stated by
Huxley are of great importance. There are first the cases
in which species of different sizes show an increase of size of
organs with heterogonic growth far beyond the increase in
general body size (example: horns of rhinoceros beetles).
The phenomenon is shown to be an automatic consequence
of the working of the laws of heterogonic growth. The ex-
cessively growing parts are not independent genetically:
given the difference in general body growth between small
and large species, the rest follows automatically. This is,
then, clearly an illustration of our claim of huge macro-
evolutionary changes based on small genetical differences,
in this case a mutation in time or velocity of growth, which
automatically involves all heterogonic growth. Huxley
points out correctly that here a whole class of evolutionary
phenomena of a nonadaptive type is apparent, which is not
in need of natural selection in order to account for the de-
tails of correlative variation. "The burden on natural selec-
tion is also lightened" (the same idea as is contained in the
Latin motto of our old essays) by the demonstration of
growth gradients, as the factual evidence indicates that a
mutation can act on a growth gradient as a whole, thus
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simultaneously altering the proportions of a large number
of parts. This, then, greatly simplifies the picture of the
genetic and selective processes at work. Thus Huxley de-
rives from his detailed work exactly the same conclusions as
I have derived from a general analysis, and he also accepts
finally a general interpretation in terms of mutants con-
trolling different rates of embryological processes, a con-
ception from which my discussion of the subject had orig-
inally started.

In Huxley's discussion of the explanation of actual phylo-
genetic series on the basis of relatively simple changes of
relative growth, he mentions, besides the examples used by
Thompson, the famous evolutionary series of the Titano-
theres. This example has been worked out in a very ingeni-
ous way by Hersh (1934) and may, therefore, serve to dem-
onstrate the principle as applied to a special case, especially
as the general conclusions which Hersh derives are in com-
plete accord with the viewpoint which I have developed in
my papers and books from 1917 to 1927. Hersh uses Hux-
ley's formula of relative growth, y = bxu, in which x is the
size of the animal, y is the size of the differentially growing
organ, and 6 and k are constants. The constant b denotes
the value of y if x = 1; i.e., the fraction of x occupied by y
when x equals unity. The constant Te means that the ratio
of the relative growth rate of the organ to the relative
growth rate of the body remains constant, this ratio being
the value of k. The relative growth rate is the actual abso-
lute growth rate at any instant divided by the actual size
at that instant (Huxley). This function is derived from,
and is applicable to, ontogenetic data, as we have seen. But
it may also be applied to measurements in genetically di-
verse but related groups, thus changing the emphasis from
ontogeny to phylogeny. Thus Hersh measured the typical
features of the skulls found in Osborn's phylogenetic series
of Titanotheria, beginning with small, not horned forms and
ending with giant horned types. He found that the formula
fits the data, which means that the increase in size of the
animals accounts for the differential increase of the horns
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(and probably other organs) in the phylogenetic series, so
that all major features of the development of this group in
the Tertiary are accounted for by an evolution of body size
alone, given the basic conditions for growth according to
the formula. To this basic feature many important details
are added. Within a single genus the species differ primarily
in size; i.e., the value of x alone is changed genetically. But
between the genera differences in the values of b and k exist.
This means, then, that smaller steps in the evolution of the
animals required only a simple genetical change in the con-
trol of size, whereas large and very large evolutionary steps
are accounted for by additional simple genetical changes
controlling those ontogenetic processes which are expressed
in the values of the constants 6 and k. In some cases a posi-
tive relation was found between the values of these two con-
stants, one being related to the other by a definite function,
which still further simplifies the genetic change needed for
this type of evolution. An interesting implication, already
mentioned by Huxley, is that the formation of a horn may
have been implicitly present in the hornless ancestors of the
Titanotheres, but could not find expression under the genet-
ical conditions which determined the values of 6 and k before
a certain size was reached. This relieves selection of the bur-
den of explaining the inception of horn formation, which
could hardly have had a selective, adaptive value. In other
words, the whole phylogeny could occur without selection of
innumerable small steps involving different mutants for all
organs concerned, exactly as I had derived it in principle
from the theory of gene-controlled rates. Hersh expresses
this by saying that there is no reason to assume that the last
Brontotherium of Oligocene times had more genes in its
germ plasm than there were in ancestral Eotitanops of
early Eocene times.

Hersh further tries to correlate these facts with facts of
ontogenetic determination in the same sense as I have indi-
cated in a general way for relative growth. He points to the
fact that hereditary size differences in certain animals are
caused by differences in the rate of cell division, which begin
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early in development (Castle and Gregory, 1929, for rab-
bits; Goldschmidt, 1933a, for Lymantria). A study of the
relation of organ size to body size in rabbits (Robb, 1929)
shows that the same formula of relative growth applies
(identical 6 and k) and that, therefore, the constants of the
group coincide with those of ontogeny. From this it is con-
cluded that in the Titanotheres also the ontogeny of differ-
ent species occurred with identical constants, b and k. This
means that only a size difference is involved, without a dif-
ference in embryonic determination. As stated before, Hersh
found generic differences based upon changes in the values
of b and k. This, he points out, may also be understood in
ontogenetic terms if hereditary differences in the time of
determination of primordia are present; in other words, as
I may add, if my explanation of genetic control of develop-
ment in terms of balanced reaction velocities is accepted.
This means reactions controlling the production of deter-
mining substances which produce final determination of a
primordium when a definite threshold is reached. (Hersh
refers to this conception as Brandt's "typological prin-
ciple." Brandt himself has acknowledged in his first publi-
cations that this "principle" is an application of my "phys-
iological theory of heredity" to the cases which he has in-
vestigated.) Going into further details, Hersh assumes that
the character of relative growth between width and length
of skull is established by an early embryonic determination.
This event will occur in different genera at different relative
times in ontogeny, which amounts to a change in the phylo-
genetic relative growth constants. In other words, the ge-
neric differences in 6 and k are indicative of different times
in the ontogenetic determination of skull dimensions.

We have reported this analysis in more detail, because it
demonstrates the whole argument by a definite case acces-
sible to quantitative analysis. The cogency of the conclusions
seems the more evident as they have been drawn, without the
knowledge of my own general deductions, from the facts of
relative growth and the general explanation of development
in genetical terms. The important point in our present dis-
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cussion is, again, that small genetic changes may account
for major evolutionary divergence.

At the beginning of our discussion of development we
pointed out that we would speak in a general way of genetic
changes and mutations without discussing whether ordinary
Mendelian mutations or chromosomal changes of the type
which we called systemic mutations are meant. Most of the
facts under discussion do not convey any information re-
garding this special point. But here and there hints, at least,
may be found as to the underlying genetic situation. Let us
recall our discussion of polyploidy and trisomics, where it
was shown that one of the characteristic effects of chromo-
somal changes without gene mutation is an effect upon the
growth habit, in both plants and animals. We pointed to the
special case reported by Blakeslee and Sinnott (see p. 238)
of change of relative growth after induced tetraploidy. We
may consider these facts as, at present, barely hinting that
macroevolutionary steps based upon a change in relative
growth might be based genetically upon systemic mutation.

In favor of such a conclusion another set of facts and
their as yet purely speculative interpretation may be men-
tioned. In our earliest discussion of the facts and principles
analyzed in this chapter, we mentioned their importance for
an understanding of the phenomenon of orthogenesis. Many
authors have subsequently done the same. Orthogenesis, that
is, evolution in a single straight direction, is a fact of which
the paleontologists have assembled innumerable examples.
Indeed, there can be no doubt that in frequent cases evolu-
tion is of the orthogenetic type. (Data are found in all tech-
nical books on evolution, from Eimer to the present day,
especially in the books written by paleontologists.) The
facts have frequently received a Lamarckian interpretation,
which has been rejected by the geneticists. Another expla-
nation with which volumes have been filled is the mystical
one, the assumption of an existing urge toward improve-
ment, or a similar transcendental principle. The explanation
preferred by geneticists is the assumption of a selection of
mutants which deviate in a definite direction. The ortho-
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genetic series of changes in the evolution of the horse is con-
sidered to have received its direction by means of the selec-
tive advantage conferred to mutations in the direction of
reduction of toes, etc., by a change in climate producing
the new ecological niche of steppe. In the Titanotheres the
analysis on the basis of the relative growth function leads
to the conclusion that a selection of mutants for size ac-
counts for the rest of the orthogenetic line of evolution. If
we look at the problem from the standpoint of ontogeny,
we realize that an orthogenetic line of evolution requires
changes in ontogenetic determinations which occur in some
rectilinear order. If the whole organism is affected by such
a change, for example, change of body size, only a change
in the plus and minus direction is possible, and it is prob-
able that selection will be the controlling agency. If, how-
ever, only definite organs are involved, the situation is more
complicated. The development of any primordium is closely
interwoven with that of all other primordia and, therefore,
a local change caused by a mutation affecting an early em-
bryonic process with regard to time of onset, speed of oc-
currence, or time of determination, cannot lead to a viable
result if the embryo is not able to carry out the proper reg-
ulations. The selection of the direction in which genetic
changes may push the organism is therefore not left to the
action of the environment upon the organism, but is con-
trolled by the surroundings of the primordium in ontogeny,
by the possibility of changing one ontogenetic process with-
out destroying the whole fabric of development. (One may
call this a modernized restatement of Roux's "Kampf der
Teile im Organismus.") Thus what is called in a general
way the mechanics of development will decide the direction
of possible evolutionary changes. In many cases there will
•be only one direction. This is orthogenesis without Lamarck-
ism, without mysticism, without selection of adult conditions.
This conception of the ontogenetic side of the problem, how-
ever, does not explain why the underlying genetic changes
do occur in a series of steps. We know of so many dwarf and
giant mutations in animals and plants, both of the whole
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and of parts, that we would expect a rather irregular be-
havior of mutations with regard to growth, forward and
backward, small steps and large. Therefore, we must assume
either that the embryonic selection just described permits
only small changes in addition to prescribing their direction,
or that the genetic mechanism does not permit of another
type of procedure. The latter would be the case theoretically
if characters showing orthogenetic evolution were always
based upon multiple and additive factors. The difficulty
would be that in such a case selection could not be dispensed
with, as such mutations actually occur in all directions, and
ontogenetic selection could hardly work only in one direction
in the case of small steps. Large mutational steps, however,
are not a part of a multiple-factor system. But there is an-
other possible mechanism for directed mutational changes
without selection available. We may recall the work of Stur-
tevant and Dobzhansky on inversions in the chromosomes
of Drosophila. Here we found that the intrachromosomal
pattern was rebuilt, and we discussed the facts in relation
to what we called systemic mutations and their emerging
action on the phenotype after a definite threshold has been
reached (see p. 242). In this case it was demonstrated that
the mechanical features of inversion necessitated a certain
seriation of events which must have taken place because the
complicated new patterns could be formed only by an order-
ly series of inversions. We may call this an orthogenetic
series of pattern changes, controlled in their direction by
the mechanics of the chromosome. We can imagine that here
a model for directed genetical change has been found, com-
bined with the possibility of large steps, the systemic muta-
tions. We shall not indulge in further premature specula-
tions, but I think that we are justified in having at least in-
timated the interesting possibilities of future advances in
this direction.

6. Homoeosis and segmentation
We turn now to a group of facts which link genetics, de-

velopment, and evolution in a way which furnishes impor-



324, THE MATERIAL BASIS OF EVOLUTION

tant insight into the evolutionary significance of single
changes affecting early embryonic differentiation. In two
of the most important phyla of animals, in arthropods and
vertebrates, one of the major features of evolution is the
progressive specialization in segmentation of the body. In
the primitive forms all segments are practically alike, each
metamere containing a nephridium, a gonad, a muscle seg-
ment, a ganglion in arthropods, a neuromere in vertebrates,
and an identical pair of appendages. In the course of evolu-

FIG. 60. Normal antenna of Drosophila (right) and mutant aristapedia
(left). (From Balkaschina.)

tion homomery is changed into a heteromery. In arthropods
the appendages differentiate into mouth parts, legs, gona-
pophyses, disappear in some segments, change their function
in others. In vertebrates the comparative anatomy of mus-
cles, segmental nerves, and vertebral column demonstrates
the changes from the considerable homomery of Amphioxus
to all types of heteromery. Among these evolutionary steps
there are many of a type which preclude an evolution by
slow accumulation of micromutations. The mouth parts of
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a mosquito or of a bee, certainly derived from the primitive
type of crustaceans and primitive insects, are an example in
question: gradations between generalized and specialized
types would have died of starvation.

For a long time the phenomenon of homoeosis (called het-
eromorphosis by some authors) has been known as an occa-
sional monstrosity in arthropods. The term signifies the
appearance of a homologous appendage in a segment to
which it does not belong. The classical example is the regen-
eration of an antenna after removal of the eyestalk in Deca-

FIG. 62. The mutant proboscipedia in Drosophila compared with normal
proboscis (left). (From Bridges-Dobzhansky.)

pods (Herbst). Homoeosis is now known to be produced also
by simple mutation in Drosophila, an occurrence which per-
mits an analysis in relation to our problem. The known types
of homoeotic mutants are the following:

(1) The mutant aristapedia (Balkaschina, 1929). The
antenna is replaced, to a varying degree, by the tarsus of a
leg with all its structures. Intermediate conditions are found
(fig. 60).

(2) The mutant tetraptera (Astauroff, 1929). The hal-
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teres, i.e., palpuslike sensory appendages, replacing the
hind-wings in Diptera, are transformed into wings, again
to a varying degree (fig. 61).

(3) The mutant proboscipedia (Bridges and Dobzhan-
sky, 1933). Here the oral lobes which form the proboscis of
the fly are bent together to form a labrumlike structure with
appendages exhibiting the structure of an antenna or of a
tarsus (or something in between). Simultaneously the other
mouth parts are so modified that they resemble somewhat
the chewing mouth parts of lower insects (fig. 62).

Fie. 63. Palpus in the eye of Drosophila. (From Valadares.)

(4) Instead of an eye, or combined with a rudimentary
eye, an antennalike structure appears which shows all tran-
sitions from a knob with hairs to a segmented, palpuslike
structure of 3—4 segments. I have found this mutant twice
(unpublished). It characterizes a varying number of indi-
viduals in a high kidney allele, which I found many years
ago and which, it seems, has been found again by Valadares
(1938). It also characterizes a high allele of Lobe, which I
found more recently and which will be studied in detail (fig.
63).
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(5) A new homoeotic mutant was found by me years ago
(unpublished, now being analyzed) in which the fore-wings
are replaced by halteres, with all stages in between, thus
producing a fly with, in extreme cases, four halteres
(fig. 64).

FIG. 64. Different conditions of wing transformation into a haltere in Droso-
phila mutant tetraltera. Only thorax and wings represented. Normal right
wing not drawn where present. (Original.)

Before analyzing the meaning of these occurrences we
must point out that there is a general feature which is com-
mon to all the cases, apart from their special features, and
which applies to dorsal as well as to ventral appendages
(antennae, mouth parts, wings). This general point is
that the homoeotic organ has primarily the appearance of a
palpus; i.e., a primitive appendage of a few segments,
which may specialize, as the case may be, into an antenna,

MACROEVOLUTION 329

a tarsus, or a haltere. An explanation of the action of the
mutant loci in question in determining the homoeotic change
was derived (Goldschmidt, 1938) from the facts of de-
velopment of aristapedia as described by Balkaschina. The
latter found that normally the imaginal discs of the legs
develop and segment prior to the differentiation of the an-
tennae. In aristapedia, however, the antennae begin differ-
entiation simultaneously with the differentiation of the legs
and develop from the beginning like legs. This fact sug-
gested the following explanation. In normal development
the genetically controlled processes of determination take
place in a definite order which is controlled, according to
our general theory, by the production of determining sub-
stances with a definite velocity which leads to the proper
threshold condition at a definite time. One such determining
process results in the determination of a segmentation proc-
ess in growing imaginal discs. If this inductive process takes
place, all imaginal discs which are in the proper stages of
growth will be stimulated to segment. The normal relative
rate of growth and differentiation of the different discs is
such that the proper discs are ready to receive induction
at the proper moment; i.e., there is a definite timing of the
disc growth with relation to the moment of induction. The
seriation of the inductive stimuli as attuned to the seriation
of the growth of the discs is then the simple system which
takes care of the differences in local development. This
system works on the basis of identical potencies of the discs
before their determination by the inductive stimulus (stim-
ulus of course in the chemical sense). A mutant, then, which
shifts the time of determination of the antennal disc so that]
it becomes coincident with that of the leg discs, automati-j
cally produces a leg instead of an antenna. The same argu-
ment applies, mutatis mutandis, to the other cases of homoe-
osis. We have attempted to prove this interpretation experi-
mentally. W. Braun (1939) tried in our laboratory to af-
fect the determination by transplantation of discs between
normal and mutant types, using the Ephrussi—Beadle
method. But the time of determination turned out to be too
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early for a successful operation. However, an indirect proof
could be found. If the mutant aristapedia was combined with
other mutants affecting legs and antennae, respectively,
the leglike antennae (aristapedia) showed the effect of leg
mutants only.

The above explanation of the situation is derived from
a logical application of our general ideas on genetic con-
trol of development (the physiological theory of heredity,
1920, 1927) to the special case and, therefore, fits in with
many other points discussed in former chapters. It simul-
taneously opens an important vista into the evolutionary
side of the problem. The authors who studied homoeotic mu-
tants before (Balkaschina, Bridges, and Dobzhansky) did
not fail to emphasize that in these cases a single mutational
change produces in a single organ a deviation of a macro-
evolutionary degree: two wings and two halteres instead of
four wings characterize the order of Diptera. But the real
importance of these facts for a general analysis of evolution
appears only in the light of our interpretation. If an em-
bryological system of the type described underlies the proc-
ess of segmental differentiation of appendages, and if this
system is controlled by the genotype in the way de-
scribed in the theory of balanced reaction velocities, a sys-
tem obtains in which very small genetic changes in that part
of the genotype which controls the speed of differentiation,
the gradients of segmentation (see Seidel, 1936, on the ex-
perimental embryology of arthropods), or the time of the
different inductions, may lead to sudden macroevolutionary
steps in all details of segmental divergence. Let us look at
the series of intermediate steps between a haltere and a
wing, all produced by a single mutant. A haltere is mor-
phogenetically nothing but a variant of the most generalized
type of arthropod appendage, a palpus consisting of a few
segments. The similarity of the series of intermediate condi-
tions found in the homoeotic change from haltere to wing
and vice versa makes it possible for us to conceive how one
major and a few minor genetical changes in phylogeny may
have produced dorsal appendages and their transformation
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into wings. Again, we do not want to indulge in detailed
phylogenetic speculations. Our only point is to demonstrate
that a proper evaluation of the facts of genetics in terms
of development points in the same direction as have so many
facts previously discussed; i.e., that the facts concerning
the range of potential changes of development caused by a
single or a few genetic steps, which are small from the genet-
ical point of view but large in the morphogenetic result,
demonstrate that it is possible, and even probable, that
macroevolution takes place without accumulation of micro-
mutations under the pressure of selection.

At many points in our discussion we were able to base our
argumentation in favor of macroevolution by single large
steps upon parallels between these groups of facts: A defi-
nite morphogenetic departure produced by a single mu-
tation could be duplicated phenotypically by experimental
change of development (phenocopy), or could be found
to exist in nature as characteristic of a higher taxonomic
category. The same triple parallel may also be drawn for
the phenomenon of homoeosis. In the Drosophila experi-
ments in which temperature shocks and X-rays were used
to produce phenocopies no cases of typical homoeosis were
found. But in a recent note by Enzmann and Haskins
(1939) it is reported that homoeotic changes have actually
been produced as phenocopies by neutron bombardment
(the authors do not mention either phenocopy or homoeo-
sis). Among the effects described is an exact parallel to
my homoeotic Lobe and kidney mutants. Not only are all
the details of eye abnormalities recorded which we found
in these mutants, but also the homoeotic antennae inside
the eye and their different modifications. Further, inter-
mediate conditions between halteres and wings were also
observed. Simultaneously there appeared a note by Rapo-
port (1939) demonstrating the production of the type
aristapedia as a phenocopy after treating Drosophila larvae
with certain chemicals! Thus once more the correctness of
my claim that each mutant type can be copied as an experi-
mental phenocopy if only the proper stimulus is found is
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FIG. 65. Wing of Termitoxenia (after Wasmann). Below, Termitoxenia
(after Assmuth).
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demonstrated. Now to the third parallel, the taxonomic one,
which also can be drawn in the case of homoeosis. The very
aberrant termitophile fly Termitoxenia has minute rudi-
mentary wings of a very peculiar type (fig. 65). A com-
parison with the homoeotic wings intermediate between
halteres and wings, both in the mutants tetraptera and tet-
raltera (see figs. 61, 64), shows identity of structure! Ho-
moeosis thus becomes a phenomenon of greatest importance
in our discussion. This importance is still further enhanced
when we learn (see Bezzi, 1916) that in a number of Hy-
menoptera, Neuroptera, Strepsiptera, and Coccids the hind-
wings are reduced to an appendage resembling a haltere;
and that in parasitic Hymenoptera, Orthoptera, and Hom-
optera the fore-wings may be halterelike. Unfortunately,
a proper analysis of these facts has not been made as yet.

Again we may point briefly to the question discussed
before. Do the facts under discussion contain any sugges-
tion as to whether the macroevolutionary changes contem-
plated here may be based upon ordinary Mendelian muta-
tions or upon what we called systemic mutations? Most of
the homoeotic mutants which we discussed are simple re-
cessive mutants (only the Lobe allele is dominant). But they
all have one point in common: the great variability of their
expression. In my Lobe and kidney cases hardly two in-
dividuals are alike, and only a small number exhibit the
palpus in the eye. In my four-haltered mutant tetraltera
most individuals are normal, and the abnormal ones show
all transitional stages and relatively low right-left corre-
lation, with, in addition, a considerable dependence of the
expression of the character upon environment. To a more
or less considerable degree the same applies to the other
cases. This suggests that the genetic effect of the mutant
locus affects the developmental processes in question only
within a very small range of time, so small that the normal
fluctuation of developmental speed caused by external and
internal environment may easily shift the decisive event
below the threshold. Expressed in more general terms, the
genetic effect is not balanced or completely integrated with
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the whole of development, but is too strictly localized,
whereas a comparable evolutionary process has to be com-
pletely integrated to lead to a viable and constant whole.
The neo-Darwinian geneticist would explain this difference
by assuming, in the case of evolution, a primary mutation
and its subsequent stabilization and integration by the se-
lection of numerous modifiers. I have serious doubts as to
this explanation, as it always meets with the old difficulty
that the original mutant would be wiped out before it
could become established by selection of modifiers. This
difficulty would, however, disappear in the case of our sys-
temic mutation where the trial and error take place within
the chromosome without external effect until the new pat-
tern emerges which, as a completely new system, controls
the emergence of a complete and, therefore, integrated
change of morphogenesis. Unfortunately, no experimental
attack upon this problem is at present apparent, but un-
biased synthesis of existing facts seems to favor our solu-
tion. Some of the older evolutionists who are acquainted with
classical literature may find that such a view, based upon
recent genetical developments, savors of Weismann's theory
of germinal selection, which was founded upon now obso-
lete ultra-atomistic conceptions of the germ plasm and its
action in controlling development. But like so many other
ideas of Weismann, in whom the great morphologist, ecolo-
gist, and experimentalist were combined with a great ana-
lytical thinker, this one has also been resurrected in modern
guise more than once. Fisher's theory of the selection of
dominance modifiers is one such case. We discussed above
Ford's interpretation of the Papilio dardanus case in the
light of Fisher's ideas, and compared it with our interpre-
tation in terms of systemic mutation (p. 241). The dis-
cussion shows that both viewpoints may also be called ger-
minal selection, one in terms of genes and micromutations,
the other in terms of intrachromosomal pattern.

In introducing this chapter we mentioned segmentation in
vertebrates. Actually the facts of segmentation furnish a
considerable amount of information regarding our prob-
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lem. Let us select from the innumerable details which fill
the volumes of the literature on comparative anatomy a
single topic which permits of clear conclusions, because the
connections among morphology, taxonomy, embryology,
genetics, and physiological genetics can be established (just
as we tried to do in our previous examples). The most typi-
cal segmented organ in vertebrates is the vertebral column.
Looking over the taxonomy and therewith the phylogeny of
vertebrates, we realize that one of the major features in
macroevolution has been a shift in the vertebral column—
with regard to the number of vertebrae within the region, the
relative position of the regions, expansion or rudimentation
of regions, concrescence, and formation of various transverse
processes and their regional differentiation. The problem
is again as before: Are all these evolutionary steps the re-
sult of accumulation of micromutations?

Again we may base our conclusions upon genetic informa-
tion brought in line with the facts of embryology. There
has been a considerable amount of recent work upon the
genetics and development of abnormalities of segmentation
in the vertebral column. The most detailed study has been
made by Kiihne (1932) in man. He analyzed and studied
the inheritance of abnormalities in number and position of
sacral vertebrae, presence of supernumerary ribs, and simi-
lar variations frequently found in man.

The decisive results derived from an immense amount of
material are the following. The abnormalities are not in-
herited individually. What is inherited is a tendency toward
serial changes in an antero-posterior or postero-anterior
direction. This change is based upon a single mutation; the
dominant condition produces a cranial shift, the recessive
a caudal shift, of the limits of the regions, and there-
with of the behavior of the segments with regard to for-
mation of ribs, sacral fusion, etc. Further, the same mutant
controls simultaneously the type of variation of the brachial
and caudal nerve plexus and of the muscles of the back and
the position of the diaphragm. E. Fischer (1933) realized
that these facts must be explained on the basis of a de-
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velopmental system of balanced reactions, as elaborated in
my theory of genie action. A simple shift in the velocity
of one of the integrating processes relative to the others
will account for the primary change with all the later un-
avoidable consequences during subsequent development (see
also Fischer, 1939). Fischer also pointed to the phylo-
genetic significance, which is rather obvious after our
discussion. If a single mutation can shift the regional rela-
tions of the vertebral column, including innumerable details
of individual vertebrae, and also the pattern of other organ
systems, there is no reason to expect a different procedure
in phylogeny. In this special case there is not much known
regarding the details of embryogeny, though it can be in-
ferred that the decisive feature must have occurred rather
early in embryonic differentiation. But in a number of
closely related phenomena involving the segmentation of
the tail of mammals, we have the details necessary to com-
plete the picture (see the review of the literature by Stein-
iger, 1938, and the discussion of the phenogenetic aspects
in Goldschmidt, 1938). Numerous mutants are known
which control different types of abnormal segmentation of
the tail; the developmental causation of the abnormality is
known to be an early embryonic disturbance of segmenta-
tion leading in many cases to a resorption of already formed
segments. And, finally, it is also known that some of the
types may be produced without genetic change by experi-
mental treatment of young embryos (phenocopy), indi-
cating that the decisive feature is a change in rate of one
of the integrating processes of differentiation. As the general
line of the argument is always the same, we do not need
to discuss it further.

The reliability of our conclusions is considerably enhanced
by the fact that an entirely anatomical analysis of the
same problem, without knowledge of the genetic side and
without knowledge of our genetic theory of development,
has led to exactly the same results. Severtzoff (1931) has
assembled the results of his anatomical and embryological
work (partly published before in Russian) which include
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the phylogeny of the vertebral column. As the result of a
very minute analysis, he states that the macroevolutionary
changes in this case do not start with small quantitative
variations but with large departures, sudden changes of
one organ into another. He also realizes that the sudden
change must have been one affecting early development.

FIG. 66. Sketches of reptiles showing transition from
walking to crawling locomotion. A, Agama. B, Able-
pharws. C, Seps. D, Vipera. (From Severtzoff.)

His book contains many other examples from the compara-
tive anatomy of vertebrates which lead to the same conclu-
sions. Geneticists, who frequently are not sufficiently ac-
quainted with material inaccessible to genetic experimenta-
tion, would profit much from a study of the facts analyzed
by Severtzoff, even though they would have to overlook his
general notions, which are conceived in the spirit and
couched in the terminology of phylogenetic speculation, and
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which have remained uninfluenced by the facts of genetics
as well as of physiological genetics.

Let us examine one of Severtzoff's examples. Figure 66
represents the well-known case of the assumption of snake-
like form by saurians through increase in vertebral num-
ber and rudimentation of the extremities. Figure 67 gives
a diagrammatic representation of the happenings in a series
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FIG. 67. Diagram of segmental structure of the verte-
bral column and its appendages in Sauria. The species
are arranged according to the number of presacral
vertebrae. Thick black lines (horizontal) indicate rela-
tive length of anterior and posterior limbs. A bracket
marks sternal ribs. Small black rectangles = vertebrae.
Long perpendicular lines = thoracic ribs; the same,
short, — lumbar ribs; the same, short and diagonal =
cervical ribs, y = sacral vertebra. (From Severtzoff.)

of such forms, indicating the individual vertebrae, their
appendages, and the length of the limbs. Severtzoff assumes
that the change has occurred in evolution through a series
of steps, each one involving one vertebra. His idea, typical
of the comparative anatomist, is that a caudal vertebra is
transformed into a sacral one, and that in this way the ver-
tebral column is elongated and the position of the hind
extremities shifted backwards. On the basis of our knowl-
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edge of experimental embryology and the genetics of seg-
mental changes, we would interpret the facts in a different
way, by saying that the mutation which started the evo-
lutionary process changed primarily the process of seg-
mentation itself by altering its embryonic gradient and
rhythm so that a larger number of segments was produced
to begin with. The localization of the limb buds and, there-
with, the setting of the limits of thoracic and lumbar seg-
ments is a determinative process independent of the primary
segmentation. It is this process which singles out a defi-
nite segment; i.e., the one in the proper position, for
regional differentiation, whatever its number in the series
may be. A mutational increase in segments in the rump
will find the extremities still in the same relative position,
and therefore in another segment. One vertebra has not
changed into another one, but primarily equipotential seg-
ments are determined as to their further fate by their
topographic relations to neighboring organs. This is a
conception which is in harmony with all the pertinent
facts of experimental embryology. From this it follows
that all the different degrees of segmentation represented
in figure 67 need not have originated in an orthogenetic
series, vertebra by vertebra, as Severtzoff assumes, but
each may have been produced in a single step, a mutational
change of the rate (rhythm) of segmentation. Severtzoff
in one place actually comes to the same conclusion. In an
early chapter of his book he speaks as a comparative anato-
mist and thinks in terms of the change of one vertebra into
another and theorizes in the obsolete terms of the "prin-
ciple" of Kleinenberg and the "principle" of Dohrn, to
which he adds a "principle" of his own. But in a later
part of the same book the embryologist Severtzoff realizes
that only a change in the rate of segmentation can account
for the facts. He pictures and discusses embryos of Sauria
and Ophidia which demonstrate that the developmental
differences in segmentation actually consist of different
rates of segmentation if embryos in the same stage of dif-
ferentiation are compared. Other examples of the same
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type are discussed, and there is no doubt that Severtzoff,
on the basis of his great mastery of vertebrate anatomy
and embryology, had in mind ideas similar to those de-
veloped by me during the same period, though his lack
of knowledge of genetics and physiological genetics made
him express dynamic ideas in the static language of com-
parative anatomy and in the language of "laws" and "prin-
ciples" of the evolutionary schools of pregenetic Darwinism.

Though we shall discuss the problem of rudimentation
in the next chapter, we may add here a word about the
correlation between increase in segmentation and rudimen-
tation of the extremities (as well as other concomitant
changes). According to the current neo-Darwinian con-
ception, both are adaptational traits which have been
developed by slow selection of small mutations. It would
be rather difficult to develop, this idea in detail without
getting into difficulties. But the neo-Darwinian expla-
nation is not needed, after all. Since problems of rhythm
and rate, as well as time of determination, of course, are
involved, a change of rate in one series of exactly timed
processes, which have to interlock properly with others,
can result in a consecutive shift of all succeeding processes.
(See the facts just quoted regarding vertebrae, muscles,
and nerve plexuses.) If we describe the present example in
a rather crude way—because of lack of exact experimental-
information—we may say: a change in the rate of
segmentation may have the consequence that extremities
start their differentiation too late, or reach their point of
determination too early; i.e., have a changed growth rate
relative to the whole body. In any case the change in the
extremities, their rudimentation, can be the direct conse-
quence of the change of rate of segmentation. It is a neces-
sary consequence of the mechanics of development, once
development has been disturbed at an early stage. A single
genetic change affecting the rate of early embryonic features
of segmentation may, therefore, have produced in a single
mutational step at least the fundamental elements of the
whole group of adaptations to crawling movement.
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There can be no discussion of problems of evolution
without an analysis of the process of rudimentation. There
is hardly a group of animals existing in which there is not
some kind of macroevolution involving rudimentation of
certain organs: the rudimentation of limbs and girdles in
all classes of vertebrates, of wings and segmentation in
insects and arthropods, and of almost any organ in the
case of special adaptations to parasitism, life in caves,
etc. In connection with our present discussion the analysis
of rudimentation is of great importance. Here macroevolu-
tionary processes may be linked in a rather simple way
with the potentialities of development and can be shown
to be in harmony with the major thesis of our present dis-
cussion; i.e., macroevolution by single large genetic steps
involving a change of early embryonic processes on the
basis of a developmental system controlled by balanced
velocities of integrating reactions. As the application of
these conceptions to the facts of evolution by rudimenta-
tion, facts which also include an understanding of the law
of recapitulation, is rather obvious, I had suggested this
application in my earliest discussions of the topic, pointing
out—without going into the details of the case—that the
proper conclusions may be easily drawn. A number of sub-
sequent writers (Haldane, de Beer, Huxley, loc. cit.) have
taken up the idea and have discussed it more or less at
length. But I do not think that the many sources of infor-
mation which fit together in the formation of a consistent
general picture have as yet been properly assembled. Tax-
onomy, biometry, experimental biology, embryology, experi-
mental embryology, comparative anatomy, paleontology,
and genetics have furnished facts which can actually be
woven into a simple pattern.

Before we take up specific examples we may enumerate
the possibilities of rudimentation which may be derived in
a general way from the known laws of development. A priori,
three major types of rudimentation are provided for by
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the possibilities of development: a single organ may be
formed and fail to complete development in the normal
way; the primordium of the organ may fail to appear at
all; or the primordium of the organ may not only fail to
complete development but may be incorporated into an-
other developmental process with a change of function. The
most frequent type of rudimentation is the first one, and
its occurrence may involve changes in different embryologi-
cal processes. There is the possibility that the primordium
is formed too early to permit its proper integration with
the later developmental processes; and it may also be formed
too late, thus preventing its keeping pace with the rest of
development. The timing process of development may be
normal with regard to the anlage of the organ, but the
relative growth rate of the organ may be changed (by pro-
duction of a lowered or even negative value of the constant k
in Huxley's formula). The latter possibility would also
include the contingency of a stopping of growth from a
definite time on. Both possibilities just mentioned may be
caused primarily by a change in the inductive process:
time of action, localization, concentration and gradient of
the inductor, whether this be of the organizer (evocator)
type or of the specific hormonal type. Finally, rudimenta-
tion may be produced embryologically by a secondary de-
struction of parts or of the whole of an organ after initial
normal development.

After this general introduction we take up, first, an ex-
ample which will demonstrate the different types of facts
and their interrelation, the rudimentation of the wings of
insects. Every zoologist knows that rudimentation of wings
occurs in all groups of winged insects, and that it is some-
times only a process of microevolutionary significance, some-
times one characteristic of macroevolution, and sometimes
only a part of the life cycle. To give examples: In Cynipids
and aphids, forms with rudimentary wings or wingless forms
are a part of the life cycle within the species. In Diptera
and Lepidoptera, mutants without wings or with reduced
wings occur within normally winged species. In Orthoptera,
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different genera may be distinguished by the presence, ab-
sence, or rudimentation of wings. In Coleoptera whole fami-
lies are characterized by definite types of wing rudimenta-
tion. Finally, there are whole orders without wings (mostly
ectoparasites). In addition, in each group definite genera
or species with more or less reduced wings occur in definite
habitats: the island, mountain, and seashore species of
Diptera, Lepidoptera, and Hymenoptera, cave and sub-
terranean insects, and the guests (symphiles) of ants and
termites. A complete list of the facts has been compiled
by Bezzi (1916).

An analysis of the facts has to begin with the statement
that what appears at first sight to be a simple and always
identical process may have a very different embryological
and, therewith, genetic basis. We have, therefore, to con-
sider first the embryological and experimental facts and
their significance for the situation in nature. Though an
immense amount of work can still be done in this field,
we already have a sufficient amount of knowledge from
different sources to permit a preliminary analysis of the
situation of sufficient reliability to warrant conclusions
as to the evolutionary process. Most of the decisive mate-
rial comes from studies of Diptera and Lepidoptera, to
which contributory evidence on the aphids and Coleoptera
may be added.

As a shift in wing development leading to rudimentation
must necessarily be linked with the determination of the
typical processes of wing formation, we must first con-
sider what knowledge is thus far available upon this prob-
lem. In Diptera and Lepidoptera (and other metabolous
insects) the wings are formed as imaginal discs, invagina-
tions from the body surface forming pouches in which
the wings grow as appendages which are pushed to the
surface during metamorphosis. There can be no doubt that
the major features of the wings are finally determined at
a rather early stage of development of the wing discs. We
know that transplanted larval discs in Lepidoptera may
develop into normal wings. The best information, however,
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is derived from a study of venation, which is known to
be one of the most conservative taxonomic features. In

FIG. 68. Pupa of a Japanese moth (species?) with indica-
tions of later venation by colored chitin. (Original.)

Lepidoptera we know that venation is determined in the
larval disc a long time before wing veins are formed (Gold-
schmidt, 1920c). In a young pupa the wing contains a net-
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work of sinuses which have very little relation to the later
veins. The tracheae and nerves are arranged in a fashion
which is somewhat similar to the prospective veins, but
which is considerably changed when the veins are formed.
The epithelium of the wing does not indicate any struc-
tural feature in connection with the later pattern of vena-
tion. Nevertheless, this pattern, except for cross veins, is
already completely determined. This can be shown with-
out any experimentation in some pupae where the chitin
secreted by the epithelial wing already shows the complete
pattern of venation (pictured in Goldschmidt, 1920). Still
more conspicuous is the case shown in figure 68, where the
pupal shell shows the later pattern of venation in the form
of pigmented bands, though the wing itself does not show
this pattern as yet. In Diptera exactly the same situation
is found (Goldschmidt, 1935b, 1937b). After pupation no
genuine venation is present in the wing sac. Only later
are the veins formed in a definite complicated order and
slowly perfected through concrescence of the wing lamellae
between the veins and through final chitinization. Neverthe-
less, the pattern of venation has already been determined
in the discs of young larvae. This is best shown in DrosophJUa
in the development of the wing-mutant vestigial, where
the wing anlage in the imaginal disc begins to degenerate
in a definite way in very young larvae. The result is, how-
ever, not a wing rudiment with some disturbed kind of
venation but a wing stump with a perfectly normal pat-
tern of venation (except for small regulations to the form
of the wing remnant) in the part which is left, which is a
stump comparable to a normal wing which has been clipped.
These facts are of great importance, as they permit us
to diagnose in a case of rudimentation which has not been
studied embryologically what type of embryological process
has been responsible.

Formerly we had occasion to discuss some of the problems
connected with rudimentation of wings. We pointed out that
such a rudimentation can be brought about by different
embryological processes, as I could show for wing muta-
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tions in Drosophila. Three main types were found: (1) the
type just mentioned for the mutant vestigial and a number
of comparable mutants. Here an already determined wing
anlage is reduced to stumps of different size by secondary
degeneration and contraction of the wing area beginning
distally and posteriorly and progressing toward the wing
base in the different types until hardly a stump is left.
What does remain finishes development and growth, in-
cluding the postpupal growth and folding process, in a
quite normal way. In this case, then, the general features
of wing development are not changed, but a definite part
of the anlage loses the ability to continue development and
is histolyzed.8 (2) The second type of rudimentation is
in principle comparable to the first one. The difference is
that not a stump but a whole shrunken wing is formed.
In this case (type dumpy in Drosophila) a normal wing
anlage is formed. After pupation the distal part of the
wing is retracted; i.e., shrinks, a process which may involve
a concomitant destruction of tissue below the surface. Thus
a wing is produced which is more or less rudimentary in

8. In a recent preliminary note (Proceedings National Academy Washington, 1939)
Waddington claims that the notched wings of Drosophila are already notched in
the imaginal discs and that the normal appearance in the young pupa is due to the
inflation of the wing after evagination of the disc (the wing disc is inflated by blood
pressure to many times its size before it secretes the chitinous pupal sheath). Ac-
cording to Waddington, the absent parts of the wing become invisible on account
of this inflation, but a secondary collapse brings them out again. The shortness of
the report makes it difficult to find the source for this completely erroneous descrip-
tion. But it is easy to prove that this representation cannot be correct; only a few
points will be mentioned here. (1) The author has forgotten that the chitinous
sheath of the pupal wing is a cast of the secreting epithelium. In the notches this
epithelium is missing and therefore cannot secrete if the notches are formed prior
to pupation. Nothing cannot be inflated into something. (2) The photographs of
my slides show clearly to what abnormal, more or less grotesque, forms the wing
discs are inflated when, in the higher grades of notching, parts of the epithelium are
already absent at the time of pupation. The chitinous sheath is thus a perfect cast
of such a condition in all higher grades of scalloping. (3) In the next several pages
facts found by other writers, both in species of Diptera with rudimentary wings and
in corresponding cases in Lepidoptera, will be reported. They are in complete agree-
ment with my description. In one case a normally formed pupal wing is actually
completely destroyed before the imago hatches. (4) Cytolysis and histolysis are fre-
quent phenomena in insect metamorphosis and it is, therefore, not surprising to
find them at work. In insects which shed imaginal wings (ants) the entire muscula-
ture of the wings is histolyzed after having functioned.
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addition to being changed in shape. The reduction is a
rather late and secondary process. (3) The third type is
of a very different embryological significance, as found by
both Dobzhansky and myself (type miniature in Droso-
phila). Here the wing develops quite normally until it is

FIG. 69. Normal male and saclike female of Orgyla antiqua. (From Paul.)
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completed in the pupa. In normal development there follows
a second phase of growth without cell multiplication, by
increase in cell size (with regard to epithelium, hairs, etc.,
but not connective tissue) and subsequent folding within
the pupal sheath. In the miniature wing this second phase
of growth either does not occur or does not proceed very
far. The result is a complete wing with the same number
of cells, hairs, etc., but smaller in size.

at*

FIG. 70. Fore-wing of female Orgyia antiqua. (From Paul.)

There is not much material available which furnishes
reliable information on the development of rudimentary
wings in cases of greater evolutionary significance. But
there is a little information on two cases of wing rudi-
mentation in nature. The antarctic Chironomid Belgica
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antarctica possesses only minute wing stumps. Keilin (1913)
has traced their development. In the larva the wing discs
are already smaller than normal, but still good-sized. The
pupal wing (and its chitinous sheath) is almost of normal
size, though not perfectly shaped. Within the pupa this
wing is reduced, according to Keilin, by resorption to a

ax
FIG. 71. Venation of fore- and hind-wings of male and female Orgyia
antiqua. (From Paul.)

minute stump of about one twentieth of the size of a nor-
mal wing. Another remarkable case of the same type has
been recorded by Hopkins (quoted from Bezzi). In Pryxia
scdbiei the pupae of both sexes have normal pupal wings,
but in the females these are completely resorbed during
pupal life. According to Stange (quoted from Bezzi),
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in Melophagus small pupal wings are formed but histolyzed
afterwards.

These few data show clearly that the types of embryonic
wing destruction which I have described for the Drosophila
mutants vestigial and dumpy are also encountered in cases
of rudimentation of a taxonomic nature. Except for Droso-
phila, complete embryological information is only available,
as far as I know, in one case. In the moth family Lyman-
triidae reduction of wings is a frequent adaptation to defi-
nite modes of life and propagation. In flying genera like
Lymantria, certain species show a beginning of a sexual
dimorphism insofar as the females hardly ever fly, which
is the case in Lymantria dispar. The strength of the wings
does not suffice to lift the heavy egg-laden abdomen for a
sustained flight. In addition, the moth never feeds but
starts laying eggs immediately after fertilization by the
males, who are good fliers. In the genus Orgyia we find
different species with different degrees of rudimentation.
An extreme case is that of O. antiqua, which has been thor-
oughly studied by Paul (1937). The male of this species
has normal wings with typical venation and scales. The
saclike female, which never moves away from the cocoon,
has rudimentary wings, which are extremely small and
show only traces of venation (but arranged in the proper
pattern!), a trace of epithelial folds, and hair instead of
scales (figs. 69, 70, 71). The development of the wings
in the imaginal discs shows no sex difference in early de-
velopment and follows the plan found in other moths (see
fig. 72). In the last larval instar the hind-wing of the
female begins to lag, and in the final prepupal growth
of the wing the female fore-wing keeps pace with the
male one, while the hind-wing grows very little, thus in-
creasing the difference which became visible in the last
instar. Thus, the details of morphogenesis of the fore-wing
are alike in male and female up to pupation, but the rela-
tive growth rate is different. The female moth is much
larger and has a longer period of growth, but the wings
grow more slowly and, therefore, reach a smaller size rela-
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tive to the size of the body. There is also another dif-
ference. At the time of pupation there is a stretching of
the folds of the wing which became folded within the disc.

FIG. 72. Development of imaginal discs in the caterpil-
lars of Orgyia antiqua. A-E, first to fifth instar. F,
prepupa folded. G, after unfolding. Left series male,
right series female; in each, left fore-wing, right hind-
wing. (From Paul.)

The wing is subsequently inflated by pressure of the hemo-
lymph. (The same process occurs in Drosophila.) This proc-
ess is less pronounced in the female and thus the female
pupal wing becomes absolutely smaller than the male
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FIG. 73. Above: male and female
pupae of Orgyia antiqua showing
wing venation (Jis, sheath of hind-
wings). Below: A, fore- and hind-
wing of young female pupa. B, 3
days later, vs, sheath of fore-wing;
p, margin of wing; i, margin of later
imaginal wing; hs, sheath of hind-
wing; h, hind-wing. (From Paul.)

one. Only after pupation
does the major process of
rudimentation of the female
wings begin; i.e., after the
formation of an almost nor-
mal wing with normal pat-
tern determination! Within
the chitinous sheath the
wing shrinks to less than
half of its original size but
without visible destruction
of parts (see fig. 73).
Whether this is nothing but
an actual shrinkage, or
whether an internal his-
tolysis occurs, is not known.
According to Paul, the pat-
tern of the wing veins is not
changed, but is merely re-
duced in size. But his
illustrations show that actu-
ally the distal parts are
more reduced than the
proximal ones, and that also
the shape of the wing
margin changes. After the
shrinkage, however, growth
and differentiation occur:
the epithelium forms the
typical transverse folds on
the rims of which the scales
are formed. At the time of
hatching, when normally
these folds are leveled by
the influx of hemolymph
into the wings under pres-
sure, the female wing is not
stretched. Thus the rudi-
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mentation of the wing is produced: (1) by reduced relative
growth of the wing discs in the larval stages; (2) by a re-
duced expansion at the time of evagination of the discs;
(3) by the shrinkage of the wing in the pupa; (4) by
absence of imaginal inflation. If we compare this rudimenta-
tion with the cases known in Drosophila, we find that none
of the latter correspond completely to the Orgyia case. The
shrinkage within the pupal shell in Orgyia is practically
identical with the similar occurrence in the development of
the mutants dumpy and rudimentary in Drosophila.

In the vestigial mutants of Drosophila the wing discs
seem to grow more slowly than do normal discs, but only
a part of the already determined surface of the wing
develops, and this to its normal size, while the rest de-
generates. Thus, not a complete small wing, but a stump
of normal size, is formed. In Lepidoptera a corresponding
process is known, but as a normal feature, without any ap-
parent connection with rudimentation. As Siiffert (1929)
has found in my laboratory, in normal development of the
wings of Lepidoptera the edge of the larval wing degener-
ates in the pupa. In cases of special wing shape, like the
tails of Papilio, these are cut out from a pupal wing
of ordinary shape by degeneration of peripheral tissue.
These facts show that the vestigial type of rudimentation
is potentially present in Lepidoptera, though it has ap-
parently never occurred in evolution.

The last remarks lead to a survey of the known proc-
esses of rudimentation in the evolution of insects, insofar
as they may be inferred from morphological descriptions
without any knowledge of the embryology. We have already
mentioned the existence in Lepidoptera of impaired flight
without wing rudimentation. There is also an intermediate
condition between this and the situation just described for
Orgyia antiqua. In Orgyia thyellina the females of one
generation have normal wings, those of another, rudimen-
tary wings (Cretschmar, 1928). But here the rudimenta-
tion is the result of only one of the processes described for
0. antiqua; namely, the lack of unfolding of the wing
in hatching (see below).
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Of great importance are the facts concerning Diptera,
because here a direct comparison with the best-known ex-
perimental animal, Drosophila, is available. In nature many
species of flies have more or less rudimentary wings. Such
species are typical of definite habitats: dunes, oceanic is-
lands, and such specialized ecological niches as are in-
volved in ectoparasitism and commensalism, like associa-
tion with ants and termites. A complete review of such

FIG. 74. Some types of rudimentary wings in Diptera. B, Apetenus litoralis.
C, Acontistoptera mexicana. D, Tipula simplex. E, Commoptera solenopsidis.
F, Psamathiomyia pectinata. (From Bezzi.)

species and their respective habitats is found in Bezzi
(1916). Among the many interesting types of reduction
which are of importance in our present discussion (but
none of which have been properly analyzed by the host
of dipterologists working with the material) a few may
be mentioned. Judging from the insufficient number of
pictures available, the following principal types of wing
reduction are found. There are species which do not fly,
though they use their wings in jumping. In these the wings
show different degrees of rudimentation within a single
brood. Good pictures of this varying process of rudimenta-
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tion are found in a paper by Brauns (1938) on shore flies.
It seems that in such cases rudimentation is confined com-
pletely to postpupal differentiation. Two processes are in-
volved: the postpupal growth is more or less inhibited, and
the formation of the veins is retarded and remains more or
less unfinished in different individuals. The ectodermal dif-

FIG. 75. Amalopteryx maritima, an antarctic island fly. Below, details of
wing. (From Enderlein.)

ferentiation (hair, etc.), however, proceeds rather normally
(see fig. 74, B). Obviously, then, an inhibition of some but
not all developmental processes occurs after development
has proceeded normally up to pupation. No comparable
mutant is thus far known in Drosophila, though one wing
mutant in Lymantria dispar is somewhat comparable. A
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second type looks as if wing development had almost com-
pletely stopped after pupation. The wing looks like a
regular or more or less misshapen pupal wing. But some
ectodermal development has taken place, as the presence
of hairs shows (see fig. 74, D, E, F). A third type which
seems to be rather rare is an exact copy of the vestigial
case in Drosophila. Figure 75 represents an antarctic fly
from the Kerguelen Islands. The enlarged wing below shows
the same structure as the Drosophila mutant strap; i.e., the
anterior part of the wing is complete and the posterior part
with all its venation is missing. It may be inferred, there-

FIG. 76. Maximum (left) and minimum
(right) of wing formation found in Cam-
bus clathratus. (From Oertel.)

fore, that the development of this wing resembles that of
vestigial-strap in Drosophila.

Another type shows minute stumps of different forms
(see fig. 74, C). Here belong the cases in which the devel-
opment is known to involve a secondary destruction within
the pupa after a more or less normal development up to
pupation, as described above. Some of these stumplike wings
have an appearance intermediate between wings and hal-
teres. We have already pictured (fig. 65) the wing of
Termitoxenia and compared it with the Drosophila mutant
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tetraltera. Probably many more wing stumps of the type
pictured in figure 74, C will turn out to be halterlike ho-
moeotic appendages.

Finally, visible wings have completely disappeared and
simultaneously the body segmentation has become as regu-
lar as in lower insects. This type of fly (resembling an
ant) is an exact replica, in these general features, of the
wingless beetles living in the same surroundings. Unfortu-
nately, no information is available as to the development
of such forms.

In Hymenoptera we might mention the reduced wings

FIG. 77. Details of the same as in figure 76. (From Oertel.)

of some Cynipids. Kinsey's illustrations show completely
patterned small wings, so that we must assume either a
process of the type described for Orgy'ia antiqua, or one
as pictured for the miniature mutants of Drosophila. The
situation in ants and termites will be discussed later.

A rather thorough study of wing rudimentation has
been made in Coleoptera by Riischkamp (1927) and Oertel
(1924). In this group, just as in others mentioned before,
there are species with normal wings which do not fly and
others with rudimentary wings, from small perfect wings
down to completely abnormal stumps, with all intermediate
stages.

In the group of Carabid beetles a few species have normal
wings and fly, but a majority show wing rudimentation,
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even within the same genus, and some species do not have
hind-wing rudiments at all. The elytra are frequently united
into a solid carapace. There are species in which the amount
of rudimentation varies from individual to individual and
even between the two sides of the body. The range of varia-
tion is extreme, as figure 76 shows. The optimum is a prac-
tically normal wing (fig. 77), and the most rudimentary
type (fig. 77) shows considerable reduction. There is
nothing known about the development of these, but in the
light of our knowledge of Drosophila and moths we may
safely conclude from the structure of a rudimentary wing,
as pictured in figure 77, that the embryonic determination
of the pattern was normal and that the actual change oc-
curred only after the evagination of the discs. Just as in
the model cases, probably two processes were involved: in-
sufficient growth of the evaginated discs, and histolysis
of parts of the wing area. Just as in the vestigial case in
Drosophila, this destruction may have started at the tip
and at the posterior edge of the wing. The disturbance of
the remaining veins, which is visible in the pictures, indi-
cates that the differentiation of the veins is slowed down,
leading to chitinization of developmental stages, which in
turn results in mechanical disturbances caused by the par-
tial degeneration. The individual asymmetry of right and
left wings is also encountered in some combinations of the
vestigial series in Drosophila.

This is not the only type of rudimentation. In another
species some geographic races have normal, others rudi-
mentary, wings (fig. 78). In such cases the rudimentary
wing is a complete wing with normal venation (except for
small reductions) which has changed its shape into that of
a narrow band (fig. 79). Here, then, the rudimentation oc-

i curred by differential growth of the wing area followed by
stoppage of growth. We know of Drosophila mutants (and
phenocopies) with such bladelike, but not rudimentary
wings, so that the type described in Coleoptera is compara-
ble to a combination of a process of changing wing propor-
tions with one entailing a miniature type of rudimentation.
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We shall not go into more details of the variations found,
but shall mention only the rudiments found in species with
considerable reduction of the wings. Here very bizarre forms
of rudiments are formed (fig. 80). A comparison with the
figures of developmental stages of the higher grades of
the vestigial series in Drosophila which I have published
(Goldschmidt, 1935b, 1937b) shows that the destruction
of an already formed wing area must have proceeded ex-
actly as in the Drosophila case. Finally, in some species

Fio. 78. Maximum (left) and minimum (right) of wing
formation found in Carabus granulatus. (From Oertel.)

wings are found in which the two lamellae are separated
by a fluid-filled space in which tracheae of a completely
embryonic type (with capillaries) are suspended. In such
cases, then, the other features of rudimentation were clearly
combined with a stoppage of development at a stage near
the time of pupation. As I said, there is not much known
regarding wing development in such cases. But the cor-
rectness of our interpretation can be tested by the aspect
of the wing sheath of the pupa, which is a cast of the wing
at the time of pupation. This is normal in the less reduced
species, indicating normal development up to pupation;
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it is reduced and irregular in the extreme cases, indicating
degeneration before pupation. In the only case in which
some more data on development have been furnished (De-
witz, 1883), a case of complete absence of the hind-wings in
the imago, the larva and young pupa contain minute rudi-
ments, indicating a condition parallel to the most extreme
mutants of vestigial in Drosophila. We may mention finally

ax,

acc,
FIG. 79. Above, details of optimal wing of Carabus granulatus with
beginning reduction at the tip. Below, minimum found in the same
form, venation deformed but otherwise almost complete. (From
Oertel.)

Oertel's observations upon the details of degeneration of
the veins in the rudimentary wings, which disappear in a
definite sequence. I should point out that in Drosophila
the development of the wing veins proceeds in a definite
order; a halting of differentiation at different times of
pupal development would, therefore, change the remaining
venation correspondingly. Whatever the details are, the
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essential point is clear: the macroevolutionary wing rudi-
mentation in Carabid beetles does not necessitate the as-
sumption of a gradual accumulation of micromutations, but
can be explained by single steps, which change the relative

Fio. 80. Wing rudiments in Carabus glabratus. (From
Oertel.)

rates of processes of growth and differentiation at an earlier
or later time in development.

Only one more example will be given to show the identical
nature of all the cases even though there are certain in-
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dividual variations in the collaboration of change of growth
rate, stoppage of development at a larval stage, and sec-
ondary destruction of already formed tissue. Riischkamp
has made a special study of the Chrysomelid beetles. Here
again, all degrees of wing rudimentation are found. The
description of the types shows series of the following order:
complete but small wings; wings with normal venation, but
parts of the wing tip and margin unorganized or missing;
small rudiments with only the major veins visible; still
smaller rudiments with hardly any venation; structureless,
fluid-filled bags; and, finally, a small structureless scale.
This series seems to be a rather different one from those
described before. Unfortunately, the details of development
are not known. It is generally stated that imaginal discs
are present and that the wing shows some differentiation
after pupation. As far as can be inferred from the facts,
in this case the major feature of rudimentation is a halting
of the development of the wing discs and pupal wings at
different stages. The rudimentary wing is essentially an
unfinished wing, though it is probable that a histolytic
destruction of the parts is added in some cases.

The facts under discussion contain other important
information. The wings are only a part of the flying ap-
paratus. Their function is closely bound up with the mor-
phology of the chitin and parts of the thoracic segments
and with the specific musculature. All these parts show a
reduction parallel to the reduction of the wings, and in the
case of the muscles and nerves, at least, a histolysis after
normal development. This finding of Riischkamp does not
seem to agree with results which Poisson (1924) obtained
for aquatic Hemiptera. He found all the possibilities re-
alized in different species: wings and musculature devel-
oped but not used, wings without muscles, muscles without
wings, and both of them abnormal. According to Riisch-
kamp, however, the muscles are formed in Coleoptera but
histolyzed in imaginal life; i.e., present in young imagines
and absent in old ones. Poisson's first two types, therefore,
may be based on oversight. Indeed, the variability actually
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found among different specimens favors this explanation.
Where, however, wings were much reduced, Poisson found
that the myoblasts were already histolyzed before emergence
of the imago. A few cases are recorded in which muscles were
still present in spite of considerable reduction of wings.
But in the majority of cases, wings and muscles were re-
duced simultaneously, and the muscles were first formed
and then histolyzed, either before or after eclosion. We may
then say that, barring the possibilities of variation, the
flying mechanism is reduced as a whole in consequence of
a genetic change which affects development of the whole
complex simultaneously. It must be kept in mind that in
insects the widespread use of histolysis in metamorphosis
furnishes a priori a ready mechanism for reducing parts.
It is generally known that in the queen ant the wings are
clipped after the nuptial flight. This is immediately fol-
lowed by the degeneration of the flight muscles. In the
weevil Sitona, Jackson (1933) has made a special study
of these muscles. He finds imaginal degeneration of the
muscles after a period of flight, as well as primary degenera-
tion during metamorphosis leading to flightless individuals
within a flying species. Obviously, histolysis of the muscles
may occur at different times independently of the condi-
tion of the wing. This, however, does not exclude mutational
changes of the wings from usually affecting the development
of the whole flying apparatus. In a general way the latter
certainly is the case. However, in the vestigial mutant of
Drosophila the muscles are frequently but not always nor-
mal, according to Cuenot and Mercier (1923). Individual
variations found in different species lose their importance
for phylogenetic analysis, when such variations may occur
within a single species as normal fluctuations of embryo-
genetic processes. Just as we said before in the chapter on
embryonic regulation, the developmental system permits
manifold and complicated regulations to take place after
a single embryonic disturbance. This certainly applies to
the present case involving the wing discs. The potentiality
for regulation is well exemplified in occasional abnormali-
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ties such as those in the Procrustes (Carabid) mentioned
by Riischkamp, where the wings were reduced to small
halterelike appendages. In this case the abdominal tergites,
which are usually covered by the elytra and are rudimentary,
had chitinized normally just as in completely wingless
forms.

There is another interesting point. The facts thus far
reported relate only to the hind-wings, since the fore-wings
in Coleoptera are transformed into elytra. The example
of Orgyia demonstrated the relative independence of both
pairs of wings, and the halteres of Diptera showed the
combination of a type of rudimentation with change of
function. This is also the case for the elytra. In the series
of rudimentations of the hind-wings the elytra may change
correspondingly toward concrescence, or they may be re-
duced with the hind-wings. All possible types are found, as
every naturalist knows.

Thus we may gather from the whole body of facts re-
garding Coleoptera that a macroevolutionary type of wing
rudimentation with all its consequences for segmentation
and special morphology can be based on a single primary
change in the growth and differentiation of the wing discs.
This change may involve both winged segments, or the
segments may react independently, which, however, does
not necessarily mean two independent genetic steps, as a
single primary cause of the gradient type may be involved.
We shall turn to this point when discussing the experimental
evidence. This necessarily short review of the more important
facts must suffice. A good compilation of the literature
is given by Finkenbrink (1933).

We turn now to experimental evidence which has fur-
nished sufficient insight into the embryological as well as the
genetical basis of wing rudimentation to permit definite
conclusions. We may mention, in passing, the earlier ex-
periments which were intended to show that definite ex-
ternal conditions are responsible for wing rudimentation
in nature. There are, first, the much discussed experiments
of Dewitz, who claimed to have produced (of course, non-
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heritable) wing rudimentation by different chemical and
physical agencies, all of which were supposed to act via a
change of the oxidation process. His data show, however—
and Finkenbrink (loc. cit.) has demonstrated it again—
that he actually had not produced any rudimentation but
only crippled conditions of normally developing wings by
mechanical hindrance of the processes of pupation and hatch-
ing. But there are many exact data available which show
that the process of wing rudimentation can be produced
experimentally and that this is based upon the same de-
velopmental processes as those involved in the cases of
hereditary rudimentation. We mentioned before the pro-
duction of phenocopies in Drosophila; i.e., the experimental
production of the phenotype of mutants by simple modifica-
tion of development. In such experiments I succeeded (Gold-
schmidt, 1929b, 1934a) in producing by heat treatment
the exact copy of such mutants as dumpy, rudimentary,
miniature, and some alleles of the vestigial series; i.e., all
three types of wing reduction described above were pro-
duced in normal wild stock. Since that time it was found
that the same effect is also produced by X-rays (Timofeeff,
1930; Friesen, 1936), and by ultraviolet radiation (Ep-
steins, 1939). See also Enzmann and Haskins (loc. cit.)
on neutron bombardment and Rapoport on chemically pro-
duced phenocopies. The detailed analysis showed (as re-
ported above) that the effect is produced if the experimental
disturbance of development acts at a definite sensitive
period, preceding embryonic determination, and that it acts
by stopping growth, by changing the rate of growth, or
by initiating histolysis of already formed tissue. As is to
be expected, the effect is stronger if earlier developmental
stages are affected. The relation between general speed
of embryonic differentiation and the relative growth rate
of the wing anlage is best demonstrated in those cases in
which the rudimentation is increased by delaying develop-
ment by starvation (Braun, 1939) or by the action of ultra-
violet light upon early larval stages (Epsteins, 1939).
It is then obvious that the balanced system of development



366 THE MATERIAL BASIS OF EVOLUTION

permits the occurrence of the known types of wing rudi-
mentation, provided that it is possible to influence differ-
entially the speed of some of the integrating processes.
(This applies also, as was quoted above [p. 333], to the
type of rudimentation which produces halterelike structures.)
This effect may be produced either by an experimental
slowing down of some, or speeding up of other, processes of
development, or by the presence of a mutation which has a
parallel effect upon development.

Though no systematic experiments of this type have
been made with other insects, it may be mentioned that
Larsen (1931) obtained different conditions of lengthen-
ing of the wing in an aquatic Hemipteran by changing the
oxygen supply in the last larval instar. In this case the
situation is opposite to the one reported from the Drosophila
experiments: a hereditarily rudimentary wing is length-
ened. A parallel to this is found in Drosophila. Since the
work of Roberts (full literature in Goldschmidt, 1938) we
know that a vestigial fly raised at a temperature near the
possible maximum (29°-31°C.) will develop more or less
complete wings. Again, the action requires a definite sensi-
tive period. We may mention in the same connection the
experiment, which no biologist has yet succeeded in accom-
plishing but which is regularly performed by ants and ter-
mites: unknown treatment of the larvae by the workers
prevents or favors the development of the always present
imaginal discs of the wings, thus producing the apterous
or the winged castes.

In the case of the Lepidoptera with rudimentary wings
in one sex, Paul (loc. cit.) has gained some insight into the
condition of determination. Wing discs transplanted from
one sex to the other retain their determination. The area
surrounding the disc is capable of regenerating a wing,
and a transplanted area will regenerate a wing if the wing
disc is removed. Such a transplant made at an early larval
stage from male to female regenerates a male wing, but
a transplant from female to male also regenerates a male
wing. Thus we see that the wing area of the male is finally
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determined at a time when it is still undetermined in the
female: the rate of determination differs in the sexes. We
may conclude from this that the rudimentation of the wing
is caused by a special relation of the rate of growth to the
rate of determination.

Another type of information concerning the develop-
mental mechanics of wing rudimentation is derived from a
study of cases in which wing rudimentation occurs in defi-
nite forms within a species, either as a constant dimorphism
(the winged and wingless castes of ants and termites) or
as a cyclical dimorphism (alternation of wingless and
winged aphids). A kind of transitional situation between
sexually dimorphic wing rudimentation and normal behavior
of the wings is found in some moths. We may recall the
series of rudimentation found in the Lymantriid family, from
Lymantria dispar and monacha with nonflying females to
Orgyia antiqua with saclike females with wing stumps. In
between is found the species Orgyia ihyellina. Here a sea-
sonal dimorphism of generations is observed. According to
Cretschmar (1928), the first generation has normal wings
in both sexes; in the second generation, a part of the fe-
males do not expand their wings; and in the third, the
majority have unexpanded wings. Cretschmar thinks that
the availability of different amounts of hemolymph is re-
sponsible for the difference. But according to some experi-
ments made by the author (unpublished) this difference
is one which is very easily controlled. The rudimentary fe-
males actually have complete wings, which, however, are
not spread after hatching. But if the moth is bred at a high
temperature (ca. 25° C.), the wings spread out, and a suc-
cession of generations with normal females is obtained.
Probably the decision whether female wings spread or do
not spread is controlled by the temperature during a sensi-
tive period. Such an effect, however, is already known to
us to be linked with differential velocities of integrating
processes of development. Probable comparable cases are
not rare. A number of facts are known for Hemiptera and
Neuroptera which indicate a hereditary tendency to brachy-
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ptery and aptery, the realization of which is largely con-
trolled by temperature. The data, which are in no way
conclusive, may be found in Ekblom (1928). The material
does not lend itself to proper experimentation, which, how-
ever, is possible with aphids.

The determination of wing rudimentation or wing for-
mation in aphids has been made the subject of a detailed
study by Shull and his students. (We shall not mention his
numerous predecessors in this field who worked without
present-day knowledge of the physiology of development.
See Shull, 1928.) In a general way one may say that in
spring winged migrants appear which transfer the forms
to another host, and are succeeded by generations of wing-
less forms and, finally, once again winged re-migrants. Ex-
periments show that light and temperature are the main
controlling agents. It is especially the application of in-
termittent light which produces winged individuals. This
factor acts only if applied to the parents at a definite time,
and the analysis shows that a direct action upon the em-
bryo during a sensitive period is involved. This period
occurs about thirty-four hours before birth, and just be-
fore the first visible trace of wing development begins.
Intermittent light and 14s0 C. acting at this time induce wing
formation; constant light at 24° C. prevents it. But the
wingless forms also show the first beginnings of wing de-
velopment, rudiments of which may still be found at ad-
vanced stages of development. Usually the hind-wing bud
is absent. (The same antero-posterior gradient of wing
determination is also found in Lepidoptera.) The winged
aphid is distinguished from the wingless one not only by the
wing characters but also by other features: the winged form
has three ocelli, wing muscles, and numerous sense organs
on the antennae, all of which characters are missing in the
wingless forms (which have few sense organs instead of
many). Shull's embryological analysis of wing determina-
tion is based upon the existence of intermediates between
winged and wingless forms, which can be produced in a
definite percentage by the proper variation of the con-
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trolling factors, intermittent light, and a higher tempera-
ture. Just as in all the comparable cases which we studied
above, this situation suggests a simple explanation in terms
of rates of determining processes. Shull has worked out
in detail the possibilities based upon our general theory of
integrating, balanced velocities of production of determining
substances. According to this theory, a considerable num-
ber of variables are cooperating to produce the result, and
a changed situation may be the product of a change in any
of the variables; e.g., the rate of production of a determin-
ing substance, the threshold at which it works, the length
and the position in time of the critical period, the simul-
taneous occurrence or the differential timing of the critical
periods for the determination of the different characters
involved (details in Goldschmidt, 1927, 1938). Shull (1937)
discussed the different possibilities which may be involved
in the aphid case and which can explain the combinations
of the different characters found in intermediates; i.e., more
or less intermediate wings combined with presence, absence,
or partial presence of one or the other or of all the dif-
ferential characters. The details of this analysis, ably il-
lustrated by diagrammatic curves of the type used in my
work on physiological genetics and sex determination, are
not of importance in our present discussion. The essential
point is that the experimental analysis shows that wing
rudimentation and all the other considerable morphogenetic
changes correlated with it, as well as possible intermediate
conditions, may be produced by a single experimentally
produced shift in some of the variables of the system con-
trolling determination in development. This result agrees
with all our former conclusions and demonstrates again that
in evolution a single mutational step changing the rate of
one of those variables can account for any type of wing
rudimentation with all its obligatory morphological conse-
quences.

Only a few words need be added here to point out the wide
applicability of all these deductions. We mentioned above
the castes of ants and termites as an example of immense
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morphogenetic differences of a macroevolutionary order of
magnitude, produced upon the basis of a single genetic
constitution by some experimental procedure known to the
insects though not yet to the biologists. Here a differ-
ence of winged and wingless forms is also involved, in addi-
tion to which it is known that the wingless forms have
wing discs in development. Though the experimental analy-
sis of this situation has not yet led to much success, there
are some experiments performed by nature itself. It is known
that ants parasited by Mermis can develop into intermediate
types, the intercastes, which have been much discussed (see
Vandel, 1930; Wheeler, 1928). Though the wings are not
involved in this intermediacy (never?), all other morpho-
logical characters are. Wheeler realized that the production
of the intercastes must be based upon a simple principle
of shift in embryonic determination, just as I had postu-
lated for the production of inter sexes. This conception brings
the intercastes in line with the intermediate aphids and
again confirms the general trend of our analysis from a
different angle.

At this point of our analysis of the evolutionary signifi-
cance of wing rudimentation, we may insert a short digres-
sion upon another feature of wing evolution in insects.
It is known that the general features of wing venation
characterize the different orders of insects, and that the
specific features of venation are among the most constant
taxonomic differentials of families, genera, and species.
An understanding of the evolution of this character would
help much in understanding the general laws of evolu-
tion. Further, a character is involved here which can
hardly be assumed to change by accumulation of micro-
mutations and which in addition does not lend itself very
well to the assumption of selection of such mutants. There
is certainly not yet sufficient information available to per-
mit a complete analysis of the evolution of venation from
the standpoint of embryonic potentialities and their genetic
change. But at least a number of facts are available which
permit us to show that the evolutionary principles involved
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are the same as the ones derived thus far. Knowledge of
the embryonic determination of wing venation is far from
complete, but the few points which are known suffice for
a generalized discussion.

In Lepidoptera the pattern of the wing venation is de-
termined before pupation. The young pupal wing is a flat
sac filled with fluid. But the upper and lower epithelial
surfaces are connected by funnellike, reinforced pillars
which, seen from the surface, produce solid islands within
the fluid-filled sac. The fluid is thus confined to a fine net-
work of sinuses, which can be demonstrated by injection
(Goldschmidt, 1920c). Within this network wider longi-
tudinal sinuses are, in some cases, already visible. These
correspond roughly to the main veins which develop later.
If the hemolymph in these sinuses is under pressure while
the chitin of the pupal shell is being formed, the arrange-
ment of the sinuses may be visible as a surface sculpture
indicating either the later veins (saturnids) or the net-
work of sinuses (Vanessa) (see also fig. 68). In the pupal
development of the wings, the sinuses disappear by con-
crescence of the two wing lamellae, and the remaining chan-
nels are the veins, which become heavily chitinized. (Details
may be found in Goldschmidt, 1920c; others in Behrends,
1936.)

In Diptera (Drosophila) also the pattern of the veins
is determined in early larval stages of the wing disc, as
the process of development of the mutant vestigial proves
(see above). The actual differentiation of the veins by
concrescence of the lamellae of the wing occurs much later,
in the pupa, where, first, wide sinuses are formed, which
are later narrowed down in a definite order to form the
veins (details unpublished). (Many features are visible
in my photographs in Goldschmidt, 1933c. A detailed de-
scription has recently been given by Waddington; see foot-
note, page 346.) In Drosophila a number of mutants are
known which influence the veins. Most of them do not affect
the typical pattern: one or both cross-veins may disappear
or be incomplete; other veins may be incomplete; extra
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veins may appear at definite places between the veins. But
in some cases the primary veins are also shifted, dislocated,
connected in a new way. A special study which I made
(unpublished) on a series of wing conditions of the plexus
type, beginning with a small extra vein at a definite point
and leading to a highly plexate wing with numerous extra
veins at definite points and a concomitant distortion of the
primary veins, made me realize some relevant points. In
all these cases the concrescence of the wing lamellae is dis-
turbed, and the epithelium over the unclosed parts of the
wing cavity secretes dark chitin, the extra veins. (Wadding-
ton describes two different types of this process.) The seria-
tion of their appearance and their localization show that
the abnormal pattern is mainly determined by the time in
pupal development at which the normal concrescence of the
lamellae and the concomitant narrowing of the sinuses into
veins takes place. Again we face, just as in so many other
cases, a complicated pattern effect produced by a stoppage
of definite embryogenic processes at definite and severally
different moments in development. The details are, how-
ever, more complicated and not yet fully understood. Wad-
dington's preliminary description does not, as yet, make the
process completely clear. In this case, again, experiments
demonstrate that the genetic differences producing the ab-
normal venation act via changing rates of the decisive em-
bryogenic processes, in this case the concrescence of the
wing membranes: The same temperature shocks, etc., which
produce phenocopies of other features of the wing, if ap-
plied at definite sensitive periods, also produce plexate
wings. In addition, it has been shown in my laboratory
(Braun, 1939) that a prolongation of the time of develop-
ment changes the degree of plexation and, further, that the
formation of the cross-vein can be prevented experimentally
(Braun, in press). We do not need to go into further detail.
The reported facts show that the developmental physiology
of the wing veins is such that simple shifts in velocities (in-
cluding stoppage) of the integrating processes may produce
different patterns, with a larger departure from type the
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earlier in development the change occurs. The evolutionary
ccnclusions are obviously the same as in former examples:
a single mutational step affecting the timing mechanism of
early embryonic differentiation of the wing may produce
large pattern effects, the larger the earlier the genetic
change begins to act. Let us suppose that in a lepidopteran
wing chitinization occurred at the stage of the network-
like arrangement of the sinuses. The resulting wing would
resemble that of a neuropteran insect. In the same way,
vice versa, the special venations of higher insects may have
developed in a single step from the primitive network. We
are certainly not interested here in any details of phylo-
genetic speculation. The only point which interests us is
the demonstration that the actually existing potentialities
of development, based upon the timed system of integrating
processes of determination in development, permit large
evolutionary steps to take place as a consequence of single
mutational changes affecting the coordination of embryonic
processes.

After this interruption we return again to the problem
of wing rudimentation and consider now the genetic side
of the problem. In the case of experimental animals such
as Drosophila and Habrobracon (Whiting) the situation
is simple and clear. All three types of rudimentation previ-
ously described may be caused by ordinary mutation. All the
existing intermediate steps of rudimentation of either type
can be produced independently of each other by single
mutations of the multiple-allelic type, as well as by muta-
tions at different loci. Each type of rudimentation may also
be influenced by other mutants, which are called modifiers.
The mutants for rudimentation may be dominant, recessive,
or incompletely dominant, and the dominance may be shifted
by modifying factors or external agencies. In addition,
some mutants show the phenomenon observed in the rudi-
mentary wings of Carabids; namely, great individual varia-
bility and low right-left correlation, increasing with the
degree of rudimentation. Finally, the pattern of rudimen-
tation is different for different mutants of the same type;
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e.g., vestigial—Beadex. The vestigial type of rudimentation
may also be conditioned by genetic changes other than stand-
ard mutations; namely, deficiencies and chromosomal aber-
rations. One type of mutation paralleling conditions in na-
ture has not yet appeared in DrosopMla; i.e., sex-controlled
rudimentation affecting only one sex, which occurs so fre-
quently in Lepidoptera and in some Diptera (see below).
But in the beetle Bruchus, a case with simple Mendelian,
sex-controlled inheritance is known (Breitenbecher, 1925).
One should expect such mutants in Lepidoptera, especially
in near relatives of naturally dimorphic forms. But Lyman-
tria dispar, belonging to the same family as Orgyia, with
its rudimentary females, has never produced a wingless
mutant, though bred by the hundreds of thousands. The
only wing mutant known has soft crumpling wings (Ma-
chida). In the silkworm a wingless mutant is known, affect-
ing both sexes and behaving as a simple recessive (picture
in Goldschmidt, 1927.)

It would be of great interest to know how natural rudi-
mentation of wings is inherited. This could be analyzed
by crossing winged or wingless species. Such crosses have
been made by Harrison (1914—16) and by Meisenheimer
(1928) in geometrid moths. Fi females show wings of inter-
mediate length and more or less normal structure, demon-
strating that the onset of abnormality in development begins
at a later stage than in the rudimentary female. Back-
crosses and F2 show a considerable variation, with occa-
sional reappearance of the parental forms. A definite genetic
analysis, however, is not possible for the following reasons
(see Federley, 1925). The chromosome numbers of the
species are different and conjugation at meiosis is disturbed.
Therefore, complicated conditions arise in RF2 and Fa which
cannot be analyzed in simple Mendelian terms. Further-
more, triploid intersexes are produced, and wing rudimen-
tation, being a secondary sex character, responds also to
intersexuality. The intermediate types, therefore, may be
due to the degree of intersexuality and thus cannot be an-
alyzed simply in terms of wing mutation. Therefore we
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are forced to derive our genetic information as to the pos-
sible range of the effects of single mutations from the
mutants of Drosophila.

We have described the facts of wing rudimentation rather
extensively, and we have gone rather thoroughly into their
experimental analysis, because this phenomenon is one of
the favorite topics of evolutionary speculation. One could
write a history of evolutionary thought drawing all ex-
amples from rudimentation of wings in insects. Darwin
discussed the report by Wollaston to the effect that most
of the insects of Madeira are wingless, and proposed to
explain the facts in terms of natural selection: flying in-
sects are more apt to be blown out to sea by violent storms.
This explanation was generally accepted when it became
known that the fauna of most oceanic islands exhibited the
same phenomenon. It was further assumed that this selec-
tion was based upon accumulation of small favorable varia-
tions. The existence of all transitions from poor fliers to
apterous insects via winged nonfliers and short-winged forms
within the same family was accepted as proof of such a
hypothesis. Riischkamp, for example, considered the rudi-
mentation series found in Coleoptera to be a definite demon-
stration of slow rudimentation by selection. Evolutionists
with Lamarckian tendencies used the facts to prove their
viewpoint: the abundance of wingless forms in caves and
on high mountains, the frequently observed increase of
rudimentation in a northerly direction, impressed the au-
thors with the idea that the influence of environment was
at work, an idea which seemed to be justified by the re-
sults of such temperature experiments, etc., as were men-
tioned above. Again, the evolutionists (led by Cuenot) who
based their opinion upon the results of genetics, emphasized
that wingless forms occur everywhere, that the nearest rela-
tives of wingless island forms found in the nearest continent
also contain wingless species, and that the same is true for
cave-inhabiting forms. They pointed to the occurrence of
wing reduction by simple mutation, and held the view that
already existing wingless mutants are able to occupy a niche
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which is unavailable to winged forms. I think that all modern
biologists hold this view, with such modifications as individ-
ual cases may require. We mention these general conceptions
only in order to demonstrate that the known agencies of evo-
lution, selection, and adaptation do not necessarily entail
the idea of slow accumulation of changes, in the case under
discussion. Actually the manifold conditions of rudimenta-
tion of wings in connection with specific adaptations are
easily conceivable as based upon single mutations, with sub-
sequent occupation of an environmental niche to which the
mutant is preadapted; i.e., macroevolution in a single step.
From the material which was presented in illustration of
such a conclusion we need select only one case, which exem-
plifies one of the most extreme departures and therefore also
includes the less extreme ones. The very aberrant fly Ter-
mitoxenia, a commensal of termites, is not only flightless
(not to mention other features) but the wings have been
transformed into strange organs which possibly are specific
sense organs (see p. 332 and fig. 65) intermediate between
wings and halteres. In Drosophila we found two simple mu-
tants in which exactly the same type of wing transformation
occurs, as was described and pictured (figs. 61, 64) in our
discussion of homoeosis and its phylogenetic significance. In
this case it is perfectly clear—see our previous discussion
—how the potentialities of development permit, by a single
shift in the processes of embryonic determination, rudimen-
tation of an organ and simultaneously sudden emergence of a
completely different organ capable of a different function.
It may be added that the mutant in question demonstrates
also (just as does Termitoxenia) the manifold effects upon
organization which follow in the wake of a single develop-
mental change; figure 64 shows how the form of the thorax
and the details of the bristles are changed with the change
in development of the wing discs. I like to underscore this
beautiful example, which ought to impress every unbiased
evolutionist.

Having concluded this discussion, we may return briefly
to the problem discussed before, whether it is likely that the
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large evolutionary departures accomplished by a single mu-
tational step have occurred in the form of ordinary Mende-
lian mutations, or by what we called systemic mutations.
The genetic and taxonomic facts which we reported do not
give any answer, as the relevant cases in nature do not lend
themselves to an analysis. Therefore, only very indirect evi-
dence is available as yet. The points mentioned in the former
discussion (p. 321) shall not be repeated. We shall mention
only a few facts which some day may be found to add weight
in favor of systemic mutations. In Lepidoptera closely re-
lated species distinguished by wing rudimentation can be
hybridized and will produce partially fertile hybrids. These
species frequently have very different chromosome sets,
which is otherwise rarely the case with closely related species
of Lepidoptera. The domesticated Bombyx mori, with re-
duced wings incapable of flight, has one chromosome less
than its wild ancestor Theophtta mandarina. Orgyia an-
tiqua, with rudimentary wings, has twenty-eight (2n)
chromosomes; thyellina, without real rudimentation, twenty-
two chromosomes. Nyssia hirtaria has twenty-eight, and the
wingless pomonaria, fifty-six chromosomes. Another bit of
indirect information might be derived from the following
facts. In Drosophila wing rudimentation of one type (scal-
loping) is, aside from causation by different mutants, a fre-
quent consequence of abnormal chromosome numbers (trip-
loids, haplo IV). These facts may be kept in mind for future
use.

Before leaving the subject of rudimentation in insects, we
may mention very briefly a closely related topic, that of eye
rudimentation in cave animals, a phenomenon which shows
striking parallelism to the facts just discussed. It occurs in
arthropods and in vertebrates, and has been still more widely
discussed with regard to evolution. We could present an ac-
count of this set of facts which would closely resemble the
discussion of wing rudimentation. To avoid unnecessary du-
plication we will briefly mention the essential points. Rudi-
mentation of eyes is one of a number of features characteriz-
ing animals in certain habitats which are partly the same
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as for wing rudimentation: the seashore, the subterranean
life zone, caves, and the dark interior of the homes of ants
and termites in the cases of commensals. In all such cases
pigmentation decreases more or less simultaneously with the
loss of eyesight, and compensating sensory functions are de-
veloped. Just as in the case of wing rudimentation, all evolu-
tionary theorists have claimed the facts in their favor, most
conspicuous among them the Lamarckians. In the same way
as reported for the former subject, modern discussions have
shown that blind cave animals have near relatives with
sensory organs compensating for the lack of eyes, and other
adaptations to a hidden life. These and numerous other facts
regarding the varying degrees of blindness, distribution of
the blind among their seeing relatives, and correlation of
blindness with other adaptations, have made it clear that
preadaptation, occupation of new niches, and absence of se-
lective value for eyesight are the decisive agencies of evolu-
tion in this case. Just as in the case of wing rudimentation,
it has been assumed that the different degrees of eye rudi-
mentation actually found represent stages of slow retro-
gressive development, orthogenetic in direction, and parallel
in different groups of arthropods or vertebrates, respec-
tively. But, again, all the facts available point out that this
assumption of slow accumulation of small genetic changes is
not needed. There are first the facts of natural variation. In
some Isopods and fishes a population of the same species
may show all variations from presence of eyes to eyelessness,
without any indication that this variation may be genetic
(cf. the case of wings in Carabids). Further, mutants are
known in the nearest relatives of blind Isopods which reduce
the pigmentation and, in part, the eyes. These mutants may
have a slight or a large effect (Vandel, 1938b; Kosswig, 1935,
1936). In related animals used for experimentation mutants
producing different degrees of eye rudimentation are known
(Gammarus, Sexton and Clark, 1936), and in Drosophila
there are many mutants which produce different types and
degrees of eye defects, including presence or absence of
right-left correlation, as well as constancy or high variabil-
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ity of the effect within a line, just as was the case for wing
rudimentation. As in the case of the wings we must therefore
conclude that a single mutation is able to produce in one
case a slight effect, in another, the extreme effect, or any
stage in between. There is not much known about the de-
velopmental side of the problem, but a few facts strongly
suggest that the embryogenetic system which permits this
rudimentation is of exactly the same type as was discussed
before. The types of rudimentary eyes known in Isopods
(Kosswig, loc. cit.) and in vertebrates (Eigenmann, 1909)
strongly suggest that rudimentation means in this case a
stoppage of development of the eyes at an earlier or later
point in development, which may be followed by destruction
of already existing parts and by correlative changes pro-
duced by embryonic regulation in the neighborhood of the
organ which does not keep pace with the rest of development.
Though experiments which would permit a complete analy-
sis are thus far lacking, inferences may be drawn from the
facts of development of mutants in Drosophila, and also of
eye determination in vertebrates. There is hardly any doubt
that the time of stoppage or slowing down of differentiation
in development is connected with the degree of rudimenta-
tion in the simple relation, which we discussed repeatedly.
A mutant causing these changes in early development, there-
fore, will produce the maximum effect in one step. We may
recall the fact that the rudimentary eye of the blind newt
Proteus may develop into a normal eye, just as the wingless
earwig Anisolabis occasionally grows wings, and just as an
ant or termite may grow wings or not. These few remarks
may suffice to show the complete parallelism between the sit-
uations for wings and eyes. The conclusions are obvious.
(The most recent discussions of the subject, to which we may
refer for details and which also contain some of the facts
mentioned here, are those by Kosswig (1935, 1936), Vandel
(1938b),andHubbs (1938).)

In view of the great importance of the facts of rudimen-
tation in all theories of evolution, we shall discuss another
case in which at least some of the important points are
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known. A classic example in vertebrates is the rudimentation
of the limbs in Sauria, starting with the normal extremities
of lizards and proceeding through all intermediate steps to
the completely snakelike forms. We have already discussed
in the last chapter that part of the problem which deals with

Fio. 81. From left to right: Skeleton of anterior limb of Eumeces schneid-
eri; dto. posterior limb. C, centrale, cu,.», carpalia distalia; i, intermedium,
p. pisiforme; R, radius; U, ulna; r, radiale; u, ulnare; I-V, metacarpalia;
1-5, phalanges; F, fibula; T, tibia; t pr, tarsale proximale; t3_4, tarsalia
distalia. (From Severtzoff.)

the correlation of this rudimentation with segmentation. We
turn now to the problem of the limbs alone. In figures 81 and
82 we reproduce from Severtzoff a series of drawings show-
ing the limbs of a series of forms with different degrees of
rudimentation compared with normal ones (fig. 81). With-
out going into a detailed description we may say that the iden-
tical lettering of the bones shows how individual phalanges
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and carpalia disappear, followed by whole digits, etc., up
to the one-rayed last rudiment present before all vestiges
are gone. Severtzoff (loc. cit.) also investigated the develop-
ment of the limbs in a normal, an intermediate, and a highly
rudimentary form corresponding to figures 81-82, third and
fourth from left. In corresponding embryonic stages in
which the limb buds are just being formed, their size is pro-
portional to that of the later limb; i.e., smaller, with increas-
ing degrees of rudimentation. In further development and
growth these differences remain. There is then no difference
in relative growth rate but one in initial size of the primor-
dium. But the essential feature is the following. The differ-
entiation of the individual bones does not occur simultane-
ously but in a definite order, which is represented for the
normal saurian in table 10. This table shows the subsequent
stages in the development of the skeleton of the forelimb of
Ascalabotes fascicularis. Seven stages are recorded (1—7) ;
for each stage the condition found is represented in the hori-
zontal columns. Each symbol means that the corresponding
part is present in that stage. The table bears out the rule
which we mentioned with regard to the order of differentia-
tion and shows that there is a proximo-distal gradient and
an ulno-radial one, though the details are a little more com-
plicated. In the rudimentary limbs exactly the same order is
observed. But such skeletal elements as are missing are not
formed at all. The decisive point is—and this agrees with
the facts of comparative anatomy of such forms as have not
been studied embryologically—that the disappearance of
the individual bones occurs in the reciprocal order of their
embryonic appearances. The last to appear in the develop-
ment of a normal limb are the first to disappear in rudvmen-
tation. In other words, the different degrees of rudimenta-
tion are produced (1) by a reduction in size of the limb bud
proportional to the amount of rudimentation in the respec-
tive species, (2) by a stoppage of differentiation within the
bud at an earlier and earlier time with increase of rudimen-
tation. These facts, paralleling so closely many of the pre-
viously discussed facts of primary importance in physiolog-
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ical genetics, demonstrate clearly that the genetic change
producing rudimentation is one affecting rates of differen-
tiation and times of determination. A slow rate of limb-bud
formation relative to the rest of the body produces a smaller
limb, and the end of the period of embryonic determination
(obviously controlled by gradients of the inductor substance
within the bud) occurs too early, before all parts are deter-
mined, either because the supply of the inductor is too small
and its flow stops, or because the moment of final determina-
tion arrives before the induction is completed. The details of
the happenings can certainly be analyzed only by proper
experimentation, but the general system is perfectly clear.
It indicates, as in all the cases discussed before, that a single
mutation influencing the decisive rate processes may produce
the most extreme as well as all intermediate stages in one
single evolutionary step.

Unfortunately, there is not as much genetical material
available for our argument as there was in other cases, in
which we showed repeatedly that the presence of a simple de-
velopmental system based on integrated, balanced rates of
developmental reactions enables macroevolution to proceed
in single large steps, and that the presence of such a system
and its evolutionary workings can be inferred from a com-
parison of morphological, embryological, experimental, and
genetical facts. In the present case the genetical facts are
restricted to a number of data from human pathology. A
considerable number of mutants are known which affect the
development of the limbs, starting with absence or, in other
cases, concrescence of phalanges and increasing to a very
extreme rudimentation (cf. literature in Miiller, 1937). I
pointed out on a former occasion (Goldschmidt, 1927) that
the facts of development show that these mutants act by
changing the rate of differentiation in practically the same
way as was just shown for the Sauria. Mohr, the geneticist
who is best acquainted with this topic, has concurred in this
opinion. Another group of facts which we frequently used in
discussions along similar lines concerned the experimental
production of phenocopies. I do not know of any such exper-
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iments involving limb rudimentation in Sauria. But, whereas
phenocopies are known for comparable cases, like change
in number of vertebrae in fishes, or rudimentation of the
uropygial skeleton in birds, and, whereas nonheritable ab-
normalities of the limbs of a comparable type are known in
pathology, we may consider the case for limb rudimentation
just as well established as if the proper experiments were
available.

In our discussion of wing rudimentation in insects we
found different types, one of which involved the secondary
destruction of already formed parts of the organ. In the
limb rudimentation of vertebrates this type was not found
(though its existence cannot be denied, in view of the scant
embryological knowledge). But it is frequently met with in
other cases of rudimentation and it is typical in cases of
extreme rudimentation; i.e., complete loss of organs. We
may mention the embryonic teeth of whalebone whales, the
embryonic vertebral musculature of turtles, or the tails of
Anura, all formed and afterwards destroyed. Our previous
discussion showed sufficiently that in these cases also evolu-
tion must have proceeded in single huge steps, at least with
regard to the major features.

I began the discussion of the present topic by pointing
out that a comparative anatomist had been forced by the
facts in his field to come, in a general way, to the same con-
clusions which we derived from a different type of analysis,
though he expressed them in somewhat unfortunate terms.
But after having developed his theory of "Phylembryogene-
sis" based on "negative Archallaxis," "Anaboly," "Aphan-
asy," and similar "principles," Severtzoff makes a state-
ment in a footnote (p. 332) which we may quote to show
that pure morphology finally leads to the same point which
we have reached from another angle: "But I do not want to
claim that this morphological theory furnishes a final ex-
planation of the process of evolution: its importance is
rather found in the demonstration of the importance of the
time factor in the development of embryonic primordia for
the evolution of the adult characters of animals. The ques-
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tion why the phylogenetically important changes of organs
take place at early, medium or late stages of morphogenesis,
lies, we think, outside of the sphere of competence of the
morphologist and has to be solved probably by the geneti-
cists." The writer of these lines was not aware that this solu-
tion had already been proposed ten years earlier and had
since been discussed repeatedly.

At many points in our discussion we have pointed out
that a genetic change involving rates of embryonic processes
does not affect a single process alone. The physiological bal-
anced system of development is such that in many cases a
single upset leads automatically to a whole series of consecu-
tive changes of development in which the ability for embry-
onic regulation, as well as purely mechanical and topo-
graphical moments, come into play; there is in addition
the shift in proper timing of integrating processes. If the
result is not, as it frequently is, a monstrosity incapable of
completing development or surviving, a completely new
anatomical construction may emerge in one step from such
a change. This idea, which we first intimated in our essays
(Goldschmidt, 1920), is based upon an insight into the ac-
tion of genetic changes upon development and upon the
present knowledge of experimental embryology, especially
induction (evocation, organizer action). The facts discussed
in this chapter furnished examples for the general idea. This
assumes special importance when macroevolutfonary proc-
esses in which rudimentation is combined with a change of
function are studied. In my first discussions of the subject I
alluded to the phylogeny of the auditory ossicles in verte-
brates as a beautiful example. Neo-Darwinism (and also
classical Darwinism) had to assume that a slow adaptation
of some external features to changed environment took place
by selection of small variations. This in turn produced a slow
rebuilding of internal organization by similar steps. This
was called correlation, and many types of correlation were
stated and discussed in the older Darwinian literature. I
wonder if anybody could ever succeed in explaining the
phylogeny of the auditory ossicles in this way. But the log-
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ical application of the ideas developed here shows that the
major steps in the phylogeny of the ossicles may be visual-
ized as single steps. A long chapter would have to be written
to bring together the facts of comparative anatomy concern-
ing the visceral arches, the facts of embryology concerning
the ossicles, and the facts of paleontology concerning primi-
tive mammalian precursors, and to analyze every detail. But
even without this, the argument can be made perfectly clear.
A single change in the relative growth rate of the dentale
versus articulare and quadratum could have produced the
rudimentation of the latter, as found in fossil theromorphs.
Another still more extreme change might have brought
about a topographical change in the arrangement of the
bones in relation to the skull which left to subsequent stages
of embryonic development only the choice: either destruc-
tion by secondary lysis or incorporation into the auditory
region of the skull. The diagrammatic representation of the
history of the auditory region in vertebrates (fig. 83) allows
an easy visualization of the course of events which has been
briefly indicated. We may add that regulation as well as new
mutations may have contributed toward finishing the struc-
ture. But the decisive phylogenetic step must have been a
single mutation affecting an embryonic rate. Numerous
similar examples may be found in the comparative anatomy
of vertebrates. The argument is so obvious that there is no
need for further elaboration. But the evolutionist who is
not acquainted with physiological genetics and experimental
embryology, and the neo-Darwinian geneticist who usually
disregards these two fields as well as comparative morphol-
ogy, would profit by trying to work out the facts of one such
case, say, the auditory ossicles, in terms of selection of micro-
mutations. They would soon realize the heuristic value of the
thesis presented here. On the side of the morphologists Sev-
ertzoff came rather near to this realization, when he wrote
that heterochrony in development is a means of topographic
coordination; i.e., new adaptation of the parts to each other.
This is seen by the fact that the organs which primarily
change in evolution are formed earlier in embryogeny and
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that the organs which adapt themselves to the former ones
by coordination are developed later. De Beer (loc. cit.), as
mentioned, followed up our idea from the standpoint of de-
velopment, and, among geneticists, Haldane and Huxley
(loc. cit.) realized the importance of the problem.

Though we are discussing here only the potentialities of
development as offering definite insight into the type of
genetic changes available for evolution, we may at least men-
tion at the end of this chapter the problem of recapitulation
which is so closely linked with the present discussion. The
views on the so-called law of embryonic recapitulation of
phylogeny reflect very well the changes in general evolu-
tionary outlook. Only compare the formulations of von Baer
and Haeckel with the skeptical discussions of the experi-
mental embryologists and the recent discussions. I think that
the facts presented above, and their interpretation in terms
of physiological genetics, lead to only one explanation. If
macroevolutionary changes proceed by mutations affecting
the rate of embryogenetic processes at a definite time in de-
velopment, the ontogeny of all descendants of the mutant
form must continue along ancestral lines up to the stage in
development first affected by the mutant. Obviously, the
mechanics of development do not permit any other course.
If the mutation which changed the long tail of the Arch-
aeopteryx, with its segmental tail feathers, into the rudi-
mentary tail of birds with fanlike tail feathers, occurred in
such a way that after formation the tail segments were made
to grow together, etc., the present embryology of birds must
necessarily contain an Archaeopteryx stage, which is actu-
ally the case (Steiner, 1938). If the mutation in question
had changed tail segmentation primarily; i.e., before the
stage of visible segmentation, no recapitulation of the Arch-
aeopteryx condition would occur in the embryogeny of birds.
The presence of recapitulation shows positively that the
original mutational change in the ancestors affected devel-
opment after the stage which is recapitulated. The fact that
recapitulation is an ubiquitous feature of development sug-
gests that macroevolution has progressed mainly by this
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type of change. The reason is obviously to be found in the
relation between the genetic basis and the physiology of de-
velopment: a genetic change affecting the rate, time of in-
ception, time of determination, range of regulatory ability
of embryonic processes, may occur in a single step without
requiring a rebuilding of much of the genetic material. The
genetic change is probably a permutation of some of the
genetic elements controlling development, whatever theory
of such changes we choose to accept in detail, and does not
require the origination of new genetic determiners or deter-
mining systems. On the other hand, a genetic change involv-
ing a huge qualitative departure which would completely
revolutionize the processes of development from their very
initiation, would wipe out the possibility of recapitulation
and would mean such an immense departure that it probably
could rarely if ever lead to a viable product. A viable prod-
uct would be a new phylum. Recapitulation, then, is an
ubiquitous fact, unavoidable because of the method of evo-
lution by large single mutational steps affecting rates, etc.,
of embryonic processes occurring at a definite time, and be-
cause of the mechanism of development built upon a timed
system of serial processes, the order of which is unalterable.

d. The hopeful monster
In a former paper (Goldschmidt, 1933) I used the term

"hopeful monster" to express the idea that mutants produc-
ing monstrosities may have played a considerable role in
macrDevolution. A monstrosity appearing in a single genetic
step might permit the occupation of a new environmental
niche and thus produce a new type in one step. A Manx cat
with a hereditary concrescence of the tail vertebrae, or a
comparable mouse or rat mutant, is just a monster. But a
mutant of Archaeopteryx producing the same monstrosity
was a hopeful monster because the resulting fanlike ar-
rangement of the tail feathers was a great improvement in
the mechanics of flying. A fish undergoing a mutation which
made for a distortion of the skull carrying both eyes to one
side of the body is a monster. The same mutant in a much
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compressed form of fish living near the bottom of the sea
produced a hopeful monster, as it enabled the species to
take to the life upon the sandy bottom of the ocean, as exem-
plified by the flounders. A dog with achondroplastic bow-
legs was a monstrous mutant until man found the proper
niche for it—to follow the badger (dachs) into its den—and
selected the hopeful monster as a dachshund. Here, then, we
have another example of evolution in single large steps on
the basis of shifts in embryonic processes produced by one
mutation. I think that this idea of the hopeful monster has
come into its own only recently. Only now is the exact basis
for an appraisal of its evolutionary significance available.
This basis is furnished by the existence of mutants produc-
ing monstrosities of the required type and the knowledge of
embryonic determination, which permits a small rate change
in early embryonic processes to produce a large effect em-
bodying considerable parts of the organism.

Actually, the idea expressed in the somewhat unconven-
tional but plastic term "hopeful monster" is not a new one.
We may refer back to Darwin, who pointed out that under
domestication monstrosities occur which resemble normal
structures in widely different animals. But Darwin did not
regard them as interesting, as he believed that they could
survive only under rare and special circumstances, and that
they would be swamped by cross-breeding with normal
forms. We know now that these criticisms are not valid.
The idea under discussion has since cropped up again and
again. Professor R. R. Gates has kindly drawn my attention
to a little-known and in many respects rather amateurish
book by Bonavia (1895) in which a whole chapter is devoted
to the subject and from which Gates (1921) quoted in his
book. Bonavia pointed out that monstrosities might actually
have played a large role in evolution by providing specific
adaptations in a single step. He even anticipated the idea
of preadaptation when he declared that such monsters might
have been able to occupy new habitats and there continue a
special evolution. He also insisted strongly upon the possi-
bility of single large steps in evolution for which the mon-
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sters provide the proper material, and he mentioned a num-
ber of writers on evolution who had realized this. He even
had a vague idea of the embryological basis of large sudden
deviations, when he wrote that "a little more atomic disturb-
ance here, a little less there, during the embryonic stage may
produce a new compound? which then may be called a
species, a genus, or even an order, as the case may be." He
actually used as an example the long tail of Archaeopteryx,
which he suggested might have been reduced in one genera-
tion to the short tail of the modern bird. This statement is
remarkable, as the existence of an Archaeopteryx stage in
the development of birds has only recently been discovered,
and as the numerous tail-reducing mutants in mammals and
birds, as well as the experimental production of related ab-
normalities, belong to present-day biology.

The facts and conclusions regarding the hopeful monster
are so obvious that there is no need for a long discussion.
Only a few points might be briefly mentioned. Certain types
of monstrosities occur rather easily as mutants in different
groups of animals of comparable architecture. For example,
mutants reducing the extremities are known to occur in man,
in mammals, and in birds. Hairlessness and tail-lessness oc-
cur as mutations in different species of mammals. Bulldog-
head is known as a mutant in vertebrates from fishes to mam-
mals. Wing rudimentation occurs in many groups of insects
and birds. Reduced eyes occur as mutants in insects, crus-
tacea, mammals. Telescope eyes occur as mutants in fishes.
All these types of monstrosity and many others are consid-
ered in other cases as taxonomic traits characteristic of
forms adapted to special conditions of life. Therefore there
is no reason to assume for such taxonomic traits an origin
by slow selection of micromutations instead of origin in one
large step. Sometimes it is argued that the existence of dif-
ferent degrees of monstrous features is proof of an origin
by gradual evolution. Cormorants are poor fliers. Cormo-
rants living on the islands near the Pacific Coast of North
America show slight signs of wing rudimentation (Grin-

9. Bonavia's italics.
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nell). The Galapagos cormorant is flightless. But we know
that mutants producing rudimentation and other monstrosi-
ties may have a partial effect in one case or a maximum
effect in another. The interpretation of this case is clear. A
single mutant may produce any degree of wing rudimenta-
tion. If such a mutation occurs in a hawk, for example, the
resulting monster will not survive. But if it occurs in such
a bird as the cormorant, which is already organized for
catching its food while swimming under water, the monstros-
ity will not be deleterious and might even be of the "hopeful"
type if it enhances simultaneously the swimming and diving
capacity (by lessening friction). Whether a complete or a
partial reduction of the wing can take place depends upon
the habitat. Obviously a cormorant on the Pacific Coast can-
not survive without flight, but needs a certain amount of it
to change its fishing grounds; an island cormorant finds
enough fish with very little flying; and a Galapagos cormo-
rant can do well without flying at all. The three different
degrees of mutation, all of the type of the hopeful monster,
have fitted the respective mutants to three different niches
characterized by the distribution of fish supply. Only one
more example need be mentioned. Rumplessness is an ordi-
nary mutant in fowl, producing deformity and shortening of
the rump; it is based on a genetic disturbance in early de-
velopment and may also be obtained as a phenocopy by cool-
ing the embryo during a critical period (cf. literature in
Goldschmidt, 1938). The eventual appearance of this mu-
tant monstrosity in a bird which has to be a good flier in
order to survive would certainly not fit it for survival. But
the same monstrosity may enable another bird to start a line
of running birds occupying grasslands or steppes. Thus, the
combined facts of genetics, embryology, and taxonomy dem-
onstrate that the hopeful monster is one of the means of
macroevolution by single large steps.

C. A Few Facts from Botany and Paleontology
In our discussion of the potentialities of development in

relation to evolution, the plants were almost completely
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neglected. The reason is obvious. Experimental embryology
of plants has not yet furnished the information which would
enable us to connect hereditary changes with developmental
processes in a simple way. In higher plants the determinative
processes occur largely at the growing points. The deter-
mination of the taxonomic features of a flower, for example,
must take place at an early stage in the development of the
bud. We have reason to suppose that the decisive processes
are not different in principle from those in animals. Relative
growth and pattern formation are still the basic features.
The general type of determination is probably similar, aside
from the fact that it does not occur in a closed, unified sys-
tem as in animal embryos. Critical periods of determination
seem to occur (Harder), and the determination itself prob-
ably involves a flow of determining substances (hormones)
in definite gradients with definite thresholds. This, unfortu-
nately, is still a largely unexplored field of experimentation.
In addition, we know of the existence of phenocopies in
plants; i.e., of niorphogenetic changes induced by the en-
vironment and resembling hereditary traits. Many examples
can be found in Turesson's writings (loc. cit.). Rudimentary
organs of taxonomic importance are also known (in the
flower and embryosac, for example) and may be analyzed
just as in animals. Monstrosities produced by single muta-
tions are also frequent (peloria, calycanthemy) ; these are
of the type of macromutational difference in other forms.
I do not doubt, therefore, that with better knowledge of
EntwicTdungsmechanik and physiological genetics in plants,
an analysis paralleling the one presented here for animals
could be made and that the conclusions would be the same.
These few remarks should suffice, as I do not feel entitled to
discuss in detail a subject on which I do not have firsthand
information

The last sentence applies even more to the field of paleon-
1 tology. It is a well-known fact that biologists and paleontol-
ogists have frequently been at odds on the methods of evolu-
tion. One of the main points of difference has already been
mentioned: the Lamarckian attitude of most paleontologists,
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who believe that evolution as they see it in their material
cannot be explained in any other way. In addition, paleon-
tologists have always been greatly impressed by orthogenetic
series in the evolution of numerous groups of animals, and
have frequently expressed a belief in an explanation which
is based on some transcendental principle of improvement.
This situation has changed considerably. The younger
generation of paleontologists has tried to bring its reasoning
in line with the facts of genetics and development. I need
only quote Schindewolf (1936), the most progressive inves-
tigator known to me, who showed that the material presented
by paleontology leads to exactly the same conclusions as de-
rived in my writings, to which he refers. He elaborates the
thesis that macroevolution on a higher level takes place in
an explosive way within a short geological time, followed by
a slower series of orthogenetic perfections, as exemplified in
the oft-quoted evolutionary series. He realizes that the con-
ception of preadaptation accounts completely for this type
of evolution. He shows by examples from fossil material
that the major evolutionary advances must have taken place
in single large steps, which affected early embryonic stages
with the automatic consequence of reconstruction of all the
later phases of development. He shows that the many miss-
ing links in the paleontological record are sought for in vain
because they have never existed: "The first bird hatched
from a reptilian egg." Schindewolf and a few others also
realize that the genetical and phenogenetical facts and ideas
from which my thesis was derived furnish the basis for an
understanding of such a process of evolution. Thus we see
that the results of paleontology—see Schindewolf for refer-
ences to other authors who have come to similar conclusions
—vindicate the thesis which we developed here. It is gratify-
ing that all the disciplines which furnish material for the
understanding of evolution—taxonomy and morphology,
descriptive and experimental embryology, static and dy-
namic (physiological) genetics, comparative anatomy and
paleontology—supply ample and parallel evidence for a
theory of evolution which is more plausible than the neo-
Darwinian theory



V. CONCLUSION
THE THESES presented in these lectures have been derived
from a large body of research in diverse fields of biology,
undertaken, at least in part, with the problem of evolution
in mind. They have developed and changed with the prog-
ress of my own work and with increasing acquaintance—
much of it firsthand—with material studied by others. The
result as it stands today, and which we have tried to base
upon a large body of diversified facts converging toward a
single center, may be expressed in a few sentences. Micro-
evolution within the species proceeds by accumulation of
micromutations and occupation of the available ecological
niches by the preadapted mutants. Microevolution, espe-
cially geographic variation, adapts the species to the dif-
ferent conditions existing in the available range of distribu-
tion. Microevolution does not lead beyond the confines of
the species, and the typical products of microevolution, the
geographic races, are not incipient species. There is no such
category as incipient species. Species and the higher cate-
gories originate in single macroevolutionary steps as com-
pletely new genetic systems. The genetical process which is
involved consists of a repatterning of the chromosomes,
which results in a new genetic system. The theory of the
genes and of the accumulation of micromutants by selection
has to be ruled out of this picture. This new genetic system,
which may evolve by successive steps of repatterning until
a threshold for changed action is reached, produces a change
in development which is termed a systemic mutation. Thus,
selection is at once provided with the material needed for
quick macroevolution. The facts of development, especially
those furnished by experimental embryology, show that the
potentialities, the mechanics of development, permit huge
changes to take place in a single step. The facts of physio-
logical genetics and their explanation in terms of coordin-
ated rates of processes of differentiation furnish the insight
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into the possibilities of macroevolution by single steps. A
considerable role is assigned to such genetic changes as affect
early embryonic processes and automatically entail major
deviations in the entire organization. The general picture of
evolution resulting from such deliberations is in harmony
with the facts of taxonomy, morphology, embryology, pale-
ontology, and the new developments of genetics. The neo-
Darwinian theory of the geneticists is no longer tenable.

A theory of evolution, which in the last analysis is based
upon the control of velocities of reaction by catalysts which
in some way or other must make up the hereditary material,
may appear to some evolutionists to be too mechanistic and
too simplistic. I think that all theories of evolution tend to
reflect the scientific trends of their time. I have lived to see
the purely morphological period of biology with its evolu-
tionary corollary, the construction of phylogenetic trees,
invention of missing ancestors, and a philosophical outlook
variously termed mechanism, materialism, monism. The fol-
lowing period of experimental biology was skeptical of, if
not actually hostile to, evolution, as it could not be attacked
in laboratory experimentation. Mechanism became unpopu-
lar and vitalistic and teleological trends invaded evolution-
ary thought in the form of creative evolution, emergent evo-
lution, psycho-Lamarckism. The rise of genetics brought
back a mechanistic attitude; evolution started to become an
exact science. Just as there is no room for transcendental
principles in experimental physics and chemistry, in the
same way a factual attack upon the problems of evolution
can work only with simple mechanistic principles. Genetics
showed the evolutionists that evolution can be attacked
scientifically only on the basis of known analyzable proc-
esses, which are by their very nature relatively simple. But,
just as has been the case in chemistry and physics, mechanis-
tic analysis of evolution will sooner or later reach a point
where an interpretation in terms of known processes will
meet with difficulties. In such a situation chemistry and
physics have never invoked transcendental principles on the
assumption that nature is so frightfully complicated that it
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cannot be understood otherwise. The actual developments
have shown that this is not the case. The modern develop-
ment of the electronic theory has shown that rather simple
principles govern the most complicated phenomena of mat-
ter. Of course, there is always an unexplained residue on
which the investigator may train his personal metaphysical
predilection, but certainly no chemist would look to meta-
physics for an explanation of a difficult phenomenon, say
catalysis. In the same way the evolutionist, who meets with
difficulties in mechanical interpretation at a lower level,
may enjoy letting loose his metaphysical yearnings. But as
an investigator he can only work under the assumption that
a solution in terms of known laws of nature is possible.

We frequently encounter the idea that life phenomena are
infinitely more complicated than those of inorganic nature
and that they therefore cannot be understood on the same
basis. Applied to evolution, this outlook would mean that
one has to look for very complicated features, preferably
such as require a metaphysical interpretation. I cannot
agree with this. If life phenomena were not based on very
simple principles, no organism could exist; if embryonic de-
velopment were not controlled by a few simple basic proper-
ties and laws of matter, an organism could never be de-
veloped in a series of processes unrolling with the precision
of clockwork. If evolution had not been made possible by
relatively simple features inherent in the material basis of
organization, it would never have occurred. I said before
that evolutionary theory reflects the philosophy of the time,
meaning by philosophy not the metaphysical speculations of
some thinkers, but the general attitude toward the solution
of the riddles of nature as based upon the results of scien-
tific research. This philosophy is today simplistic and can-
not be otherwise, in view of present-day knowledge of the
constitution of matter. A few principles expressible in
simple numerals govern the essentials of physics and chem-
istry. In biology a group of chemical substances, many of
which are closely related and none too complicated in con-
stitution, the vitamins, hormones, and Atmungsfermente,
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etc control the most decisive processes of life, and heredity
will have to be referred, at least in a general way, to the
properties of proteins. This shows that a simplistic attitude
is not a flaw but the ideal goal for a theory in science and,
therefore also for a theory of evolution. I quote again:
f rustra fit per plura quod fieri potest per pandora
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