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VII. GENETIC CONTINUITY—EVOLUTION
(continued)

Darwinism
The first SAAWOK essay (1984) dealt

with evolutionary biology and it can be
consulted for a different approach from
that now to be taken. In addition, previous
Statements in this Conceptual Framework,
namely 10-18, 36-49, and 79-110, have
dealt with the facts of organic diversity over
time.

One can imagine a scenario that finds
life originating on our planet and then, for
all time, expressed as a single creature. That
did not happen, of course, and life has been
parceled into many millions of different
kinds—species as we call them. The
attempts to provide a rational explanation
for this organic diversity began to achieve
closure with the publication of the Darwin
and Wallace papers in 1858 and of the first
edition of Darwin's On the Origin of Species
the following year. The essence of Dar-
winism can be expressed simply: the indi-
viduals of a species vary in their inherited
characteristics; their powers of reproduc-
tion result in more offspring than can
usually be supported by the available
resources; the offspring that do survive tend
to be better adapted than those which per-

ish. That is, if there is intense competition
for limited resources among the geneti-
cally different individuals of a species, any
genotype that confers even the slightest
advantage will be favored. Thus, in time,
the population will become different from
the ancestral population.

These basic components of the Darwin-
ian hypothesis, together with some of Dar-
win's (1859) observations that supported
them, will form the next few Statements.

102. Intra-specific variation is typical of
natural species and species of domesticated
plants and animals.

Darwin begins the long argument for the
origin of species by evolution with a dis-
cussion of the sort of variation that would
be most obvious to his readers—variation
under domestication.

When we look to the individuals of the
same variety or subvariety of our older
cultivated plants and animals, one of the
first points which strikes us, is, that they
generally differ much more from each
other, than do the individuals of any one
species or variety in a state of nature (p.
7; this and the following quotations are
from the 1859, and first, edition of the
Origin).
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Darwin gave few data for this observation
in the Origin, expecting it to be obvious but
promised to present the evidence later,
which he did in 1868. Nevertheless he had
much to say in the Origin about the many
varieties of pigeons, which he bred and
observed.

In the mid 19th century, the whole phe-
nomenon of variation was difficult to
understand—a half century would pass
before the experiments of Gregor Mendel
would become known to the scientific
world. It was also true then, as now, that
variations could be either the result of
environmental factors or of inheritance.
We can generally distinguish between the
two but that was most difficult in Darwin's
time. Nevertheless Darwin understood that
only inherited variation could be impor-
tant in the origin of new species.

Any variation which is not inherited is
unimportant for us. But the number and
diversity of inheritable deviations of
structure, both those of slight and those
of considerable physiological impor-
tance, is endless. Dr. Prosper Lucas's
treatise, in two large volumes, is the full-
est and best on this subject. No breeder
doubts how strong is the tendency to
inheritance: like produces like is his fun-
damental belief: doubts have been
thrown on this principle by theoretical
writers alone. When a deviation appears
not unfrequently, and we see it in the
father and child, we cannot tell whether
it may not be due to the same original
cause acting on both; but when amongst
individuals, apparently exposed to the
same conditions, any very rare deviation,
due to some extraordinary combination
of circumstances, appears in the par-
ent—say, one amongst several million
individuals—and it reappears in the
child, the mere doctrine of chances
almost compels us to attribute its reap-
pearance to inheritance. Every one must
have heard of cases of albinism, prickly
skin, hairy bodies, &., appearing in sev-
eral members of the same family. If
strange and rare deviations of structure
are truly inherited, less strange and com-
moner deviations may be freely admitted

to be inheritable. Perhaps the correct
way of viewing the whole subject, would
be, to look at the inheritance of every
character whatsoever as the rule, and
non-inheritance as the anomaly (pp. 12-
13).

Geographic variation provided Darwin
with evidence for variability in nature. This
phenomenon remains an important sub-
ject in evolutionary biology to this day.
Naturalists were familiar with cases where
what seemed to be populations of the same
species were slightly different in different
localities.

Those forms [the geographic races]
which possess in some degree the char-
acter of species, but which are so closely
similar to some other forms, or are so
closely linked to them by intermediate
gradations, that naturalists do not like to
rank them as distinct species, are in sev-
eral respects the most important for us.
We have every reason to believe that
many of these doubtful and closely-allied
forms have permanently retained their
characters in their own country for a long
time; for as long, as far as we know, as
have good and true species. Practically,
when a naturalist can unite two forms
together by others having intermediate
characters, he treats the one as a variety
of the other, ranking the most common,
but sometimes the first one described, as
the species, and the other as the variety.
But cases of great difficulty, which I will
not here enumerate, sometimes occur in
deciding whether or not to rank one form
as a variety of another, even when they
are closely connected by intermediate
links. . . . Hence, in determining whether
a form should be ranked as a species or
a variety, the opinion of naturalists hav-
ing sound judgment and wide experi-
ence seems the only guide to follow (p.
47).

Thus the phenomenon of geographic
variation, which so impressed Darwin in
South America and especially in the Gala-
pagos Islands, was to become a strong argu-
ment for evolution.
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Certainly no clear line of demarcation
has as yet been drawn between species
and sub-species—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, between
sub-species and well-marked varieties, or
between lesser varieties and individual
differences. These differences blend into each
other in an insensible series; and a series
impresses the mind with the idea of an actual
passage [italics added].

Hence I look at individual differences,
though of small interest to the system-
atist, as of high importance for us, as
being the first steps towards such slight
varieties as are barely thought worth
recording in works on natural history.
And I look at varieties which are in any
degree more distinct and permanent, as
steps leading to more strongly marked
and more permanent varieties; and at
these latter, as leading to sub-species, and
to species. The passage from one stage
of difference to another and higher stage
may be, in some cases, due merely to the
long-continued action of different phys-
ical conditions in two different regions;
but I have not much faith in this view;
and I attribute the passage of a variety,
from a state in which it differs very
slightly from its parent to one in which
it differs more, to the action of natural
selection in accumulating (as will here-
after be more fully explained) differ-
ences of structure in certain definite
directions. Hence I believe a well-marked
variety may be justly called an incipient spe-
cies [italics added] (pp. 51-52).

Although Darwin found ample evidence
for the existence of variations, he was at a
loss to understand their origin.

The laws governing inheritance are quite
unknown; no one can say why the same
peculiarity in different individuals of the
same species, and in individuals of dif-
ferent species, is sometimes inherited and
sometimes not so; why the child often
reverts in certain characters to its grand-
father or grandmother or other much
more remote ancestor; why a peculiarity
is often transmitted from one sex to both

sexes, or to one sex alone, more com-
monly but not exclusively to the like sex
(p. 13).

Naturalists in the mid 19th century
assumed that variability was due either to
the direct effect of the environment, to
some unknown non-environmental phe-
nomenon, or to both. As noted before,
Darwin argued that, whatever the cause, it
must be inherited if it was to be of impor-
tance in evolution. In the first edition of
the Origin, Darwin stressed a non-environ-
mental cause for inherited variations, which
later proved to be correct. However he was
not able to rule out the possibility of a direct
effect of the environment in producing
adaptive changes. This was the view asso-
ciated with Lamarck. In fact, in successive
editions of the Origin, Darwin gave more
weight to the possibility of a Lamarckian
mechanism.

Seedlings from the same fruit, and the
young of the same litter, sometimes dif-
fer considerably from each other,
though, as Miiller has remarked, both
apparently have been exposed to exactly
the same conditions of life; and this shows
how unimportant the direct effects of the
conditions of life are in comparison with
the laws of reproduction, and of growth,
and of inheritance; for had the action of
the conditions been direct, if any of the
young had varied, all would probably
have varied in the same manner. To
judge how much, in the case of any vari-
ation, we should attribute to the direct
action of heat, moisture, light, food, &c,
is most difficult: my impression is, that
with animals such agencies have pro-
duced very little direct effect, though
apparently more in the case of plants (p.
10).

And then, as was so often the case, Darwin
was remarkably presentient:

But I am strongly inclined to suspect that
the most frequent cause of variability may
be attributed to the male and female
reproductive elements having been
affected prior to the act of conception
(p. 8).
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(This statement of 1859 should be read
remembering that chromosomes—the
term dates to 1888—and mitosis were first
seen in 1873, and meiosis was first described
in the 1880s; see SAAWOK III, pp. 619

ff)
The observations and arguments pre-

sented by Darwin left little doubt in the
minds of fellow naturalists that, regardless
of the cause, variations were nearly always
the consequence of inheritance. "Like pro-
duces like" with the proviso that what is
produced is not always exactly like the par-
ents. Inherited variations are abundant in
wild species and especially in the species
domesticated for human uses.

The next step in Darwin's analysis has
to do with the extraordinary powers of
reproduction characteristic of plants and
animals.

103. All species can, in theory, produce more
offspring than the environment can support.

This is how Darwin viewed this impor-
tant subject:

There is no exception to the rule that
every organic being naturally increases
at so high a rate, that if not destroyed,
the earth would soon be covered by the
progeny of a single pair. Even slow-
breeding man has doubled in twenty-five
years, and at this rate, in a few thousand
years, there would literally not be stand-
ing room for his progeny. Linnaeus has
calculated that if an annual plant pro-
duced only two seeds—and there is no
plant so unproductive as this—and their
seedlings next year produced two, and
so on, then in twenty years there would
be a million plants. The elephant is reck-
oned to be the slowest breeder of all
known animals, and I have taken some
pains to estimate its probable minimum
rate of natural increase: it will be under
the mark to assume that it breeds when
thirty years old, and goes on breeding
till ninety years old, bringing forth three
pairs of young in this interval; if this be
so, at the end of the fifth century there
would be alive fifteen million elephants,
descended from the first pair.

But we have better evidence on this sub-
ject than mere theoretical calculations,

namely, the numerous recorded cases of
the astonishingly rapid increase of vari-
ous animals in a state of nature, when
circumstances have been favourable to
them during two or three following sea-
sons. Still more striking is the evidence
from our domesticated animals of many
kinds which have run wild in several parts
of the world: if the statements of the rate
of increase of slow-breeding cattle and
horses in South America, and latterly in
Australia, had not been well authenti-
cated, they would have been quite
incredible. So it is with plants: cases could
be given of introduced plants which have
become common throughout whole
islands in a period of less than ten
years. . . . In such cases, and endless
instances could be given, no one sup-
poses that the fertility of these animals
or plants has been suddenly and tem-
porarily increased in any sensible degree.
The obvious explanation is that the con-
ditions of life have been very favourable,
and that there has consequently been less
destruction of the old and young, and
that nearly all of the young have been
enabled to breed. In such cases the geo-
metrical ratio of increase, the result of
which never fails to be surprising, simply
explains the extraordinarily rapid
increase and wide diffusion of natural-
ised productions in their new homes (pp.
64-65).

In looking at Nature, it is most necessary
to keep the foregoing considerations
always in mind—never to forget that
every single organic being around us may
be said to be striving to the utmost to
increase in numbers; that each lives by
a struggle at some period of its life; that
heavy destruction inevitably falls either
on the young or old, during each gen-
eration or at recurrent intervals. Lighten
any check, mitigate the destruction ever
so little, and the number of the species
will almost instanteously increase to any
amount (p. 66-67).

Darwin credited the Rev. Thomas Rob-
ert Malthus (1766-1834), Fellow of Jesus
College at Cambridge, for this idea of a
struggle for existence. In 1798 Malthus's
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An Essay on the Principle of Population as it
Affects the Future Improvement of Society
advanced the notion that much of the mis-
ery endured by humanity was a conse-
quence of overpopulation—too many peo-
ple and too few resources, especially food.
This is the gist of his argument:

I think I may fairly make two postulata.

First, That food is necessary to the exis-
tence of man.

Secondly, That the passion between the
sexes is necessary, and will remain nearly
in its present state.

These two laws ever since we have had
any knowledge of mankind, appear to
have been fixed laws of our nature; and,
as we have not hitherto seen any alter-
ation in them, we have no right to con-
clude that they will ever cease to be what
they now are, without an immediate act
of power in that Being who first arranged
the system of the universe; and for the
advantage of his creatures, still executes,
according to fixed laws, all of its various
operations.

I do not know that any writer has sup-
posed that on this earth man will ulti-
mately be able to live without food. But
Mr. Godwin has conjectured that the
passion between the sexes may in time
be extinguished. As, however, he calls
this part of his work, a deviation into the
land of conjecture, I will not dwell lon-
ger upon it at present, than to say, that
the best arguments for the perfectibility
of man, are drawn from a contemplation
of the great progress that he has already
made from the savage state, and the dif-
ficulty of saying where he is to stop. But
toward the extinction of the passion
between the sexes, no progress whatever
has hitherto been made. It appears to
exist in as much force at present as it did
two thousand, or four thousand years
ago. There are individual exceptions now
as there always have been. But, as these
exceptions do not appear to increase in
number, it would surely be a very un-
philosophical mode of arguing, to infer
merely from the existence of an excep-

tion, that the exception would, in time,
become the rule, and the rule the excep-
tion.

Assuming then, my postulata as granted, I
say, that the power of population is indefi-
nitely greater than the power in the earth to
produce subsistence for man [italics added].

Population, when unchecked, increases
in a geometrical ratio. Subsistence in-
creases only in an arithmetical ratio. A
slight acquaintance with numbers will
shew the immensity of the first power in
comparison of the second.

By that law of our nature which makes
food necessary to the life of man, the
effects of these two unequal powers must
be kept equal.

This implies a strong and constantly
operating check on population from the
difficulty of subsistence. This difficulty
must fall some where; and it must nec-
essarily be severely felt by a large portion
of mankind.

Through the animal and vegetable king-
doms, nature has scattered the seeds of
life abroad with the most profuse and
liberal hand. She has been comparatively
sparing in the room, and the nourish-
ment necessary to rear them. The germs
of existence contained in this spot of
earth, with ample food, and ample room
to expand in, would fill millions of worlds
in the course of a few thousand years.
Necessity, that imperious all pervading
law of nature, restrains them within the
prescribed bounds. The race of plants,
and the race of animals shrink under this
great restrictive law. And the race of man
cannot, by any effort of reason, escape
from it. Among plants and animals its
effects are waste of seed, sickness, and
premature death. Among mankind, mis-
ery and vice. The former, misery, is an
absolutely necessary consequence of it.
Vice is a highly probable consequence,
and we therefore see it abundantly pre-
vail; but it ought not, perhaps, to be called
an absolutely necessary consequence.
The ordeal of virtue is to resist all temp-
tation to evil.
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This natural inequality of the two pow-
ers of population, and of production in
the earth, and that great law of our
nature which must constantly keep their
efforts equal, form the great difficulty
that to me appears insurmountable in
the way to the perfectibility of society.
All other arguments are of slight and
subordinate consideration in compari-
son of this. I see no way by which man
can escape from the weight of this law
which pervades all animated nature. No
fancied equality, no agrarian regulations
in their utmost extent, could remove the
pressure of it even for a single century
(pp. 11-16).

Although Malthus was interested in the
implications for human beings, he clearly
realizes that the consequences of unchecked
population growth and the availability of
resources "pervades all animated nature."
Darwin saw in this phenomenon a key to
understanding the origins of organic diver-
sity.

There is no novelty so far in what Dar-
win is saying. No one can question that
variation exists in natural populations and
that an unchecked rate of increase can lead
to excessively large populations. These two
observations when combined with the next,
however, form the basis for the Darwinian
hypothesis for the origin of species.

104. Since the environment cannot support
all of the offspring, any individuals with inher-
ited variations that better adapt those individ-
uals to the environment will have improved
chances for surviving and leaving offspring.

Inherited variations and high mortality
alone, although they lead to a struggle for
life, cannot result in the formation of new
species or higher taxa. A new species is
different from the parental species so there
must be a mechanism for ensuring that the
population somehow becomes different.
Darwin continues:

Again it may be asked, how it is that
varieties, which I have called incipient
species, become ultimately converted
into good and distinct species, which in
most cases obviously differ from each
other far more than do the varieties of

the same species? How do these groups
of species, which constitute what are
called distinct genera, and which differ
from each other more than do the spe-
cies of the same genus, arise? All these
results, as we shall more fully see in the
next chapter, follow inevitably from the
struggle for life. Owing to this struggle
for life, any variation, however slight and
from whatever cause proceeding, if it be
in any degree profitable to an individual
of any species, in its infinitely complex
relations to other organic beings and to
external nature, will tend to the pres-
ervation of that individual, and will gen-
erally be inherited by its offspring. The
offspring, also, will thus have a better
chance of surviving, for, of the many
individuals of any species which are peri-
odically born, but a small number can
survive. I have called this principle, by
which each slight variation, if useful, is
preserved by the term of Natural Selec-
tion, in order to mark its relation to man's
power of selection. We have seen that
man by selection can certainly produce
great results, and can adapt organic
beings to his own uses, through the accu-
mulation of slight but useful variations,
given to him by the hand of Nature. But
Natural Selection, as we shall hereafter
see, is a power incessantly ready for
action, and is immeasurably superior to
man's feeble efforts, as the Works of
Nature are to those of Art (p. 61).

It may be said that natural selection is
daily and hourly scrutinising, through-
out the world, every variation, even the
slightest; rejecting that which is bad, pre-
serving and adding up all that is good;
silently and insensibly working, when-
ever and where ever opportunity offers,
at the improvement of each organic being
in relation to its organic and inorganic
conditions of life. We see nothing of these
slow changes in progress, until the hand
of time has marked the long lapse of ages,
and then so imperfect is our view into
long past geological ages, that we only
see that the forms of life are now differ-
ent from what they formerly were (p.
84).
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The data and arguments that Darwin
advanced about inherited variations, the
power of reproduction to overwhelm the
ability of the environment to provide
resources, and natural selection, were com-
bined to give an hypothesis for the origin
of species. In fact, the hypothesis is stated
as the title of his book.

105. The origin of species [is] by means of
natural selection, or the preservation of favoured
races in the struggle for life.

Darwin himself did a great deal to con-
vert his hypothesis for evolution to the the-
ory of evolution. I use "hypothesis" for a
provisional statement that can be tested
with the procedures of science. In contrast,
"theory" is used to mean the entire body
of knowledge dealing with a broad scien-
tific concept.

Most of the Origin consists of showing
how the hypothesis of evolution can be used
to explain a wide variety of biological phe-
nomena: "If evolution has occurred then
the following phenomena can be under-
stood as a consequence." This may seem
to be an indirect test, and indeed it is, yet
to examine events in the past one is
restricted to either studying the results of
those events or trying to reproduce exper-
imentally some small aspect of history.

The success of a hypothesis in offering
a satisfactory explanation for a phenome-
non, especially one not otherwise readily
explicable, makes it more probable that the
hypothesis is correct. Examples will now
be given of phenomena which were mys-
teries in the mid-19th century but for which
Darwin's explanation could be accepted
provisionally.

106. Homologous structures are derived by
evolutionary modification of a structure present
in a common ancestor.

Morphology was a highly developed
branch of biology in mid 19th century and
it had been established that organisms of
the same taxonomic group seemed to be
built on the same general plan. What could
this mean? Darwin's answer was:

We have seen that the members of the
same class, independently of their habits
of life, resemble each other in the gen-

eral plan of their organisation. This
resemblance is often expressed by the
term "unity of type;" or by saying that
the several parts and organs in the dif-
ferent species of the class are homolo-
gous. The whole subject is included
under the general name of Morphology.
This is the most interesting department
of natural history, and may be said to be
its very soul. What can be more curious
than that the hand of man, formed for
grasping, that of a mole for digging, the
leg of the horse, the paddle of the por-
poise, and the wing of the bat, should all
be constructed on the same pattern, and
should include the same bones, in the
same relative positions? Goeffroy St.
Hilaire has insisted strongly on the high
importance of relative connexion in
homologous organs: the parts may
change to almost any extent in form and
size, and yet they always remain con-
nected together in the same order. We
never find, for instance, the bones of the
arm and forearm, or of the thigh and
leg, transposed. Hence the same names
can be given to the homologous bones
in widely different animals. We see the
same great law in the construction of the
mouths of insects: what can be more dif-
ferent than the immense long spiral pro-
bosis of a sphinx-moth, the curious folded
one of a bee or bug, and the great jaws
of a beetle?—yet all these organs, serv-
ing for such different purposed, are
formed by infinitely numerous modifi-
cations of an upper lip, mandibles, and
two pairs of maxillae. Analogous laws
govern the construction of the mouths
and limbs of crustaceans. So it is with the
flowers of plants.

Nothing can be more hopeless than to
attempt to explain this similarity of pat-
tern in members of the same class, by
utility or by the doctrine of final causes.
The hopelessness of the attempt has been
expressly admitted by Owen in his most
interesting work on the 'Nature of
Limbs.' On the ordinary view of the
independent creation of each being, we
can only say that so it is;—that it has so
pleased the Creator to construct each
animal and plant.
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The explanation is manifest on the the-
ory of the natural selection of successive
slight modifications,—each modifica-
tion being profitable in some way to the
modified form, but often affecting by
correlation of growth other parts of the
organisation. In changes of this nature,
there will be little or no tendency to
modify the original pattern, or to trans-
pose parts. The bones of a limb might
be shortened and widened to any extent,
and become gradually enveloped in thick
membrane, so as to serve as a fin; or a
webbed foot might have all its bones, or
certain bones, lengthened to any extent,
and the membrane connecting them
increased to any extent, so as to serve as
a wing: yet in all this great amount of
modification there will be no tendency
to alter the framework of bones or the
relative connexion of the several parts.
If we suppose that the ancient progeni-
tor, the archetype as it may be called, of
all mammals, had its limbs constructed
on the existing general pattern, for
whatever purpose they served, we can at
once perceive the plain signification of
the homologous construction of the limbs
throughout the whole class (Origin, pp.
434-435).

Darwin's hypothesis of descent with
change also provided an explanation for a
common though most puzzling phenome-
non: vestigial organs. For example, human
beings have three to five vestigial tail bones
as the coccyx, and a part of the intestine,
the caecum, that is so important in other
animals reduced to the vermiform appen-
dix. At a time when naturalists were so
impressed with the exquisite adaptations
of organisms to their environment, how
could one explain these "useless" struc-
tures? To Darwin they were homologues
of important structures in a remote ances-
tor. If for some reason the structures lost
their functional signifance, natural selec-
tion could no longer maintain them.

Darwin observed that many fascinating
puzzles were encountered in the study of
embryos (see also SAAWOK—IV, pp. 457-
461).

It has already been casually remarked
that certain organs in the individual,

which when mature become widely dif-
ferent and serve for different purposes,
are in the embryo exactly alike. The
embryos, also, of distinct animals within
the same class are often strikingly simi-
lar: a better proof of this cannot be given,
than a circumstance mentioned by Agas-
siz, namely, that having forgotten to
ticket the embryo of some vertebrate
animal, he cannot tell now whether it be
that of a mammal, bird, or reptile (p.
439).

And how is this to be explained?

Let us take a genus of birds, descended
on my theory from some one parent-spe-
cies, and of which the several new species
have become modified through natural
selection in accordance with their diverse
habits. Then, from the many slight suc-
cessive steps of variation having super-
vened at a rather late age, and having
been inherited at a corresponding age,
the young of the new species of our sup-
posed genus will manifestly tend to
resemble each other much more closely
than do the adults. . . . We may extend
this view to whole families or even classes.
The fore-limbs, for instance, which
served as legs in the parent-species, may
become, by a long course of modifica-
tion, adapted in one descendant to act
as hands, in another as paddles, in
another as wings; and on the above two
principles—namely of each successive
modification supervening at a rather late
age, and being inherited at a correspond-
ing late age—the fore-limbs in the
embryos of the several descendants of
the parent-species will still resemble each
other closely, for they will not have been
modified (pp. 446—447).

These phenomena that Darwin could
explain by his hypothesis had earlier been
stressed by Karl Ernst von Baer (SAA-
WOK—IV, pp. 450-455) and were
expanded greatly by Ernst Haeckel (SAA-
WOK—IV, pp. 462-477). In fact, in the
last half of the nineteenth century the data
of comparative embryology were among
the most important for suggesting past
events in evolution and for classification,
and so are worth a statement of their own.
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107. The fact that the early embryonic stages
of animals belonging to the same phylum are
more similar than are later stages can be used
to suggest phylogeny.

For the embryo is the animal in its less
modified state; and in so far it reveals
the structure of its progenitor. . . . Com-
munity in embryonic structure reveals
community of descent. . . . As the
embryonic state of each species and
group of species partially shows us the
structure of their less modified ancient
progenitors, we can clearly see why
ancient and extinct forms of life should
resemble the embryos of their descen-
dants,—our existing species (p. 449).

108. The fact that species can be arranged
in natural taxonomic groups is a consequence
of their descent from a common ancestor.

One of the more astonishing aspects of
life is that it is partitioned in individuals
and that these individuals can be united in
groups that can be arranged in a hierarchy.
For example, for as long as we have his-
torical records human beings have recog-
nized a unity among all the varied individ-
uals that we call the domestic cat. Individual
lions, individual tigers, and individual leop-
ards form similar groups and these,
together with the domestic cat, are rec-
ognized as a more extensive class—"cats."
A still more extensive group unites cats
with all other creatures with hair and mam-
mary glands as "mammals."

Pre-Darwinian philosophers and natu-
ralists speculated about the meaning of
these seemingly natural groups. Some felt
that if all species were known, they would
form a continuum from simplest to com-
plex. That is, there would be no natural
groups. Others felt that there might be only
a few basic structural types and that all
living species were but variants on these
types. But why the types and why the var-
iants? And, of course, many naturalists
accepted Judeo-Christian dogma: crea-
tures are the way they are because that is
the way the Creator made them. But that
belief, explaining all and in so doing
explaining nothing, became increasingly
unacceptable in the nineteenth century.

Darwin's hypothesis was, in time, to pro-
vide an acceptable explanation.

From the first dawn of life, all organic
beings are found to resemble each other
in descending degrees, so that they can
be classed in groups under groups. This
classification is evidently not arbitrary
like the groupings of the stars in con-
stellations. The existence of groups
would have been of simple signification,
if one group had been exclusively fitted
to inhabit the land, and another the
water; one to feed on flesh, another on
vegetable matter, and so on; but the case
is widely different in nature; for it is
notorious how commonly members of
even the same sub-group have different
habits (p. 411).

Naturalists try to arrange the species,
genera, and families in each class, on what
is called the Natural System. But what is
meant by this system? Some authors look
at it merely as a scheme for arranging
together those living objects which are
most alike, and for separating those
which are most unlike; or as an artificial
means for enunciating, as briefly as pos-
sible, the general propositions,—that is,
by one sentence to give the characters
common, for instance, to all mammals,
by another those common to all carniv-
ora, by another those common to the
dog-genus, and then by adding a single
sentence, a full description is given to
each kind of dog. The ingenuity and util-
ity of this system are indisputable [this is
the Linnaean System]. But many natu-
ralists think that something more is
meant by the Natural System; they
believe that it reveals the plan of the
Creator; but unless it be specified
whether order in time or space, or what
else is meant by the plan of the Creator,
it seems to me that nothing is thus added
to our knowledge. . . . I believe that
something more is included; and that is
propinquity of descent,—the only known
cause of the similarity of organic
beings,—is the bond, hidden as it is by
various degrees of modification, which
is partially revealed to us by our classi-
fication (pp. 413-414).
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Finally, the several classes of facts which
have been considered in this chapter,
seem to me to proclaim so plainly, that
the innumerable species, genera, and
families of organic beings, with which
the world is peopled, have all descended,
each within its own class or group, from
common parents, and have all been mod-
ified in the course of descent, that I
should without hesitation adopt this view,
even if it were unsupported by other facts
or arguments (pp. 457—458).

Finally, as a spectacular case of the Dar-
winian hypothesis providing a satisfying
explanation, consider how it accounts for
the the data of paleontology.

109. Evolution, or descent with change,
means that species become modified over the vast
stretches of geological time. Therefore the species
of today must differ from their remote ancestors.

If Darwin's hypothesis is correct, and if
there were a complete paleontological rec-
ord of the lineages of all species, one would
expect to find all of the connections of each
species with its ancestral species back to the
origin of life itself. There was no such rec-
ord in the middle of the nineteenth cen-
tury and there is none today. The major
discoveries of the pre-Darwinian geologists
were that the organisms that lived in the
past were different from those alive today,
and that the more ancient the fossiliferous
strata, the greater the difference from
present-day species. But Darwin's hypoth-
esis demanded much more. The fossilif-
erous strata must contain the record of
organic evolution. For the most part, the
leading geologists and paleontologists of
the mid-19th century believed in the fixity
of species, which made Darwin's hypoth-
esis seem all the more unlikely and cou-
rageous.

The several difficulties here discussed,
namely our not finding in the successive
formations infinitely numerous transi-
tional links between the many species
which now exist or have existed; the sud-
den manner in which whole groups of
species appear in our European forma-
tions; the almost entire absence, as at
present known of fossiliferous forma-

tions beneath the Silurian strata, are all
undoubtedly of the gravest nature. We
see this in the plainest manner by the
fact that all the most eminent paleon-
tologists, namely Cuvier, Owen, Agassiz,
Barrande, Falconer, E. Forbes, &c, and
all our greatest geologists, as Lyell, Mur-
chison, Sedgwick &c, have unanimously,
often vehemently, maintained the
immutability of species (p. 310).

It might be added that one suggestion for
the sudden appearance of new organisms
in the geological record was that each new
group of fossils recorded a separate act of
Creation. Another, favored by Cuvier, was
that periodic catastrophes, such as an inun-
dation by the sea, destroyed life in one
region but eventually life would be restored
by immigrants from elsewhere.

Darwin's hypothesis did account for one
major phenomenon of paleontology—that
organisms that lived in the past are almost
always different from those living today.
The more remote the age, the greater the
difference (see SAAWOK—I, 487). The
paleontological data available to Darwin
also suggested, in a very general way, that
the very oldest strata contained simpler
organisms than later strata. So far as the
vertebrates were concerned, the oldest
known fossils were of fishes, and mammals
appeared much later. Yet if his hypothesis
was correct, there must have been species
that were ancestral to several major groups.
Some naturalists saw in Peripatus the sug-
gestion that the annelid worms and arthro-
pods must have had a common ancestor at
some remote period. Where was the fossil
evidence? If the major classes of verte-
brates—fishes, amphibians, reptiles, and
mammals—evolved in that order, where
were the "missing links"? It was not until
1861 that the first important intermediate
form was discovered—Archaeopteryx—with
its remarkable combination of avian and
reptilian characteristics. Darwin recog-
nized the absence of connecting links as an
important difficulty for his hypothesis and
offers this explanation.

I have attempted to show that the geo-
logical record is extremely imperfect;
that only a small portion of the globe has
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been geologically explored with care;
that only certain classes of organic beings
have been largely preserved in a fossil
state; that the number both of specimens
and of species, preserved in our muse-
ums, is absolutely as nothing compared
with the incalculable number of gener-
ations which must have passed away even
during a single formation; that, owing to
subsidence being necessary for the accu-
mulation of fossiliferous deposits thick
enough to resist future degradation,
enormous intervals of time have elapsed
between the successive formations; that
there has probably been more extinction
during the periods of subsidence, and
more variation during the periods of ele-
vation, and during the latter the record
will have been least perfectly kept; that
each single formation has not been con-
tinuously deposited; that the duration of
each formation is, perhaps, short com-
pared with the average duration of spe-
cific forms; that migration has played an
important part in the first appearance of
new forms in any one area and forma-
tion; that widely ranging species are those
which have varied most, and have often-
est given rise to new species; and that
varieties have at first often been local.
All these causes taken conjointly, must
have tended to make the geological rec-
ord extremely imperfect, and will to a
large extent explain why we do not find
interminable varieties, connecting to-
gether all the extinct and existing forms
of life by the finest graduated steps (pp.
341-342).

Many of these difficulties listed by Darwin
have not been overcome by later paleon-
tological research and it is even probable
that many difficulties will never be over-
come. For example, a great mystery of evo-
lution—the interrelations of the inverte-
brate phyla—is unlikely to be solved by the
records of the rocks. What is required is
abundant fossils of soft-bodied inverte-
brates, of the quality seen in the Burgess
Shale fauna (SAAWOK—VII, pp. 757-
771), and the chance of discovering these
is remote. Even for the invertebrates with
hard parts, the critical information about

their inner soft parts is almost never avail-
able. There is more to a mollusk than its
shell but that is usually all we have.

The outlines of evolution are seen best
in organisms with complex and intricately
structured hard parts. The vertebrates with
their internal skeletons of bone and car-
tilage provide the finest examples. We do
know, beyond all reasonable doubt, the
grand picture of vertebrate evolution and
in a few cases even some of the details. Each
year's field work by paleontologists fills in
a few gaps in our knowledge. Last month
Gingerich, Smith, and Simons (1990)
reported the first case of the discovery of
a very primitive whale, Basilosaurus, with
functional hind legs. Such a creature was
clearly demanded by the theory of evolu-
tion but is was by no means certain that
such an intermediate type would ever be
discovered. As the 20th century closes, we
have reached the state where it is highly
unlikely that the grand picture of verte-
brate evolution will be altered in any sig-
nificant manner and even many of the
details have been established.

—But for those hypothetical ancestral
forms of annelids, arthropods, and mol-
lusks, that is quite another matter. We can
test the adequacy of Darwin's hypothesis
only where the data are adequate and,
where they are, the data support the
hypothesis.

Darwin provided the conceptual frame-
work for biology. Everything that organ-
isms are and do can be interpreted in terms
of their biological history. The Origin
begins with a hypothesis of evolution and
then goes on to amass a quantity of sup-
porting data that leaves the subject estab-
lished as a theory.

Darwin had fomented a revolution in
thought—biological, philosophical, theo-
logical, sociological, and, when distorted
by some, economic as well.

When the views entertained in this vol-
ume on the origin of species, or when
analogous views are generally admitted,
we can dimly foresee that there will be
a considerable revolution in natural his-
tory. Systematists will be able to pursue
their labours as at present; but they will
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not be incessantly haunted by the shad-
owy doubt whether this or that form be
in essence a species.. . . We shall be com-
pelled to acknowledge that the only dis-
tinction between species and well-marked
varieties is, that the latter are known, or
believed, to be connected at the present
day by intermediate gradations, whereas
species were formerly thus connected.
. . . In short, we shall have to treat spe-
cies in the same manner as those natu-
ralists treat genera, who admit that gen-
era are merely artificial combinations
made for convenience. This may not be
a cheering prospect; but we shall at least
be freed from the vain search for the
undiscovered and undiscoverable essence
of the term species. . . . Our classifica-
tions will come to be, as far as they can
be so made, genealogies; and will then
truly give what may be called the plan
of creation.

The other and more general depart-
ments of natural history will rise greatly
in interest. The terms used by naturalists
of affinity, relationship, community of
type, paternity, morphology, adaptive
characters, rudimentary and aborted
organs, &c, will cease to be metaphorical
and will have a plain signification. When
we no longer look at an organic being as
a savage looks at a ship, as at something
wholly beyond his comprehension; when
we regard every production of nature as
one which has had a history; when we
contemplate every complex structure and
instinct as the summing up of many con-
trivances, each useful to the possessor,
nearly in the same way as when we look
at any great mechanical invention as the
summing up of the labour, the experi-
ence, the reason, and even the blunders
of the numerous workmen; when we thus
view each organic being, how far more
interesting, I speak from experience, will
the study of natural history become! (Ori-
gin, pp. 484-485)

And he notes: "Light will be thrown on
the origin of man and his history."
A moving summary ends the Origin.

A grand and almost untrodden field of

inquiry will be opened, on the causes and
laws of variation, on correlation of
growth, on the effects of use and disuse,
on the direct action of external condi-
tions. . . . Rudimentary organs will speak
infallibly with respect to the nature of
long-lost structures. Species and groups
of species, which are called aberrant, and
which may fancifully be called living fos-
sils, will aid us forming a picture of the
ancient forms of life. Embryology will
reveal to us the structure, in some degree
obscured, of the prototypes of each great
class.

The noble science of Geology loses glory
from the extreme imperfection of the
record. The crust of the earth with its
embedded remains must not be looked
at as a well-filled museum, but as a poor
collection made at hazard and at rare
intervals. . . . As species are produced
and exterminated by slowly acting and
still existing causes, and not by miracu-
lous acts of creation and by catastrophes;
and as the most important of all causes
of organic change is one which is almost
independent of altered and perhaps sud-
denly altered physical conditions,
namely, the mutual relation of organism
to organism,—the improvement of one
being entailing the improvement or the
extermination of others; it follows, that
the amount of organic change in the fos-
sils of consecutive formations probably
serves as a fair measure of the lapse of
actual time.

To my mind it accords better with what
we know of the laws impressed on matter
by the Creator, that the production and
extinction of the past and present inhab-
itants of the world should have been due
to secondary causes, like those deter-
mining the birth and death of the in-
dividual. When I view all beings not as
special creations, but as the lineal
descendants of some few beings which
lived long before the first bed of the Silu-
rian system was deposited, they seem to
me to become enobled. . . . As all the
living forms of life are the lineal descen-
dants of those which lived long before
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the Silurian epoch, we may feel certain
that the ordinary succession by genera-
tion has never once been broken, and
that no cataclysm has desolated the whole
world. Hence we may look with some
confidence to a secure future of equally
inappreciable length. And as natural
selection works solely by and for the good
of each being, all corporeal and mental
endowments will tend to progress toward
perfection.

It is interesting to contemplate an entan-
gled bank, clothed with many plants of
many species, with birds singing on the
bushes, with various insects flitting about,
and with worms crawling through the
damp earth, and reflect that these elab-
orately constructed forms, so different
from each other, and dependent on each
other in so complex a manner, have all
been produced by laws acting around us.
These laws, taken in the largest sense,
being Growth and Reproduction; Inher-
itance which is almost implied by repro-
duction; Variability from the indirect and
direct action of the external conditions
of life, and from use and disuse; a Ratio
of Increase so high as to lead to a Strug-
gle for Life, and as a consequence to
Natural Selection, entailing Divergence
of Character and the Extinction of less-
improved forms. Thus, from the war of
nature, from famine and death, the most
exhalted object which we are capable of
conceiving, namely, the production of
the higher animals, follows directly.
There is grandeur in this view of life,
with its several powers, having originally
breathed into a few forms or into one;
and that, whilst this planet has gone
cycling on according to the fixed laws of
gravitation, from so simple a beginning
endless forms most beautiful and most
wonderful have been, and are being,
evolved (pp. 486-490).

There is grandeur indeed in this view of
life, and to the extent that students can
look upon that entangled bank and organ-
ize what they know about living organisms,
their lives will be enriched. And so will be
the life of Nature because, to the degree

to which Nature is appreciated, it will be
nurtured and protected.

References to Darwinism

There has been a great outpouring of
books about Darwin and his views begin-
ning with the centennial of the publication
of the Origin in 1959. Some of the key and
more recent references are provided here.
For others see SAAWOK—I, pp. 492-494.

An inexpensive facsimile edition of the
Origin, together with an important intro-
duction by Ernst Mayr, has been issued by
Harvard University Press (1964). Peckham
(1959) has produced a variorum of all edi-
tions of the Origin; Barrett, Weinshank, and
Gottleber (1981), a concordance; Freeman
(1978), information about the citations and
other items in the Origin.

Barrett (1977) has edited the collected
papers; Barrett et al. (1987) provide a defin-
itive edition of the notebooks of 1836-
1844; Herbert (1980), the Red Notebook;
Staufffer (1975), unpublished material on
natural selection; Keynes (1979), selections
from accounts of the Beagle expedition as
well as an edition of the Beagle diary (Key-
nes, 1988; Janet Brown and Neve, 1989,
provide another edition); Darwin and Wal-
lace (1958) has Darwin's sketch of 1842,
the essay of 1844, and the Darwin and Wal-
lace papers of 1858; Darwin's correspon-
dence is appearing in a multi-volume series
edited by F. Burkhardt and Smith (1985a-),
who also provide a calendar of his corre-
spondence (F. Burkhardt and Smith
(19856). Barlow (1958) has provided an
unexpurgated edition of Darwin's autobi-
ography. Barrett and Freeman (1987-)
have edited the complete works of Darwin.

See also: Barthelemy-Madaule (1982),
Baum (1988), R. J. Berry (1985), Bowler
(1983, 1984), Brackman (1980), Brent
(1981), J. Brooks (1984), R. W. Burkhardt
(1977), R. W. Clark (1985), Corsi (1988),
Croft (1989), Desmond (1984), Di Grego-
rio (1984), Gale (1982), Ghiselin (1969),
Gould (1982), M. Grene (1983), Hamrum
(1983), Hull (1983), Levtrup (1987), Mayr
(1976, chs. 17-19; 1982a, part 2; 1988,
part IV), Ospovat (1981), Richards (1987),
Ridley (1987), Roberts (1988), Ruse (1979,
1987, 1989), Tax (1960), G. R. Taylor
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(1983), Todes (1989), Vorzimmer (1970),
Vucinick (1988), Wells (1988), Wilshire
(1968), R.J.Wilson (1989), Young (1985),
and Ziadat (1986).

From NeoDarwinism to the
New Synthesis

To this day the Darwinian hypothesis has
proved a satisfactory and, for most, a sat-
isfying way to account for the changes of
organic diversity throughout geological
time. The events that converted that
hypothesis to the ever-expanding theory of
evolution was the leitmotiv of biology and
geology for the last half of the nineteenth
century. This is not the place to recount
that fascinating history, which is covered
in the references just given. The argument
will continue by listing the more important
additions to the theory of evolution—new
data that were to make the notion of evo-
lution convincing to all with an informed
and open mind.

My statement of the adequacy of Dar-
win's central thesis will come as a surprise
to those familiar with some of the conten-
tious debates that swirl around the subject
of evolution, some reaching a level of exe-
gesis reminiscent of the theologians of the
Dark Ages. Darwinism has been expanded
by new data and speculation, and whether
we call it NeoDarwinism or the New Syn-
thesis it is an ever more powerful explan-
atory device.

110. Inheritance is based on the orderly
transmission of segments of DNA, known as
genes, to the offspring.

The effective birthday of genetics, in
1900, was a half century or more away when
Darwin sought to understand the basis of
the variability on which natural selection
could act. The hypothesis demanded that
variations be inherited and the available
data seemed to indicate that was more or
less true. Darwin continued to work on this
problem and, in 1868, presented a massive
amount of data, but no conceptual break-
through, in The Variation of Animals and
Plants under Domestication (SAAWOK—III,
pp. 596-606). Most of all, Darwin was una-
ble to determine the source of new genetic
variation. He leaned toward the notion that

variation appeared by chance and he did
not fully accept the Lamarckian view that
the environment caused specific adapta-
tions. In fact, the first edition of the Origin
stresses the role of the environment less
than later editions.

The sequence of discoveries that led to
our current understanding of inheritance,
which extends from the phenotype of whole
organisms to the molecular events in cells,
has been covered in SAAWOK—III, pp.
583-747 and SAAWOK—VI, pp. 707-723
and 780-796.

111. Genetic variations in organisms are due
to new gene mutations and to recombination of
alleles formed by prior mutations.

The genetic information of individuals
consists of huge numbers of nucleotide
sequences. Although replication is usually
exact, errors do occur but nearly all are
corrected by the repair mechanisms of cells.
Those that escape repair and do not destroy
the cell remain as mutations. These are
almost always recessive and always rare so
the chance of their appearing in the F,
generation is exceedingly improbable.
However, these recessive alleles may per-
sist and contribute to the level of hetero-
zygosity of the genome. Recombination
during meiosis and fertilization shuffles
these alleles and this process of genetic
recombination provides for the more com-
mon source of genetic variability.

The discovery that inheritance consisted
of the orderly transmission of highly stable
Mendelian units did not immediately pro-
vide the evidence sought by evolutionists.
There was a perfectly valid reason why this
was so. The seemingly trivial differences
cause by Mendelian factors, such as the yel-
low or green color of pea seeds, were not
the sorts of things that differentiated spe-
cies of either plants or animals. Further-
more, when it proved possible to cross indi-
viduals of different species or varieties,
there was almost never any segregation of
alleles of the sort seen in Mendelian crosses.
A reasonable hypothesis was that Mende-
lian genes were only part of inheritance,
possibly a trivial or even a pathological part,
and that the basic structure of organisms
was due to something else. Embryologists
ascribed a central role to the cytoplasm.
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As the 20th century progressed it became
clear that the differences between species
were based mainly on innumerable genes,
each with small effects—polygenes. One
could never recognize individual poly-
genes but only a group of them acting in
concert. Phenotypic characters could be
thought of, then, as controlled by a few
main genes and numerous modifiers, or
polygenes.

In the early days of Drosophila genetics
there were many experiments consisting of
selecting "high" and "low" lines of some
morphological character (for example
Payne, 1920; Sturtevant, 1918; Zeleny and
Mattoon, 1915). Two decades later in the
early days of the "New Synthesis" of evo-
lutionary thought, Mather (1941) reported
on some extensive experiments to select
for the number of hairs on the abdomen
of Drosophila melanogaster.

Genetics has been mainly concerned with
the inheritance and behaviour of genes
by means of which individuals can be
classified into categories showing sharp
phenotypical differences. These are the
so-called "qualitative" genes. It has,
however, long been recognized that there
exists another type of heritable varia-
tion, termed "quanitative" or "metri-
cal". Such variation does not allow of
individuals being separated into distinct
types; all gradations between certain
arbitrary limits are to be observed. . ..
It is now generally accepted that these
characters are (a) controlled in inheri-
tance by an indefinitely large number of
genes, many of which have approxi-
mately equal effects, and (b) markedly
subject to environmental variation. . ..
Stature in man is typical of this kind of
character.

Mather counted the number of hairs on
the ventral surface of two of the abdominal
segments and found, for example, that in
one stock the number varied from 28 to
44 in males and from 33 to 54 in females.
Individuals from two laboratory stocks were
crossed and the F, checked for hair num-
ber. The mean value for males was 38 and
for females 41. A "high line" was started
with two females with the largest number

being crossed with the two males with the
largest number. A "low line" was started
with two females and two males with the
lowest number of hairs being crossed. This
process was repeated in the next genera-
tion in both lines. After 12 generations of
selection the average number in the high
line was 44 in the males and 51 in the
females. The corresponding values for the
low line were 26 and 32. Thus selection
could increase the number in males by 6
and decrease it by 12. In females the aver-
age could be increased by 10 and decreased
by 9.

It seems clear from the experimental evi-
dence that strains of D. melanogaster can
differ by balanced polygenic combina-
tions within chromosomes. These com-
binations have approximately the same
effect as each other on hair number, but
recombination following crossing-over
between them results in marked upset of
the balance and in the release of consid-
erable variation on which selection can
act.

Mather could not determine the number
of alleles involved but the data seemed to
indicate that a large number with + or —
effects must be present.

In later experiments (Mather and Har-
rison, 1949) the original findings were con-
firmed and extended. One of the most
interesting discoveries was that, with con-
tinued selection for high or low, there was
a decrease in fertility until either the line
died out or the numbers of individuals were
not sufficient to continue the experiments.
Thus the low line died out after 35 gen-
erations of selection and the high line had
very few individuals left after only 20 gen-
erations. At this point selection was stopped
and the few remaining individuals of" the
high line were allowed to produce a mass
culture. And then a most interesting obser-
vation was made. In five generations with
no selection, the mean number of hairs
returned to 80 percent of what their value
had been at the start of the experiment.

The development of electrophoretic
methods to separate the macromolecules
of cells opened up an important new way
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to study genetic variability. This technique
detects specific proteins, mainly enzymes.
Lewontin and Hubby (1966; and Hubby
and Lewontin, 1966) and Harris (1966)
used this method to determine the amount
of genetic variability. Harris reported on
human beings and Lewontin and Hubby
on Drosophila pseudoobscura.

The method to be described is predi-
cated, very roughly, on the following
argument. Any mutation in a structural
gene should result in the substitution,
deletion, or the addition of at least one
amino acid in the polypeptide produced
by the gene. Such a substitution, dele-
tion, or addition will, in some fraction
of cases, result in a change in the net
electrostatic charge on the polypeptide.
This change will in turn change the net
charge on the enzyme or other protein
of which such a polypeptide is a constit-
uent. Since enzymes and proteins are, as
far as we know, made up of polypeptides
from one or sometimes two different
structural genes, then we can expect that
electrophoretic differences in enzyme
proteins will segregate as single Men-
delizing genes. Thus, if we survey a large
number of enzymes and other proteins
and if we determine the electrophoretic
mobility of such proteins from single
individuals, it should be possible to detect
variability from individual to individual
at single loci (Hubby and Lewontin,
1966).

And it was. The electrophoretic differ-
ences "turned out to be single Mendelizing
entities." Forty-three laboratory strains of
Drosophila pseudoobscura, each started from
a single female, were studied. Twenty-one
loci were checked for electrophoretic var-
iants and 9 were found to be polymorphic.
For example, an esterase was found to have
6 alleles; malic dehydrogenase, 4 alleles;
leucine aminopeptidase, 4 alleles; and so
on (Hubby and Lewontin, 1966). In
another study 39 percent of the loci were
found to be polymorphic and there were
good reasons to believe that this might rep-
resent an underestimation (Lewontin and
Hubby, 1966).

These results were surprising and dis-

turbing. How could so much allelic varia-
tion be present if natural selection was
operative? A prevailing argument was that,
since one allele must be better than another,
homozygosity at nearly all loci was to be
expected. Lewontin and Hubby proposed
three main solutions to the dilemma.

(1) The alleles we have detected have
no relevance to natural selection but are
adaptively equivalent isoalleles.
(2) Selection tends to eliminate alter-
native alleles but mutation restores them.
(3) Selection favors the heterozygotes.

Lewontin and Hubby presented argu-
ments against the first and second hypoth-
eses. The third hypothesis was thought to
be most probable, that is, heterozygous
individuals are more fit than either of the
homozygotes. In fact, this phenomenon is
important enough to be stressed.

112. Heterozygosity can be of evolutionary
advantage.

It has been well known for centuries that
hybrids are often more vigorous than either
parental strain. Dogs of uncertain antece-
dents are usually less likely to have abnor-
malities than closely inbred varieties. The
mule is better and more useful in many
ways to human beings than either horse or
ass. However this hybrid vigor is of short
duration. The mule does not reproduce its
kind. In fact, the vigor of both plant and
animal hybrids is rarely continued in later
generations. Dobzhansky and his co-work-
ers found many examples of the superiority
of Drosophila that were heterozygous for
chromosomal inversions (Dobzhansky,
1970).

There is a good example of heterozy-
gous superiority involving a single locus.
The gene for sickle cell anemia is found in
a surprisingly high frequency in parts of
Africa. When homozygous it causes a seri-
ous blood disease that usually results in early
death. The sickle-cell allele is common
where the incidence of malaria is high and
the reason is that heterozygous individuals
have a higher resistance to malaria than
those with only the normal alleles (Allison,
1955, 1961; Cavalli-Sforza and Bodmer,
1971).
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There is no question, then, that natural
populations contain a high degree of
hereditary variation. There is ample
material for Darwinian evolution. This
variation is the consequence of rare muta-
tions that remain in the population either
because they are neutral (see Statement 117)
and so are not eliminated by selection or
because of the superior fitness of hetero-
zygous individuals. This is only part of the
story and more of its complexity is
described by Dobzhansky et al. (1977),
Futuyma (1986), Lewontin (1974), and
Maynard Smith (1989).

113. Gene mutation is a random event in
that there is no relation between the needs of the
organism and the specific mutation that occurs.

That is, the environment cannot cause
specific mutations to occur that will adapt
the individual to that environment. Here
we come to the problem raised by
Lamarckian evolution. Throughout his-
tory naturalists have been struck by the
phenomenon of adaptation, that is, the
remarkable morphological, physiological,
and behavioral features that adjust organ-
isms to their specific environments. Paley
(1802) and the other Natural Theologians
regarded adaptation as evidence of the
Deity's power and concern. Those natu-
ralists who rejected this position often fell
back on Lamarck's (1809) explanation:
organisms are adapted for a specific envi-
ronment because something in that envi-
ronment is the cause of the adaptation. Of
special importance were the effects of use
and disuse. If a structure was used it tended
to become better developed, if not used it
tended to atrophy, and in both cases it
would be inherited. Lamarck argued

It is not the organs, or, in other words,
the nature and forms of the parts of the
body of an animal which has given rise
to its habits, and its particular faculties,
but on the contrary, its habits, its man-
ner of living, and those of its progenitors
have in the course of time determined
the form of its body, the number and
conditions of its organs, in short, the fac-
ulties which it enjoys. Thus, otters,
beavers, water-fowl, turtles, and frogs,
were not made web-footed in order that

they might swim; but their wants having
attracted them to water in search of prey,
they stretched out the toes of their feet
to strike the water and move rapidly
along its surface. By the repeated
stretching of their toes, the skin which
united them at the base acquired a habit
of extension, until in the course of time
the broad membranes which now con-
nect their extremities were formed.

In like manner the antelope and the
gazelle were not endowed with light agile
forms, in order that they might escape
by flight from carnivorous animals; but
having been exposed to the danger of
being devoured by lions, tigers, and other
beasts of prey, they were compelled to
exert themselves in running with great
celerity, a habit which, in the course of
many generations, gave rise to the pecu-
liar slenderness of their legs, and the
agility and elegance of their forms.

The camelopard [giraffe] was not gifted
with a long flexible neck because it was
destined to live in the interior of Africa,
where the soil was arid and devoid of
herbage, but being reduced by the nature
of that country to support itself on the
foliage of lofty trees, it contracted a habit
of stretching itself up to reach the high
boughs, until its fore-legs became longer
than the hinder, and its neck so elon-
gated, that it could raise its head to a
height of twenty feet above the ground.

In the first edition of the Origin Darwin
tended to downplay a direct effect of use
and disuse and of the environment. He sus-
pected that the origin of new variations was
usually a random affair and that natural
selection chose those variants that would
provide the adaptation to a specific envi-
ronment or way of life.

To judge how much, in the case of any
variation, we should attribute to the
direct action of heat, moisture, light,
food, &c, is most difficult: my impression
is, that with animals such agencies have
produced very little direct effect, though
apparently more in the case of plants
(p. 10).



CONCEPTS OF BIOLOGY III 371

The case [sterile workers in ants], also,
is very interesting, as it proves that with
animals, as with plants, any amount of
modification in structure can be effected
by the accumulation of numerous, slight,
and as we must call them accidental, vari-
ations, which are in any manner profit-
able, without exercise or habit having
come into play (p. 242; italics added).

In the introduction to the 1964 reprint of
the Origin, pp. xxiv—xxv, Mayr gives exam-
ples of Darwin's uncertainty about the ori-
gins of variation. In later works Darwin felt
forced to admit to the greater probability
that the environment might have a more
important effect. That was the general view
of biologists in the last half of the 19th
century. Today we identify "Darwinism"
with the hypothesis of the spontaneous ori-
gin of mutations and ignore his equivoca-
tion, and marvel that in the absence of any
hard data he favored a point of view that
later research was to establish.

In the nineteenth century there was no
way of doing an experiment to decide
whether, as we would now say, gene muta-
tion is random and natural selection pre-
serves the alleles that will better adapt the
individual, or that specific mutations are
caused by specific environmental stimuli.
How could one know whether that long
neck of the giraffe was the consequence of
stretching to reach the leaves or, instead,
whether randomly-appearing genes for
long necks were selected? One cannot iden-
tify the process of evolution from its prod-
ucts. Neither can one study the process of
adaptation in wild populations living in a
constant environment. After all, genetic
variability and natural selection would have
been operating for great stretches of time
and the chance of observing directly any
appreciable new adaptive change is effec-
tively zero.

In fact, critical experimental evidence
was not available for a full century after
Darwin first sought the answer and it came
from observations on organisms largely
unknown to him—microorganisms. Mi-
croorganisms have two special features that
make them ideal test organisms: a short
generation time and the possibility of

maintaining huge populations in the lab-
oratory. Since mutations are rare, a species
that could produce huge numbers of
organisms in a short period of time would
be necessary in order to find a specific
mutation.

The phenomenon of "adaptation" was
well known to bacteriologists in the early
years of this century and the phenomenon
became of considerable medical impor-
tance with the introduction of sulfa drugs
and later of antibiotics. It was also known
that cultures of bacteria could be given food
substances that they could not initially use
but, after a few days, they would begin to
use so a vigorously growing population
would develop. E. coli, for example, is nor-
mally grown with glucose as an energy
source. If provided with lactose instead, at
first there is no growth. In a few days or
so the container becomes cloudy—due to
bacteria which had changed in some way
so that now they can metabolize lactose.
The bacteria have "adapted." Further-
more, the change is inherited—that is, the
ability to use lactose is characteristic of the
offspring.

This phenomenon of adaptation was
known to be common in bacteria and that
caused great distress among the Darwin-
ists—it was harder to think of a better
example of Lamarckian evolution. The
adaptation of bacteria, however, turned out
to be a splendid example of pure Darwin-
ian principles, which in modern terms
means that mutations are spontaneous in
their origin—not being related to any spe-
cific need of the organism.

Consider what sorts of experiments
would help decide whether the new ability
to use lactose is a result of the direct influ-
ence of the lactose on the bacteria
(Lamarckian evolution), or result from
occurrence of a random mutation confer-
ring the ability to use lactose and repro-
duction of this mutant individual to pro-
duce a large population (Darwinian
evolution). The difficulties in reaching a
decision between these possibilities will
become more obvious to students if they
are asked to suggest observations and
experiments that will lead to an answer.

If the phenomenon is based on Lamarck-
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ian principles, one could deduce that, in
the presence of lactose, most or all of the
bacteria should develop the ability to use
lactose as an energy source. Alternatively
the Darwinian hypothesis would predict
that a few, possibly only one, individuals
in a very large population would mutate to
acquire the ability to use lactose. The
mutated individual(s) would then be the
progenitor(s) of the adapted individuals.
Mutations are known to be rare, so let us
assume that one will occur in about 100,000
bacteria per generation.

A preliminary test could be made as fol-
lows. We isolate a single bacterium in a
glucose medium and let it multiply until
there is a large population with about one
million individuals in each ml of culture
medium. We then take 1 ml, which would
have about 1 million individuals, wash away
the glucose, and place the bacteria in 10
ml of culture medium made with lactose
in test #1. We then take 1 ml from tube
#1, add 9 ml of the lactose medium and
place in tube #2. Tube #2 will then have
about 100,000 bacterial cells. Tube #3 is
made from 1 ml from #2 plus 9 ml of the
lactose medium. It will have about 10,000
cells. This serial dilution is continued until
tube #5 will have only about 100 cells.

If lactose is the direct stimulus for the
change, one should expect that every tube
would soon have a flourishing culture of
bacterial cells. That is not what such an
experiment would show. Instead, only those
tubes with large populations, such as #1
and #2, would be observed to adapt to the
lactose. Thus the results can be explained
better by the occurrence of rare mutations
giving bacteria the ability to use lactose
followed by the rapid multiplication of
mutants.

If the mutation rate is about 1 per
100,000, one would not expect tube #3
with only 10,000 to have a mutant cell.
However if 10 replicates of #3 had been
made, there is a statistical probability that
in one a mutation to the ability to use lac-
tose would have occurred. Of course a
mutation could occur in any tube but the
probability of that would become very
much less where the populations are small.

The experiments of Luria and Delbriick

(1943) are usually cited as the first ade-
quate experimental evidence that adapta-
tion in microorganisms is a consequence of
random genetic change followed by selec-
tion of whatever adaptive mutant(s) hap-
pened to occur. Their experiments were
done before the whole problem of inher-
itance in bacteria was understood and this
accounts for some of the "dated" remarks.

When a pure bacterial culture is attacked
by a bacterial virus, the culture will clear
after a few hours due to destruction of
the sensitive cells by the virus. However,
after further incubation for a few hours,
or sometimes days, the culture will often
become turbid again, due to the growth
of a bacterial variant which is resistant
to the action of the virus. This variant
can be isolated and freed from the virus
and will in many cases retain its resis-
tance to the action of the virus even if
subcultured through many generations
in the absence of the virus. While the
sensitive strain adsorbed the virus readily,
the resistant variant will generally not
show any affinity to it. The resistant bac-
terial variants appear readily in cultures
grown from a single cell.

The actual experiment is done as follows:

A bacterial culture is grown from a sin-
gle cell. At a certain moment that culture
is plated with virus in excess. Upon incu-
bation, one finds that a very small frac-
tion of the bacteria survived the attack
of the virus, as indicated by the devel-
opment of a small number of resistant
colonies, consisting of bacteria which do
not even absorb the virus.

Luria and Delbriick proposed two hypoth-
eses to test:

First hypothesis (mutation): There is a finite
probability for any bacterium to mutate
during its life time from "sensitive" to
"resistant."

Second hypothesis (acquired hereditary immu-
nity): There is a small finite probability
for any bacterium to survive an attack of
the virus.

On the basis of the first hypothesis muta-
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tions would occur as the single isolated cell
divided repeatedly to produce the large
population. Thus

the proportion of resistant bacteria
should increase in time, in a growing
population, as new cells are constantly
added to their ranks.

In contrast to this increase in the pro-
portion of resistants on the mutation
hypothesis, a constant proportion of
resistants may be expected on the
hypothesis of acquired hereditary immu-
nity, as long as the physiological condi-
tions of the culture do not change.

It was possible to use statistical tests to dis-
criminate between the two hypotheses and
the data were found to

conform with the conclusions drawn
from the hypothesis that the resistant
bacteria arise by mutations of sensitive
cells independently of the action of the
virus.

And they are careful to point out, "It
remains to be seen whether or not this is
the general rule." So far as we can tell, to
this day it is.

A decade later Lederberg and Leder-
berg (1952) described experiments that
were notable not only for their results but
for the simplicity of the methods used to
obtain them. Again they used Escherichia
coli and the process of it adapting to either
bacteriophage or to streptomycin. If petri
plates were exposed to either selecting
agent, a few rare colonies of bacteria
appeared—that is, these colonies were
resistant. Although Luria and Delbriick
had made a strong statistical case that ran-
dom mutations had been selected, detec-
tion of the putative resistant cells was made
possible only with the presence of the selec-
tive agent. Was there a way to prove that
the resistant colonies could arise without
using either the phage or the streptomy-
cin? Lederberg and Lederberg did this by
"replica plating."

A dense culture was obtained by allow-
ing a single cell to replicate. The hypoth-
esis was that some of the thousands of" cells
so produced would become resistant while

most remained sensitive. The cells were
placed on many plates and colonies devel-
oped. The problem then was to decide if
some if the colonies had grown from a cell
that had mutated to resistance. This was
done by replica plating, that is, obtaining
another plate that was identical to the one
being observed.

A piece of sterilized velvet or velveteen
was stretched over a cylindrical block of
wood that was slightly smaller than the
diameter of a petri plate. The plate with
the bacterial cultures was then inverted and
pressed against the cloth. This transferred
some of the cells from each colony to the
cloth. Next a sterile plate was inverted and
pressed against the cloth. As a result some
cells from each colony would be trans-
ferred and in the exact spatial relation they
had on the original plate. Thus two or more
identical plates could be made. One of these
could be treated with bacteriophage or
streptomycin to see if any resistant colonies
were present. If such proved to be the case,
further tests were made by taking samples
of sensitive and resistant colonies from the
original plate and placing them directly in
culture media with the phage or antibiotic.
The resistant cells started to grow at once
and the sensitive ones failed to do so. Thus
it was demonstrated that those rare muta-
tions from cells sensitive to resistance had
occurred without either selective agent, phage
or antibiotic, being present.

These results demonstrated that, beyond
all reasonable doubt, the adaptation in the
experiments described was a consequence
of rare mutations that made the cells resis-
tant. There was no evidence that either the
bacteriophage or antibiotics caused the
change. Once the mutation to resistance
occurred, however, the resistant cells alone
remained in the population. This is Dar-
winian evolution.

It should also be added that numerous
experiments attempting to demonstrate
Lamarckian evolution have failed, peri-
odically new reports of its occurrence
appear but to date none has been proven.

For other experimental demonstrations
showing that evolutionary changes are the
consequences of random mutations fol-
lowed by selection see Bennett (1960),
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Clarke (1984), Demerec (1948), Hall (1982,
1983, 1988, 1989), Hard (1986), Leder-
berg (1948, 1949), Luria (1947), Mortlock
(1984), and Newcombe (1949).

It can be concluded, therefore, that the
basic genetic variability required for evo-
lutionary change is due to randomly-
appearing mutations. These may become
part of the total genetic makeup of the
population, the population's genotype, and
be recombined in meiosis and fertilization.
The recombinants may then be tested by
natural selection.

It must be noted, however, that muta-
tion and recombination alone do not lead
to evolutionary changes in populations.
The other major factor is natural selection.

114. In large populations alleles with equal
effects on survival will not change in frequency
unless selection occurs.

In the early years of this century, when
genetics was becoming a rigorous science,
some biologists seemed to regard muta-
tions and natural selection as antagonistic
forces: evolution was a consequence of
mutation alone and natural selection played
no role. DeVries's (1904) experiments with
Oenothera were interpreted as showing that
new species could arise by mutation.
Although this interpretation was later
shown to be incorrect, some biologists
sought to replace Darwinism with muta-
tionism.

Language had its influences as well. The
mind almost concludes that a dominant
allele, identified by a CAPITAL letter, is
somehow more powerful and will over-
whelm the recessive allele and spread
through a population solely because of its
dominance.

But consider the dramatic consequences
of a simple Mendelian cross of two homo-
zygous individuals: AA x aa. These parents
will have different phenotypes. In the F,
the dominant phenotype will prevail in the
Aa individuals. In the F2 there will be one
quarter AA, one half Aa, and one quarter
aa individuals, or in frequencies 0.25 AA,
0.50 Aa, and 0.25 aa. In the parental gen-
eration there are 50 percent A and 50 per-
cent a alleles. These same frequencies of
the two alleles hold for the F, and F2 gen-
erations.

Thus if mating is random and all geno-
types are equally viable, the frequency of
alleles remains constant. In the example
just given in the F2 and all subsequent gen-
erations the frequencies will be:

p2 + 2pq + q2 = 1.00

where p is the frequency of A and q is the
frequency of a (the more general desig-
nation of the alleles is a and a').

Recognition of this basic principle
occurred shortly after the rediscovery of
Mendel's work. For example, Castle (1903),
in a paper showing how selection of dom-
inant and recessive alleles could be used by
plant and animal breeders to increase or
decrease some desirable characteristic,
wrote that

As soon as selection is arrested the race remains
stable at the degree of purity then attained,
provided of course that one form is as
fertile as the other, and subject to no
greater mortality.

Hardy (1908) and Weinberg (1908)
expressed this phenomenon in the form
given above—the famous Hardy-Wein-
berg equilibrium equation. Hardy wrote as
follows:

I am reluctant to intrude in a discussion
concerning matters of which I have no
expert knowledge, and I should have
expected the very simple point which I
wish to make to have been familiar to
biologists. However, some remarks of
Mr. Udny Yule . . . suggest that it may
still by worth making.

Mr. Yule is reported to have suggested,
as a criticism of the Mendelian position,
that if brachydactyly is dominant "in the
course of time one would expect, in the
absence of counteracting factors, to get
three brachydactylous persons to one
normal."

It is not difficult to prove, however, that
such an expectation would be quite
groundless. Suppose that Aa is a pair of
Mendelian characters, A being domi-
nant. . . . Suppose that the numbers are
fairly large, so that mating may be
regarded as random, that the sexes are
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evenly distributed among the three vari-
eties [AA, Aa, and aa], and that all are
equally fertile. A little mathematics of
the multiplication-table sort is enough to
show that in the next generation the
number will be. . . .

Hardy then gives the equilibrium formula,
mentioned before, and shows that no mat-
ter whether brachydactyly is dominant or
recessive there would be no changes dur-
ing the following generations.

In a word, there is not the slightest foun-
dation for the idea that a dominant char-
acter should show a tendency to spread
over a whole population, or that a reces-
sive should tend to die out.

Thus, so long as the Hardy-Weinberg
equilibrium equation continues to describe
the genetic composition of a population,
there is no evolution. At the gene level this
means if, as in the example above, there is
equal fertility and viability of AA, Aa, and
aa individuals, that random mating occurs,
that the rate of mutation from A to a is the
same as the reverse, and that the popula-
tion is large, then the frequency of the
alleles will remain constant.

A few references to population genetics,
which deal with the quantitative aspects of
allele frequencies are: Crow and Kimura
(1970), Dobzhansky (1970), Falconer
(1981), Hard (1981), Hendrick (1983),
Lewontin (1974), Slatkin (1985), B. Wal-
lace (1968, 1981), E. O. Wilson and Bossert
(1971), and S. Wright (1968-1978).

But the course of life has been charac-
terized not by stasis but by dramatic changes
in gene frequencies that lead to evolution.
Current theory holds that there are two
main mechanisms for such changes: natu-
ral selection and, as we will now see, ran-
dom changes that can be thought of as sam-
pling errors.

115. If a portion of a population becomes
separated from the main body, the isolate may
contain a set ofalleles different from that in the
main population.

This phenomenon is variously known as
Genetic Drift, the Sewall Wright Effect, or
more usually the Founder Principle. Nat-

ural populations show tremendous genetic
variability. It has often been suggested that,
for the human population, each individual
(except identical twins) is genetically
unique. If so, the same should be true for
all species with similar breeding patterns.
Therefore, any small subset of the popu-
lation could not have the genetic variability
of the whole population.

There is no escaping the statistical fact
that small populations will have less, and
hence different, genetic variability. This
was pointed out by Sewall Wright (1932)
in his address to that famous Sixth Inter-
national Congress of Genetics. Thus, if a
population suffers a heavy die-off during
the winter months, or a small group of indi-
viduals migrates to a new geographic local-
ity and loses genetic contact with the par-
ent population, or if disease destroys a
major part of the population, the small
number of individuals remaining in each
case will give rise to a genetically different
new population.

Mayr (1942) modified and extended this
statistical principle to natural populations.

The reduced variability of small popu-
lations is not always due to accidental
gene loss, but sometimes to the fact that
the entire population was started by a
single pair or by a single fertilized female.
These "founders" of the population car-
ried with them only a very small pro-
portion of the variability of the parent
population. This "founder" principle
sometimes explains even the uniformity
of rather large populations, particularly
if they are well isolated and near the bor-
ders of the range of the species. The reef
heron (Demigretta sacra) occurs in two
color phases over most of its range, a
gray one and a white one, of which the
white comprises about 10 to 30 percent
of the individuals. On the Marquesas
Islands and New Zealand, two outposts
of the range, only gray birds occur, while
the white birds comprise 50 percent on
the Tuamotu Islands, another marginal
population (Mayr and Amadon 1941).
The differences in the composition of
these populations is very likely due to the
genetic composition of the original foun-
ders (p. 237).
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Mayr has expanded this idea in later
publications (for example 1954; 1963, pp.
529-535; and 19826). Small populations
will not only have a gene composition dif-
ferent from the parent population but, by
being small, can respond more rapidly to
selection (including becoming extinct!) and
hence evolve more rapidly. Experiments
with laboratory populations of Drosophila
have confirmed this notion (Dobzhansky
and Pavlovsky, 1957).

See also Barton and Charlesworth (1984),
Carson (1982), Carson and Templeton
(1984), Giddings et al. (1989), Nei et al.
(1975), Powell (1978), and Templeton
(1980).

116. Natural selection is the principal mech-
anism that changes the frequency of alleles in
populations.

This concept has had a checkered career.
Many of the earlier converts to Darwinism
found in natural selection a reasonable
hypothesis for evolution. More reflection,
but with little or no understanding of
inheritance, led many scientists to question
its efficacy. It was not until the 1930s that
the hypothesis gained increasing favor once
again, when the observations on selection
described under Statement 113 were
accepted as definitive. Today its primary
importance is questioned only by those who
suggest that genetic drift may play a very
important role in changing the frequency
of alleles.

The basic problem is that natural selec-
tion is exceedingly difficult, and almost
impossible, to study in natural populations.
Today we understand better why this is so.
Every natural population is subject to a
constant interplay of genetic variation and
selection. Every extant natural population
is an evolutionary success as measured by
the most fundamental criterion—it exists.
That is not to say that it is "the best" in
some absolute sense for natural selection
cannot produce the best of all possible pop-
ulations. Natural selection can do no more
than produce populations that can "get by."
A population living in a relatively stable
environment will not generally be observed
to change over the professional life span
of an observer. This is surely to be expected
if the minimum evolutionary duration of a

species is in the tens of thousands of years
and is usually far greater (see Statement 96,
SAAWOK—VII, p. 835).

This evolutionary stasis of species is not
a reflection of their inability to change.
With rapidly changing environmental con-
ditions, species can evolve with alacrity. The
most familiar examples are the domesti-
cated plants and animals. Most were
selected by human beings within the last
10,000 years or so. Morphological differ-
ences between the ancestors and present
day forms are of a magnitude that char-
acterize different wild species. If our pres-
ent races of dogs were wild species,
restricted to different geographical regions,
specialists in canine taxonomy would surely
describe each as a valid and distinct species.
A dalmatian and poodle differ far more
than a wolf and coyote in characteristics
used by canine taxonomists. The fact that
most domesticated varieties could cross if
brought together would present no great
problem since other valid species, lions and
tigers for example, can be hybridized.

In recent years there have been numer-
ous and vivid examples of the ability of
species to respond rapidly to new and severe
environmental challenges. In many
instances these evolutionary responses of
insects and microorganisms to pesticides
and antibiotics are major problems for
human beings. Pathogenic bacteria and
crop destroying insects become resistant in
a few generations to chemicals designed
for their control or elimination.

The first studies of the development of
resistance of insect pests to chemicals used
for their control is that of A. L. Melander
(1914, 1915). In the early years of our cen-
tury, a commercial spray of sulphur-lime
was used to control the San Jose scale insect,
Quadraspidiotus perniciosus (Comstock). It
was highly effective. By the decade 1910—
1919 however, the situation in the orchards
of Washington state reported by Melander
was different:

There is a prevailing feeling in some dis-
tricts that sulphur-lime is less efficient
now than formerly in controlling San Jose
scale, or orchard aphides, or the brown
mite. This has been largely ascribed to
the general adoption of the factory-made
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clear solution which is popularly regard-
ed as subject to a mysterious adultera-
tion.

In 1912-1915 Melander examined or-
chards near Wenatchee that had been
sprayed two weeks earlier with sulphur-lime
spray and found all the scale insects dead.

At the same time that these Wenatchee
scales were counted, specimens from
Clarkston, Washington, sprayed two
weeks before, showed 90 percent alive.
Even with 26° sulphur-lime, ten times
stronger than a normal application, 74
per cent of the scales were still alive.

Melander then did experimental sprayings
at various localities, keeping the conditions
as uniform as possible. The initial obser-
vations were confirmed: in some localities
the scale insects had become resistant while
in others the lime-sulphur spray provided
essentially full protection for the trees.

That the San Jose scale should become
acclimatized to a sulphur-lime environ-
ment is not altogether a strange thing.
There are organisms living in sulphur
springs, in thermal springs, in hyper-
tonic salt and alkaline lakes, and even in
petroleum wells,—all of [those] environ-
ments fatal to normal forms.

This contrasting difference between
Wenatchee and Clarkston cannot wholly
be ascribed to climate, nor to the con-
dition of the trees, nor to the water used
in diluting the sprays, nor to the com-
parative thoroughness of application, nor
apparently to any combination of extrin-
sic factors. The prevalence of scale at
Clarkston and its scarcity at Wenatchee
where effective spraying has kept it in
complete control, further bear out the
supposition that there is an inherent bio-
logical difference between the insects of
the two places.

There is little doubt that Melander
believed he was dealing with genes and not
some vague physiological modification.
Both papers were based on talks that
Melander gave at meetings of the Society
of Economic Entomology and this exchange
between the chair and Melander follows
the 1915 paper.

Vice-President Cooley: Could you find
no other cause than heredity for the
resistance to treatment?

Mr. A. L. Melander: That is the only
cause that has been determined thus far.

The ability of pests to develop resistance
to these chemical control methods pre-
sented a serious economic problem. As
Melander noted,

Clarkston at the present time is probably
as badly overridden with San Jose scale
as any fruit district. The destruction
wrought by this insect is almost incon-
ceivable: cherry and peach trees are dying
. . . and the apple and pear crop is so
badly specked with scale as to be unmar-
ketable.

Not surprisingly the phenomenon of pest
resistance to pesticides was so serious that
it demanded the attention of other agri-
cultural scientists. What Melander sus-
pected proved to be true in experiments
done in the 1930s with a pest of citrus, the
red scale insect Aonidiella aurantii (Mar-
shall). Effective control with hydrocyanic
gas was possible until resistance to the gas
was observed in a single locality, which then
became the center for the scale's spread.
Quayle (1938) and Dickson (1940) discov-
ered that the susceptible and resistant indi-
viduals differed genetically by a single allele.

During and after World War II many
new pesticides began to be used and, quite
regularly, the pests developed resistance.
The genetic basis of resistance varied from
species to species and even in different geo-
graphical populations of the same species.
The literature is enormous but the follow-
ing can serve as introductions: Bishop
(1981), Bishop and Cook (1981), A. W. A.
Brown (1967, 1971), Crow (1957), Geor-
ghiou (1972), Georghiou and Taylor
(1976), Mihich (1973), R. H. Richardson
(1978), Wood (1981), and Wood and Bishop
(1981).

Even the brown rat (Rattus norvegicus)
has developed resistance to a deadly poi-
son, warfarin (Bishop, 1981).

Beyond cases such as these, the demon-
stration of natural selection in the wild has
not been easy for the reasons given before.
To repeat, the chance of observing an
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adaptive change in a large population liv-
ing in a relatively constant environment
for a long time is nearly zero. Whatever
adaptative changes have occurred would
have taken place throughout the evolu-
tionary history of the lineage prior to the
time of our observations.

This explanation is made probable by
some observations on what happens when
artificial selection is reduced or eliminated.
When this occurs, populations of insects
that were resistant to pesticides and micro-
organisms that were resistant to antibiotics
tend to revert to their original states when
pesticides and antibiotics are removed from
their environment. When Mather stopped
selecting Drosophila for high and low hair
numbers, in a few generations the number
of hairs reverted toward the original num-
ber (Statement 111).

These are not new observations. That
famous paper of Alfred Russel Wallace
(1858) which paralleled Darwin's views,
begins as follows:

One of the strongest arguments which
[has] been adduced to prove the original
and permanent distinctness of species is,
that varieties produced in a state of
domesticity are more or less unstable,
and often have a tendency, if left to
themselves, to return to the normal form
of the parent species; and this instability
is considered to be a distinctive peculi-
arity of all varieties, even those occur-
ring among wild animals in a state of
nature, and to constitute a provision for
preserving unchanged the originally cre-
ated distinct species.

A familiar example is the high degree of
uniformity of the feral pigeons that find
their homes in cities. They closely resem-
ble the European rock dove from which
they were derived.

What is needed to demonstrate natural
selection are data showing a difference
between individuals of a population that
survive and those that do not. One of the
earliest of such studies was that of Bumpus
(1899) who found that the individual house
sparrows, Passer domesticus, surviving a
severe storm differed in minor ways from
those that were killed.

Natural selection is assumed to be the
mechanism that results in many species
being protectively colored, that is, they
closely resemble the background where
they occur. This was studied experimen-
tally by Dice (1947), who exposed two vari-
eties of deer mice to predation by owls.
One strain had ivory fur and the other
grayish fur. Two cages were used. The floor
of one cage was covered with sand that
closely matched the pelage of the ivory
mice. They were protectively colored, but
any gray mouse on that background would
be conspicuous. The other cage had sand
that more closely resembled the gray mice
and on this background the ivory mice were
more conspicuous. The experiments con-
sisted of putting equal numbers of the two
varieties of mice in the cages and observing
which mice were captured by a hungry owl.
In one group of experiments 192 mice were
captured. Of these, 65 percent were mice
that did not match the background. The
remaining 35 percent were on the match-
ing background.

The best documented study of natural
selection in the wild is that of Kettlewell
and his associates on industrial melanism
in moths in industrialized areas of England
(Kettlewell, 1955, 1959, 1961, 1973; Ket-
tlewell and Conn, 1977; R. J. Berry, 1990;
Bishop and Cook, 1975; Mani, 1990).
Amateur and professional entomologists
have collected Lepidoptera in England for
generations, so a great deal is known about
the various species over a long period of
time. The original form of the moth, Biston
betularia, is a pale, speckled, gray species
that closely matches the lichen-covered
trunks of trees. In 1850 an almost black
individual, previously unknown, was col-
lected in the highly industralized region of
Manchester. The frequency of the dark
form slowly increased until it reached about
95 percent of total—an increase corre-
lated with the killing of the lichens by air
pollution, leaving dark colored tree trunks.
The original pale form would have been
conspicuous on the dark trees and so sub-
jected to predation by birds. The pale form
continued to dominate the population in
regions not affected by air pollution.

A single dominant gene was found to be
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responsible for the dark form. Observa-
tions on predation by birds and marked-
recapture experiments showed clearly that
the pale form was at a selective disadvan-
tage compared to the dark form in the
industrialized regions.

Industrial melanism provides good evi-
dence for natural selection in nature. This
evidence has become all the better in recent
years because the levels of pollution in parts
of England have been much reduced.
Lichens are returning to the tree trunks,
which have become paler. And most fas-
cinating of all, the frequency of the pale
moths is increasing (Bishop and Cook,
1975). Thus selection against the pale
moths, which increased as the tree trunks
became darker, is now being reversed. The
hypothesis that natural selection eliminates
the more conspicuous moths has, there-
fore, been checked in two ways.

Industrial melanism has occurred in
more than 200 species of moths and the
genetic basis varies. It is also found in other
insects and even in birds. Lees (1981) has
provided a good summary. Endler (1986)
has summarized the evidence for many
examples of natural selection in the wild.

Thus, in this century it has been estab-
lished, beyond all reasonable doubt, that
genetic variation and natural selection
occur in natural populations. Their inter-
action can change the genetic composition
of populations and thus lead to adaptive
changes in the population—to evolution.
But there is another mechanism.

777. Some, or even many, of the genetic dif-
ferences among populations may be selectively
neutral.

In the early days of the New Synthesis,
it was assumed that genetic differences
among populations were a consequence of
selection of alleles that made the individ-
uals better adapted, and furthermore a high
level of homozygosity was expected. As the
years passed, however, it became clear that
there was a tremendous amount of allelic
variability and it was difficult to understand
how all of this could have a selective advan-
tage. The view developed that many alleles
might be neutral in their effects. This
hypothesis could account for the large

amount of seemingly "useless" allelic vari-
ation of enzymes reported by Lewontin and
Hubby (Statement 111).

A similar and older debate concerned
the adaptive significance of many of the
diagnostic characteristics of species (see
Robson and Richards, [1936] for an exten-
sive discussion of this problem). Good bio-
logical species might differ in such seem-
ingly trivial features as slight differences in
color, shape, or appendages. The most
obvious difference between the black guil-
lemot and the pigeon guillemot is that the
latter has a black bar in its white wing patch.
Is the black bar an adaptation or is it a
neutral character resulting from genetic
drift?

One of the most difficult problems of
evolutionary biology is to establish whether
or not a given allele or phenotypic char-
acter has some adaptive significance. Selec-
tion acts on whole guillemots, not on their
wing patches. That bar may not be of adap-
tive value but it may be part of a gene
complex that is highly adaptive. Or the type
of wing patch may be important in helping
boy guillemots and girl guillemots find a
mate of the same species. It is dangerous
to assume that any allele or feature is truly
neutral.

Possibly we should assume that selection
has produced species for specific niches.
Species are obviously adapted in their way
of life, their niche—otherwise they would
be extinct. Some of their characteristics
will be of greater importance than others
in providing this adaptation. Some might
be truly neutral. The important fact is that
the genotype as a whole need specify an
individual only good enough to "get by."

Kimura has been foremost in making the
case for the neutral theory of molecular
evolution. He notes (1983) that the dis-
tinctive feature of the NeoDarwinian or
synthetic theory is the central role of selec-
tion in producing the genetic differences
between species. This was a most reason-
able point of view when one thought of the
hereditary material as consisting of closely
packed genes, with each having some
important role. Later it became clear that
only a small percentage of DN A is respon-
sible for producing messenger RNA.
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It seems that only a small fraction of this
DNA—perhaps 1% in human cells—
carries the specifications for proteins that
are actually made by the organism
(Alberts et al, 1989, p. 23).

Furthermore it appears that even though
different alleles of this 1 percent of the
DNA could specify slightly different
enzymes, the enzymes might differ only in
those regions that have no effect on cata-
lytic action. Thus about 99 percent of the
DNA has no direct effect on the phenotype
and therefore cannot be selected for or
against.

Why then is the remaining 99% of the
DNA there? . . . Whatever the origins of
the DNA that does not code for protein,
it is certain that it now has some impor-
tant functions. Part of this DNA is struc-
tural, enabling portions of the genetic
material to become condensed or "pack-
aged" in specific ways . . . and some of
the DNA is regulatory and helps to switch
on and off the genes that direct the syn-
thesis of proteins, thus playing a crucial
role in the sophisticated control of gene
expression in eucaryotic cells {ibid., p. 23).

Kimura (1983) describes his hypothesis as
follows:

All these developments brought us many
fascinating observations and at the same
time some puzzling questions. The pro-
posal of the neutral theory (or more pre-
cisely the neutral mutation-random drift
hypothesis) represented my attempt to
answer these questions using the sto-
chastic theory of population genetics.
Unlike the traditional synthetic theory
(or the NeoDarwinian view), the neutral
theory claims that the great majority of
evolutionary mutant substitutions are not
caused by positive Darwinian selection
but by random fixation of selectively
neutral or nearly neutral mutants. The
theory also asserts that much of the
intraspecific genetic variability at the
molecular level, such as is manifested in
the form of protein polymorphism, is
selectively neutral or nearly so, and
maintained in the species by the balance

between mutational input and random
extinction or fixation of alleles (p. 306).

Kimura emphasizes that those alleles that
may be neutral and that can occur fre-
quently by random drift may at some later
time, when the species is confronted by
new environmental challenges, become
important. Kimura's hypothesis of neutral
alleles was a real challenge to evolutionary
biologists in the days when the gene was
thought to be the target of selection. A
little thought showed, however, that it was
not the gene but its vehicle—the entire
organism—that is the target of selection.

Thus the extensive and perplexing alle-
lic variation found by Lewontin and Hubby
has a formal explanation.

There remains a difficulty. Can one really
be sure that an allele is truly neutral? There
is a history of seemingly neutral muta-
tions—blood groups, types of hemoglobin,
chromosomal inversions in Drosophila,
etc.—eventually turning out to have
important functions.

Perutz (1983) has surveyed the data on
the possible adaptation of protein mole-
cules, mainly the hemoglobins. He finds
that

the structural evidence suggests that most
of the amino acid replacements [in
hemoglobin molecules] between species
are neutral or nearly so, caused by ran-
dom drift of selectively equivalent mutant
genes, and that adaptive mechanisms
generally operate by a few replacements
in key positions.

Nevertheless, there are a few fascinating
cases of known functions of slightly differ-
ent hemoglobin molecules. The case of
sickle cell hemoglobin was mentioned ear-
lier. Petschow et al. (1977) compared the
capacity of hemoglobin to carry oxygen in
geese living at different altitudes. The bar-
headed goose (Anser indicus) "breeds in the
highlands of Central Asia at altitudes
around 4,000 meters and reportedly flies
as high as 9,000 meters while transversing
the Himalaya mountains on its way to the
winter domiciles in the northern part of
India." The carrying capacity of its blood
was found to be considerably higher than
that of two lowland species, the Canada
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goose (Branta canadensis) and the greylag
goose (Anser anser). A similar story was
found for human blood compared with that
of the Andean guanaco and llama.

Perutz (1983) notes that some lowland
animals have blood that, in its ability to
carry large amounts of oxygen, resembles
high altitude animals. The elephant is one,
leading Perutz to suggest that this helped
"Hannibal's army across the alps in 218
B.C."—surely an example of preadaptation
on the elephant's part.

A few references to the neutralist-selec-
tionist controversy are Futuyma (1986, pp.
177-181), Kimura (1968, 1983), King and
Jukes (1969), Koehn^aZ. (1983),Lewontin
(1974), and Nei (1975).

118. Speciation requires the separation of a
freely interbreeding population into two or more
populations having very little or no interchange
of genes.

The phenomena described so far need
result in no more than the slow evolution
of a lineage—every million years or so the
various populations changing enough so
that each might be recognized as a new
species. The actual tempo would depend
on the available genetic variation and the
force of selection. In a constant environ-
ment changes would be expected to be
slight and slow, but if there were intervals
when the environment changed abruptly,
changes might be of greater magnitude and
occur more rapidly. Examples of rapid
changes when organisms are exposed to
pesticides or antibiotics were given before
(Statements 113, 116).

Over the long stretches of geological
time, however, when the changes are slow,
any attempt to designate a precise time
when one species ends and another begins
would be entirely arbitrary. At some spec-
ified time one might have to recognize par-
ents as one species and the offspring as
another.

But such changes in a single lineage is
not the only pattern of life over time.
Instead there has been an extensive split-
ting of lineages and the simultaneous for-
mation of new species. The development
of these discontinuities is known as speci-
ation and study of that phenomenon has
been the central activity of evolutionists,

including Darwin. After all, he did call his
major work On the Origin of Species.

Darwin and some of those who followed
him felt that speciation could not occur
within a single population of freely inter-
breeding individuals. Today we would say
that in such a situation there would be a
continual exchange of genes that would
prevent any diversification. Thus, some
mechanism for isolating populations would
be necessary before there could be speci-
ation. During the last half of the 19th cen-
tury and early 20th, naturalists were struck
with the observation that variation in
organisms was often closely related to their
geographic distribution. In his autobiog-
raphy, Darwin relates that three observa-
tions made on the Voyage of the H.M.S.
Beagle were important in the theory he was
eventually to formulate (Barlow, 1958).

From September 1854 onwards I
devoted all my time to arranging my huge
pile of notes, to observing, and experi-
menting, in relation to the transmuta-
tion of species. During the voyage of the
Beagle I had been deeply impressed by
discovering in the Pampean formation
great fossil animals covered with armour
like that on the existing armadillos; sec-
ondly, by the manner in which closely
allied animals replace one another in
proceeding southward over the Conti-
nent; and thirdly, by the South Ameri-
can character of most of the productions
of the Galapagos archipelago, and more
especially by the manner in which they
differ slightly on each island of the group;
none of these islands appearing to be
very ancient in a geological sense (p. 118).

Those statements are pregnant in their
implications. Each was to provide key data
for the hypothesis of Darwinian evolution.
The second and third are examples of what
came to be called geographic speciation,
that is, portions of a population become
isolated geographically and then undergo
their independent evolutionary changes.

These ideas are greatly expanded in the
Origin. In the chapter on "Geographical
Distribution" Darwin notes that,

the first great fact which strikes us is, that
neither the similarity or dissimilarity of
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the inhabitants of various regions can be
accounted for by their climatal or other
physical conditions (p. 346).

A second great fact which strikes us in
our general review is, that barriers of any
kind, or obstacles to free migration, are
related in a close and important manner
to the differences between the produc-
tions of various regions. . . . On each
continent, also, we see the same fact; for
on the opposite sides of lofty and con-
tinuous mountain-ranges, and of great
deserts, and sometimes even of large riv-
ers, we find different productions (pp.
347-348).

A third great fact, partly included in the
foregoing statements, is the affinity of
the productions of the same continent
or sea, though the species themselves are
distinct at different points and stations.
It is a law of the widest generality, and
every continent offers innumerable
instances. Nevertheless the naturalist in
travelling, for instance, from north to
south never fails to be struck by the man-
ner in which successive groups of beings,
specifically distinct, yet clearly related,
replace each other. He hears from closely
allied, yet distinct kinds of birds, notes
nearly similar, and sees their nests sim-
ilarly constructed, but not quite alike,
with eggs coloured in nearly the same
manner. The plains near the Straits of
Magellan are inhabited by one species of
Rhea (American ostrich), and northward
the plains of La Plata by another species
of the same genus; and not by a true
ostrich or emeu, like those found in
Africa and Australia under the same lat-
itude. . . . We see in these facts some deep
organic bond, prevailing throughout
space and time, over the same areas of
land and water, and independent of their
physical conditions. The naturalist must
feel little curiosity, who is not led to
inquire what this bond is.

This bond, on my theory, is simply inher-
itance, that cause which alone, as far as
we positively know, produces organisms
quite alike, or, as we see in the case of
varieties nearly like each other. The dis-
similarity of the inhabitants of different

regions may be attributed to modifica-
tion through natural selection, and in a
quite subordinate degree to the direct
influence of different physical condi-
tions. . . . On this principle of inheri-
tance with modification, we can under-
stand how it is that sections of genera,
whole genera, and even families are con-
fined to the same areas, as is so com-
monly and notoriously the case (pp. 249-
351).

Later Moritz Wagner (1868), Karl Jor-
dan (1896), and David Starr Jordan (1905),
emphasized the importance of geographi-
cal isolation for speciation. By the time the
New Synthesis began in the 1930s, there
were abundant data on geographic varia-
tion not only of morphological and physi-
ological features but of chromosomes and
genes as well. It was generally believed that
speciation must involve some separation of
the gene pool, with the subsequent evo-
lutionary divergence of the isolated sub-
groups. Ernst Mayr (1942) provided the
most extensive data and analysis and con-
cluded that the prevalent mode of specia-
tion is the consequence of the geographical
isolation of subgroups of an originally
interbreeding population. This was called
allopatric speciation, that is, speciation in
different homelands. The opposite, sym-
patric speciation ("same homeland"), Mayr
thought unlikely, since there would be no
way to prevent the swamping through
interbreeding of any group differences that
might occur.

One deduction from the hypothesis of
geographic speciation is that its extent
should be correlated with the presence of
barriers to gene flow and the dispersal abil-
ity of the individuals of the population.
Diamond (1977) tested this by comparing
the amount of speciation on continents,
islands, and archipelagoes. Other things
being equal, the presence of barriers should
be greater on the larger land masses. For
islands, the oceans would present barriers
to the free movement of some terrestrial
organisms and, hence, they would be iso-
lated. Diamond found that speciation fol-
lowing an invasion by a foreign species
occurred only on continents and the most
isolated archipelagoes. He found also that
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an island the size of New Caledonia, while
not large enough for speciation of birds or
ferns, was adequate for organisms with
lesser vagility such as lizards, insects, and
higher plants.

In the early 1940s there was general
agreement that the allopatric model was
probably the prevailing mode of specia-
tion, but there were vigorous debates over
the possibility of sympatric speciation as
well. The basic question is whether sym-
patric populations could become isolated
somehow—a necessary precondition for
differentiation. There is very little evi-
dence that this can occur in sympatric pop-
ulations except in special circumstances
such as polyploidy, and possibly isolation
of subsets of the population by their
restriction to different plant hosts or their
becoming parasites of different species.

Mayr (1988, p. 377) has recently evalu-
ated the data and concludes:

The conclusion we can draw from the
literature is that sympatric speciation by
a shift of host preference is a possibility
but that it has not been conclusively sub-
stantiated.

In an important paper of 1954 (reprinted
in Mayr, 1976, pp. 188-210) Mayr gave
further consideration to geographic spe-
ciation. He postulated a "genetic revo-
lution" if founder populations, with a
non-random selection of alleles, become
isolated at the periphery of the range of
the species. Later this model was called
peripatric speciation (Mayr, 1988, p. 367).
It is important to note that the hypothesis
of peripatric speciation was advanced to
account for some observations on geo-
graphic distribution. It was not an ad hoc
contrivance.

The causes and modes of speciation
remain an active field of research and con-
tention. The hypothesis of allopatric (peri-
patric) speciation remains the best docu-
mented, and probably the dominant, mode.
As will be discussed later a basic problem
is that it is impossible to reconstruct from
a present day species the events during its
origin. Thus scientists with a strong first
hand experience with organisms in nature
may reach very different conclusions from

those trained in model building or theo-
retical population genetics. The literature
has been summarized periodically by Mayr
(1942, 1963, 1976, 1988).

779. The integrity of species is maintained
by biological and environmental isolating mech-

anisms.
Allopatric populations may well begin to

differ over time but something more is
needed for them to achieve the species level
of divergence. Whatever extrinsic barriers
kept them completely or nearly completely
isolated might cease to exist. What then?
If the divergence in isolation had been
slight, we would expect interbreeding and
any distinctiveness to be lost. The gene pool
of the originally isolated individuals would
unite with the gene pool of the main pop-
ulation.

It has been recognized from ancient times
that an important feature of "kinds" of
organisms is that they do not interbreed in
nature. In fact, the inability to form hybrids
has traditionally been regarded as one of
the most important ways of defining a spe-
cies. This is so ingrained in our experience
that no one could consider the possibility
of obtaining offspring by crossing a dog
and a horse or a camel and a whale. For
the most part species are closed genetic
systems that only exchange genes with their
closest relatives, if at all.

Apparently the process of genetic diver-
gence during speciation results in the grad-
ual accumulation of barriers to crossing.
These barriers seem to develop while the
populations are still allopatric, and should
they reach a level that would prevent the
formation of fully viable F,, F2, and Fn gen-
erations, they would be full species.

The barriers that prevent the free
exchange of genes between closely related
populations are of two main sorts. One is
geographical isolation where the two pop-
ulations are physically separated. In addi-
tion there are genetic differences which
restrict or prevent exchanges of genes
between allopatric populations. These are
known as isolating mechanisms. Mayr has
proposed this definition (1970, p. 56):

Isolating mechanisms are biological
properties of individuals which prevent
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the interbreeding of populations that are
actually or potentially sympatric.

There are many sorts of isolating mecha-
nisms. In sympatric populations, inter-
breeding may be prevented because the
breeding seasons of the two populations do
not overlap or each population might be
restricted to its own habitat. In addition to
these environmental isolating mechanisms,
there may be sexual selection with individ-
uals of each population mating with only
its own species, or if mating does occur
between different populations there may
be a failure of fertilization, of hybrid invi-
ability, or the hybrid may be sterile. Dob-
zhansky was especially interested in isolat-
ing mechanisms (1937, ch. 8 and 9; 1970,
ch. 10) and they are discussed in most gen-
eral works on speciation (see especially
Mayr, 1963, ch. 5; 1970, ch. 5).

120. Natura nonfacit saltum unless there
is a severe environmental challenge.

Darwin encountered great difficulty in
proposing a reasonable hypothesis for the
origin of complex structures, such as the
vertebrate eye.

To suppose that the eye, with all its inim-
itable contrivances for adjusting the focus
to different distances, for admitting dif-
ferent amounts of light, and for the cor-
rection of spherical and chromatic aber-
ration, could have been formed by
natural selection, seems, I freely confess,
absurd in the highest possible degree.
Yet reason tells me, that if numerous
gradations form a perfect complex eye
to one very imperfect and simple, each
grade being useful to its possessor, can
be shown to exist; if further, the eye does
vary ever so slightly, and the variations
be inherited, which is certainly the case;
and if any variation or modification in
the organ be ever useful to an animal
under changing conditions of life, then
the difficulty in believing that a perfect
and complex eye could be formed by nat-
ural selection, though insuperable by our
imagination, can hardly be considered
real (pp. 186-187).

But how could data be sought to test such
a hypothesis? Since there was no fossil rec-

ord of eyes, Darwin had to use the methods
of comparative anatomy. He sought exam-
ples of species with light sensitive struc-
tures of varying complexity and found a
closely graded series from light sensitive
"eye spots" that were little more than
patches of pigmented skin to structures as
complex as the eyes of vertebrates. These
data were not conclusive but they did show
that light sensitive structures ranging from
simple to complex could be of use. There
was no need to suppose that the vertebrate
eye would be functional only if it appeared
fully formed in a single step. Since organ-
isms living today show this sequence of light
sensitive organs, there is reason to believe
that the vertebrate eye could not have
evolved by minute steps (Salvini-Plawen and
Mayr, 1977).

To maintain that there are no large gaps
in nature is contrary to the plain evidence
available to naturalists in the mid-19th cen-
tury. The living world was obviously
divided into discrete units, and for the most
part there were no known connecting
forms. Of course there was Peripatus, shar-
ing key features of both annelids and
arthropods, but the overwhelming rule was
that major groups were sharply delimited
from one another. Darwin accepted this
obvious fact but suggested that the links
were ancestors which with luck might be
discovered some day.

On the theory of natural selection we can
clearly understand the full meaning of
that old canon in natural history, "Natura
non facit saltum." This canon, if we look
only to the present inhabitants of the
world, is not strictly correct, but if we
include all those of past times, it must by
my theory be strictly true (p. 206).

The belief in the slow evolution of struc-
tures—microevolution—simply because
one could not envision anything like a ver-
tebrate eye springing into existence in a
single step, became part of general Dar-
winian theory. Natura non facit saltum
because, if she did, the result might be a
totally useless structure. A vertebrate eye
is a complex, beautifully integrated organ.
Complex structures could evolve only in
small steps, each step having to be inte-
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grated with the anatomy and physiology of
the entire organism. Darwinian evolution,
then, became identified with minute
changes over the vast eons of time.

This notion has been challenged in recent
years. Eldredge and Gould (1972; Gould
and Eldredge, 1977) have stressed that
evolution is not a slow steady process but
that lineages may have short periods of
rapid change followed by long periods of
little detectable change. They have called
this phenomenon punctuated equilib-
rium—evolutionary stasis punctuated by a
short period of rapid evolutionary change.
These periods of rapid evolutionary change
are associated with speciation.

Punctuated equilibrium is a theory about
the deployment of speciation in geolog-
ical time. As such, it is about the tempo
and mode of evolution. It holds, speak-
ing of mode, that significant evolution-
ary change arises in coincidence with
events of branching speciation, and not
primarily through the in toto transfor-
mation of lineages (classical anagenesis).
It maintains, speaking of tempo, that the
proper geological scaling of speciation
renders branching events as geologically
instantaneous and that, following this
rapid origin, most species fluctuate only
mildly in morphology during a period of
stasis that usually lasts for several million
years (estimates for the average duration
of marine invertebrate fossil species
range from 5 to 11 million years). . . .
Since "geologically instantaneous" is a
fuzzy term, I make the operational sug-
gestion that it be defined as 1 percent or
less of later existence in stasis. This per-
mits up to 100,000 years for the origin
of a species with a subsequent life span
of 10 million years (Gould, 1982).

This hypothesis started a vigorous debate
among evolutionists. Some claimed that
punctuated equilibrium represented a ref-
utation of Darwinism; others that it did not
exist; still others that variations in the
tempo and mode of evolution were already
recognized by paleontologists and not in
the least a refutation of either Neo-
Darwinism or the New Synthesis. There

was confusion about how rapid the changes
might occur, although a few years after the
original suggestion Gould defined it as
shown in the above quote. That did not
seem to invalidate the dictum natura non
fadt saltum, or if it did, the saltum was quite
leisurely.

It must not be forgotten, of course, that
adaptive changes can occur rapidly when
there is a new and severe environmental
challenge. Recall the cases of organisms
rapidly becoming adapted to antibiotics,
pesticides, and air pollution {Statement 113
and Statement 116). Seeley (1986) described
an interesting case in the marine gastro-
pod, Littorina obtusata. This European spe-
cies became established on the New
England coast in the late 19th century. In
the interval between 1871 and 1984 there
was a marked change in the morpohology
of the shell due, apparently, to predation
by the crab Cardnus maenas. The Drosoph-
ila of the Hawaiian Islands have become a
classic case of rapid evolution (Carson and
Kaneshiro, 1976; Carson and Yoon, 1982).

There are also cases among plants of the
almost instantaneous formation of new
species. Primula kewensis and Spartina town-
sendii are classic examples. This involves
the hybridization of different species in
which the hybrids are normally inviable
because of difficulties in meiosis—the
chromosomes of the two species cannot
synapse normally and then undergo the two
meiotic divisions. If, however, there was a
doubling of each parental group of chro-
mosomes to form a tetraploid, each chro-
mosome would have a homologue and,
hence, meiosis could be normal.

The furor about punctuated equilibrium
has mostly subsided. It is agreed that some
species seem to remain much the same for
long (geological) times but that speciation
might ensue relatively rapidly. Long ago
Simpson (1944, 1953) had assembled data
showing that the rate of evolutionary
change varies among fossil lineages. One
of the best documented cases was the rapid
radiation of the major taxa of placental
mammals in the early Tertiary. Thus, the
hypothesis of punctuated evolution in-
volves, at most, an expansion of the para-
digm of the New Synthesis.
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121. Macroevolution is microevolution con-
tinued.

That is, the evolutionary forces that lead
to the formation of new species will, with
continued variation and selection, lead in
time to new genera, families, and higher
taxonomic categories.

This principle has been questioned by
some evolutionists, in another challenge to
Neodarwinism and the New Synthesis who
maintain that nature does indeed make
large leaps—macroevolution. As was the
case with punctuated equilibrium, this
challenge has come mainly from the pale-
ontologists. The fossil record does seem to
indicate that drastically new forms of life,
new families for example, appear sud-
denly. The standard NeoDarwinian expla-
nation for this is the incompleteness of the
fossil record. Another explanation, using
microevolutionary principles, is that the
initial origins of what would become a rad-
ically different body form would have
occurred in a restricted geographical area
and that, during the initial stages of inte-
grating a new body plan and a new physi-
ology, individuals might be quite rare.

Although the branching of the evolu-
tionary lineages is slowly becoming better
known, the fact remains that the interre-
lations of major taxa is usually a mystery.
For example, there is no uniform opinion
even today about the interrelations of the
animal phyla.

This is a serious problem but the fact
remains that those espousing macroevo-
lution have yet to propose a reasonable
mechanism. Just as the hypothesis of evo-
lution was not accepted by naturalists until
Darwin proposed a plausible mechanism,
the hypothesis of macroevolution must
await its Darwin. Some of the suggestions
so far advanced seem more in the realm of
metaphysics than science.

One cannot work with living organisms
without appreciating the incredible inte-
gration of their morphology and physiol-
ogy. In those animals most studied, the
higher vertebrates for example, even slight
changes in the composition of blood or of
levels of hormones can have large effects.
There are many examples of populations
being drastically reduced, or even elimi-

nated, by slight changes in the temperature
of ocean water. It is a common observation
that most species are found in highly
restricted and specific habitats and they
cannot survive in others.

It is inconceivable to most evolutionists
that evolution could make a macro-leap and
end with a very different organism in which
all systems would be well integrated. In
sexually reproducing organisms that leap
would have to be made simultaneously by
both a male and female in an environment
to which they were adapted. That leaves
the possibility of macroevolution among
asexual organisms, since a change in only
one would be required, but the basic prob-
lem remains: how to get a well integrated
organism in a quantum leap of evolution.

It would probably be rather easy to
lengthen the neck of an antelope by, say
10 percent. But to produce a functional
giraffe by selection would require major
changes in the heart and vascular system:
otherwise, the animal would faint every
time it lowered it head to drink (May-
nard Smith 1989, p. 281).

—and so be selected, naturally, by lions.
In the absence of evidence and a reason-

able hypothesis for macroevolution, there
is no reason to reject the hypothesis that
over vast stretches of time the forces
responsible for microevolution will lead to
the differences that characterize genera,
families, orders, classes, and phyla. Gin-
gerich (1983) has measured the rate of evo-
lution observed in laboratory experiments,
colonization, and the fossil record. The first
two, where there is usually intense selec-
tion, gives rates averaging 58,700 darwins
for selection and 370 darwins for coloni-
zation. The unit of measure, the darwin,
was proposed by Haldane for the rate of
change over 1 million years. A rate of evo-
lution equal to that for colonization can
result in striking changes:

A microevolutionary rate of 400 d is suf-
ficient to change a mouse into an ele-
phant in 10,000 years. However, the
stratigraphic record is rarely complete
enough on a scale of hundreds or even
thousands of years to preserve such a
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rapid transition. Evolution on a micro-
evolutionary scale is invisible in the fossil
record, but his does not preclude
microevolutionary processes operating
over geological time from producing
macroevolutionary change on the longer
time scale. Microevolution and macro-
evolution are different manifestations of
a common underlying process.

There is an enormous literature, some
quite abrasive, on punctuated equilibrium
and macroevolution. What appear to me,
admittedly weaned on the New Synthesis,
to be balanced and useful evaluations are
Futuyma (1988), Hecht and Hoffman
(1986), Hoffman (1989), and Mayr (1988,
pp. 399-488). See also B. Charlesworth et
al. (1982), Eldredge (1985, 1989), El-
dredge and Gould (1972), Gingerich
(1984), Gould (1982), Gould and Eldredge
(1977, 1986), Grant (1982), Greenwood
(1979), Ho and Saunders (1984), Levinton
(1988), Levinton and Simon (1980), May-
nard Smith (1984), Rhodes (1983), Schopf
(1982), Schopf and Hoffman (1983), and
Stanley (1979, 1981).

122. NeoDarwinism is the dominant para-
digm for evolutionary biology.

Yes, in spite of all the Sturm und Drang
as Futuyma (1988) expresses it, Neo-
Darwinism as modified by the New Syn-
thesis and continuing research, remains
only effective way to organize the data of
organic diversity and its changes over time.
It is far from complete, and surely never
can be, but it has been strengthened by
every major advance in the biological sci-
ences that seemed to question its adequacy.
Mendelian genetics, at first apparently
another mechanism for evolution, came to
provide the variability demanded by Dar-
win. Paleontology, so long the stronghold
for the Lamarckians, came to support Dar-
winism.

After decades of little interest in Dar-
winism, there was a revival of activity that
started with Dobzhansky's Jesup Lectures,
"Genetics and the Origin of Species," in
Columbia University's Department of
Zoology in October 1936. Dobzhansky,
then at the California Institute of Tech-
nology with Thomas Hunt Morgan, was

FIG. 1. Ernst Mayr. Mayr has been a leader in evo-
lutionary biology beginning with the New Synthesis
in the 1930s. He was born in Germany in 1904 and
was educated there. From 1928-1930 he collected
birds on expeditions in the Southwest Pacific, mainly
New Guinea. In 1931 he became associated with the
American Museum of Natural History in New York.
In 1953 he resigned his curatorship there and became
Agassiz Professor at Harvard. He remains active to
this day although he officially became emeritus in
1975. Photographed by Mary Kelly. Courtesy of the
Harvard University Press.

shortly to move to Columbia and become
a close friend of Ernst Mayr and George
Gaylord Simpson, both based at the Amer-
ican Museum of Natural History but also
teachers at Columbia. Those three were
the central architects of the New Synthesis.
In March 1941 Ernst Mayr (Fig. 1) deliv-
ered his Jesup Lectures with the title "Sys-
tematics and the Origin of Species," which
were published in 1942. Simpson's volume
"Tempo and Mode in Evolution," was pub-
lished two years later when he was on mil-
itary duty.

Following World War II, Columbia pub-
lished two more volumes seminal to the
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New Synthesis, G. Ledyard Stebbins's
"Variation and Evolution in Plants" (1950,
based on his Jesup Lectures in October and
November 1946) and Bernard Rensch's
"Evolution above the Species Level"
(1960).

The New Synthesis, or Evolutionary
Synthesis as it is also called, was just that—
no conceptual revolution but a gathering
of the data of genetics, systematics, and
paleontology and showing how they could
be interpreted in the paradigm of Neo-
Darwinism. The result was a far better sup-
ported paradigm and an expanded ability
to deal with biological problems. Ernst
Mayr (Mayr and Provine, 1980, p. 1) pro-
vides a summary of what was accomplished.

The term "evolutionary synthesis" was
introduced by Julian Huxley in Evolu-
tion: The Modern Synthesis (1942) to des-
ignate the general acceptance of two
conclusions: gradual evolution can be
explained in terms of small genetic
changes ("mutations") and recombina-
tion, and the ordering of this genetic
variation by natural selection; and the
observed evolutionary phenomena, par-
ticularly macroevolutionary processes
and speciation, can be explained in a
manner that is consistent with the known
genetic mechanisms.

As noted before there are especially vig-
orous debates today about the adequacy of
the current version of NeoDarwinism.
There are many reasons, personal as well
as scientific (see Hull, 1988, for an attempt
to deal with some of these). If there can be
any one scientific reason for the acrimo-
nious debates, I think it may be a conse-
quence of this basic problem: existing spe-
cies do not carry detailed information about
the mechanisms of their origin.

The spring migration of birds is in prog-
ress as I write these words and the western
tanagers are passing through. There is no
way of knowing whether they split from a
parental population by peripatric specia-
tion or why the males have a beautiful yel-
low body, black wings, and a red head. Nor
is it known why (presumably) natural selec-
tion has given us a rather dull colored
female or why the species winters in Mex-

ico and then moves north for the summer.
The western tanagers provide no direct
evidence of their evolutionary anteced-
ents. Yet all these questions can be
answered with the help of the Neo-
Darwinian paradigm. This is because a vast
amount of observation and experimenta-
tion has provided an answer here, another
there, that collectively provide probable
explanations for the biological phenomena
dealing with diversity and change. This is
not to say that the separate answers are
adequate, or even correct, but they form
part of a consistent pattern, and more
importantly the paradigm suggests obser-
vations and experiments that can be made
to provide a better understanding. In fact,
the entire theory of evolution is a synthesis
of various little observations and experi-
ments, each giving a result that seems true
beyond reasonable doubt.

No theory in science is more than "the
best explanation we have today" to explain
natural puzzles. One can be sure that in
the case of our theory of evolution the next
few years will bring extraordinary new
insights. Already molecular biology and
sophisticated new work in paleontology
show promise of providing a greatly
improved general theory. Today most evo-
lutionists maintain NeoDarwinism because
it is the only general theory that can account
for the bulk of observations and guide
research.

References to the New Synthesis and later
developments

The basic works by those central to the
New Synthesis are Dobzhansky (1937,
1970; see also Lewontin et al., 1981), Mayr
(1942, 1963, 1970, 1976, 1982a, 1988),
Rensch (1960), Simpson (1944, 1953), and
Stebbins (1950). Mayr has provided the
most complete and analytical record of the
development of ideas in evolution that span
half a century. Huxley (1942) coined the
phrase "The Modern Synthesis" and pro-
vided an early overview. Other early
reviews were provided by Jepsen et al.
(1949) and by Huxley et al. (1954). The
mathematical aspects of evolution, which
were to become so important in population
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genetics, were first treated in detail by
Fisher (1930), Haldane (1932), and Wright
(1931).

Additional recent references are: Allen
and Briggs (1989), Avers (1989), Barigozzi
(1982), Baltscheffsky et al. (1986), Bendall
(1983), Bishop and Cook (1981), D. Brooks
(1983), D. Brooks and Wiley (1988), Bul-
mer (1980), Buss (1983), Carson and Yoon
(1982), Cavalier-Smith (1985), Crow
(1986), Dawkins (1989), Depew and Weber
(1985), Eldredge (1985, 1987, 1989),
Futuyma (1986), Futuyma and Montgom-
ery (1983), Gerskowitz (1986), B. and P.
Grant (1989), V. Grant (1985), Greenwood
et al. (1985), Grene (1983), Hard (1980),
Hecht (1989), Hecht and Hoffman (1986),
Hecht et al. (1977), Hitching (1982), Ho
and Saunders (1984), Hoffman (1989),
Iwatsuki etal. (1986), Jukes (1966), Karlin
and Nevo (1986), Kimura (1983), Levinton
(1988), Lewin (1982), Lewontin (1974),
Maynard Smith (1982, 1989), Milkman
(1982), Nei (1975, 1987), Nei and Koehn
(1983), Nitecki (1988), O'Grady (1984),
Otto and Endler (1989), Pollard (1984),
Provine (1971, 1986), Richards (1987),
Ridley (1985), Roughgarden (1979),
Schoch (1986), Shorrocks (1984), Sober
(1984a, b, 1988), Stanley (1979, 1981),
Vrba (1985), B. Wallace (1981), D. S. Wil-
son (1980) and Wright (1968-1978).

For additional and mainly earlier refer-
ences see SAAWOK—I (1984, p. 511).

VIII. CLASSIFICATION

Human beings living in a complex envi-
ronment could not function were not their
view of the world based on classification.
One cannot conceive of living effectively
if all objects of the immediate world were
regarded as independent and unrelated to
one another—that is, Jane, hot dog, cloud,
one dollar bill, Ford, and newspaper are
not dealt with as totally unique objects. We
intuitively associate those objects with other
children, other food, weather, money,
other automobiles, and other means of
communication. These larger categories
share characteristics so, if we know the
properties of one child or one automobile,
we know something about all children and
all automobiles.

Classification, then, unites objects with
shared features and serves as a reminder
of what those shared features may be.

123. Classification is the most powerful
information organizing and retrieval system of
the biological sciences.

That strong statement will surely aston-
ish a majority of modern-day biologists who
have come to regard classification as one
of the most boring, and probably rather
useless, topics of their science. In so doing
they forget that each and every one of us
use the methods and data of classification
every waking moment. A surgeon does not
have to wonder what will be found before
making that first long slice through a
patient's abdominal wall: xylem and
phloem? brain? wings? kidney? shell gland?
gizzard? The effectiveness of the surgeon
depends on human beings having a nearly
constant gross morphology and his famil-
iarity with that basic structure and the slight
range of its variations. The heart will almost
always be found slightly to the left of the
midline, but rarely, it is displaced to the
right.

The surgeon's patient, Homo sapiens, is
also regarded as a member of a larger unit
of classification that includes the gorilla and
chimpanzee. The structural resemblances
among these three species are such that the
same surgeon could operate successfully on
any one of them. These three species are
also grouped with many species of monkeys
and similar creatures as Primates. Primates
share many features but not as many as the
primate subgroup, the superfamily Hom-
inoidea, including the gorilla, chimpanzee,
and human beings. A still more inclusive
unit of classification unites the primates
with all other creatures that have hair and
nurse their young, which undergo their
early development in the mother's uterus.
They are mammals. A student who has dis-
sected any one mammal will have little
trouble in identifying the structures of an
individual of any other mammalian species.

And so it goes. Human beings are also
members of a huge group of organisms
with a vertebral column, the Vertebrata,
and a still more inclusive category of clas-
sification, the Phylum Chordata. Beyond
that the resemblances in gross structure to
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the phyla of invertebrates become obscure.
Nevertheless, there are astonishing exam-
ples of similarity at the cellular, subcellu-
lar, and molecular levels: all animals have
similar cells, subcellular structures, meta-
bolic pathways, and genetic systems.

Classification, then, allows us to store a
huge amount of information. Knowing that
a creature is an animal immediately tells us
the essential facts of its microscopic struc-
ture and cellular metabolism. To know one
primate is to know much of what there is
to know about every one of them.

A quite different sort of information is
also stored in any system of natural clas-
sification. As will be shown in Statement 127
the hierarchical taxa of a natural classifi-
cation reflect phylogeny.

124. Species are the basic category of biolog-
ical classification.

As noted before, life is not a continuum
but is packaged into discrete units—indi-
viduals. Nor do individuals form a contin-
uum—a scala naturae from amoeba to man.
They form groups—species—composed of
similar individuals which at any one time
are separated from other species by various
biological characteristics, including isolat-
ing mechanisms. In other words, species
are separated from one another by biolog-
ical gaps. In spite of the central importance
of the species category in biology, there is
no satisfactory definition of species that can
be applied in all cases. A little reflection
will indicate why this is so. If evolution has
occured, as it most assuredly has, there are
no gaps in the lineages of life. A species
may slowly evolve into quite a different
creature, yet there is no boundary line that
separates one kind from another.

Nevertheless we are able to recognize
species and our ability to do so is a con-
sequence of extinction and speciation. That
is, in the lineage of a single species there
will be slow changes over time until the
population will have become very different
from the remote ancestral population. The
differences may be great enough to describe
the ancestral and descendant populations
as different species but there is no obvious
time to change the names. In this type of
evolution there is only a single evolving

population, which means that at any one
time there is only one species.

Increases in the number of species at any
one time is a consequence of" speciation,
that is, the division of a single lineage into
two or more independent lines of evolu-
tion. At the time when the split first occurs,
the two subgroups will be essentially the
same but with further evolutionary diver-
gence they will come to resemble one
another less and less.

Species are recognized, therefore,
because they are different from other spe-
cies. But different in what ways? Males and
females of the same species may differ dra-
matically—as in the echiuran Bonellia viri-
dis—where the female may be 80 mm long
and the male, which lives as a parasite in
the female's body, is only 3 mm in length
(Jaccarini et al., 1983). There have even
been instances where, with inadequate
material, females and males subsequently
found to be conspecific have been described
as different species.

Something more than structure, there-
fore, is involved in recognizing species.
That other requirement is that the indi-
viduals recognized as belonging to the same
species are members of the same breeding
group. This level of taxonomic under-
standing must have been reached at the
latest by human Paleolithic hunters. Exter-
nal features would identify the "kinds" of
organisms, especially those important as
food or foe. Observations on the breeding
behavior would indicate the sorts of crea-
tures that were part of a breeding popu-
lation. Some of the individuals that mated
would be nearly identical in appearance
but in other cases the individuals might
differ in substantial ways.

That level of understanding remains the
popular one to this day. Nevertheless there
have been many changes in the species con-
cept over the ages suggested by philoso-
phers and scientists (Mayr, 1982a, pp. 251-
297). When Christianity became the dom-
inant thought pattern of the Western
World, species were accepted as the
descendants of the original products of
Divine Creation and were assumed to be
nearly constant in structure throughout all
time. Darwin looked upon species as the
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products of evolution. That being the case,
there could be no sharp line of demarca-
tion to indicate when an evolving popula-
tion would cease to be one species and start
to be another. He realized that there could
be no absolute criteria for the recognition
of species, since if past evolution is taken
into account "good" species would be con-
nected by a continuous series of interme-
diate varieties. The intermediates would
be extinct though, with luck, recoverable
as fossils.

No one definition has as yet satisfied all
naturalists; yet every naturalist knows
vaguely what he means when he speaks
of a species (Origin, p. 44).

In determining whether a form should
be ranked as a species or a variety, the
opinion of naturalists having sound judg-
ment and wide experience seems to be
the only guide to follow. We must, how-
ever, in many cases decide by a majority
of naturalists, for few well-marked and
well-known varieties can be named which
have not been ranked as species by at
least some competent judges (p. 47).

From these remarks it will be seen that
I look at the term species, as one arbi-
trarily given for the sake of convenience
to a set of individuals closely resembling
each other, and that it does not essen-
tially differ from the term variety, which
is given to less distinct and more fluc-
tuating forms. The term variety, again,
in comparison with mere individual dif-
ferences, is also applied arbitrarily, and
for mere convenience sake (p. 52).

Finally, then, varieties have the same
general character as species, for they
cannot be distinguished from species,—
except, firstly, by the occurrence of
intermediate linking forms . . . ; and
except, secondly, by a certain amount of
difference, for two forms, if differing very
little, are generally ranked as varieties,
notwithstanding that intermediate link-
ing forms have not been discovered; but
the amount of difference considered
necessary to give to two forms the rank
of species is quite indefinite (pp. 58-59).

Thus the problem of recognizing good
species was to be replaced by the problem
of recognizing a naturalist with sound
judgment. The decades that followed
showed the two problems to be equally
intractable. And so it must always remain
in theory: an evolutionary continuum can
only be divided arbitrarily.

Why, if Darwin "solved" the problem of
the species category by showing it to be
insoluble, have biologists continued to
struggle to provide acceptable means of
identifying the individual species them-
selves? The general answer is simple: it is
necessary to name the organisms that are
the basis of observations and experiments
if the resulting data are to become part of
biological knowledge. "I think that little
thing with about six legs and two wings may
be involved in malaria" would not be useful
information for studying the vector of the
most important human disease.

By the time of the New Synthesis in the
1930s and 1940s the biological species con-
cept began to gain wide acceptance. It
replaced the static concept of a species as
described by taxonomists with the dynamic
process of speciation itself. In 1935 Dob-
zhansky wrote,

Considered dynamically, the species rep-
resents that stage of evolutionary diver-
gence, at which the once actually or
potentially interbreeding array of forms
becomes segregated into two or more
separate arrays which are physiologically
incapable of interbreeding.

The "potentially interbreeding" restric-
tion was necessary because subpopulations
might be isolated on islands or otherwise
not be in communication. And, of course,
a population of today cannot interbreed
with its ancestors.

Dobzhansky emphasized that his defini-
tion could apply only to those species that
reproduced sexually.

Among organisms reproducing exclu-
sively by parthenogenesis or asexually,
species in our sense do not exist at all.
The classification of these organisms
must be based solely on the observable
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discontinuities in their morphological
structures and physiologies.

Thus Dobzhansky was emphasizing not
only the species as an intrabreeding unit
but also its isolation from other intrabreed-
ing units.

Mayr (1942, p. 119) pointed out that
Dobzhansky's definition is an excellent
description of the process of speciation, but
not a species definition. A species is not a
stage of a process, but the result of a pro-
cess. He (1940) modified the description as
follows:

A species consists of a group of popula-
tions which replace each other geo-
graphically or ecologically and of which
the neighboring ones intergrade or
hybridize wherever they are in contact
or which are potentially capable of doing
so (with one or more of the populations)
in those cases where contact is prevented
by geographical or ecological barriers.

Dobzhansky and Mayr were proposing
what came to be called the "biological spe-
cies concept" and to this day it continues,
sometimes with modification, to be the most
widely accepted definition. It has obvious
limitations, clearly recognized by both
Dobzhansky and Mayr, such as inapplica-
bility to fossils and to species that repro-
duce asexually.

The biological species concept is limited
in another important way: it can be used
only in carefully studied cases where there
is abundant material from the entire range
of the putative species. Most taxonomists
must use, perforce, the morphological spe-
cies concept and rely on a few characters
when describing or identifying species.
When only a few specimens are available,
critical questions such as the existence of
intergrades cannot be answered. Even when
there is an abundance of material, ques-
tions such as the relation of seemingly iden-
tical populations occupying isolated islands
cannot be answered unequivocally. Mayr
(1940) wrote:

In many cases of interrupted distribu-
tion it is necessary to leave it to the judg-
ment and the systematic tact of the indi-
vidual taxonomist, whether or not he

considers two particular forms as
"potentially capable" of interbreeding,
in other words, whether he considers
them species or subspecies.

The biological species concept must be
accepted largely as a theoretical statement
with limited applicability—limited because
there are so many species and so few biol-
ogists studying them that only a fraction
of existing organisms and, essentially no
fossil organisms, can be adequately ana-
lyzed.

Thus, we can conclude that morpholog-
ical species are the basic category of clas-
sification but that biological species must
be the basis of evolutionary analysis. These
two ways of looking at species can give star-
tlingly different results, as we shall now see.

125. A single morphological species may con-
sist of a complex assemblage of biological species.

It was fully accepted by many 19th cen-
tury naturalists that species were some-
thing more than kinds of creatures that
could be recognized by their external
appearance.

The presence of morphological distin-
guishing characters is not a final crite-
rion of specific distinctness; a definition
of species based solely upon such differ-
ences not only would not take into
account individual, geographical, and
historical polymorphism, but would, if
consequently applied, make every indi-
vidual specifically distinct, as we have
seen that the sum of the characters of
every individual is different from the sum
of characters of every other individual
(K.Jordan, 1896, p. 437).

Jordan's concept of the species category
was much like the biological species con-
cept that was to prevail in the 1930s. Nev-
ertheless, it appeared that morphology was
so often an indicator of breeding behavior
that it could be accepted as a practical
definer of species. This remains true to this
day, but every year more and more exam-
ples make it clear that morphology is an
inadequate way to identify species. Some
examples will now be given.

In 1908 Thomas Hunt Morgan collected
some Drosophila at Woods Hole and estab-
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lished laboratory cultures. Morgan and his
associates had just begun to study the
genetics of Drosophila melanogaster and it
was assumed that the Woods Hole cultures
were of that species since they appeared to
be identical in morphology. In 1910,
Quackenbush reported some unusual
results when the Woods Hole individuals
were crossed. In many of the crosses, only
females were obtained and these were ster-
ile. This puzzle was solved later by Stur-
tevant (1919) who found that some other
wild "melanogaster" gave similar results.
He concluded that two biological species
were involved, Drosophila melanogaster and
an almost identical new species that he
named Drosophila simulans. In fact, the two
species were so much alike that only males
could be reliably separated—and then only
by minute differences of their sexual
organs. When melanogaster and simulans are
crossed, the results obtained by Quacken-
bush are obtained.

Mayr (1942) described similar cases and
gave a name to the phenomenon—sibling
species.

We have denned as sibling species sym-
patric forms which are morphologically
very similar or indistinguishable, but
which possess specific biological char-
acteristics and are reproductively iso-
lated (p. 200).

Later the term sibling species was also used
for allopatric species with little or no mor-
phological difference but which behaved
as good biological species.

The genus Drosophila has provided other
striking examples of sibling species and the
elucidation of their relationships was one
of the most important advances in the early
days of the New Synthesis. Sturtevant was
the member of the Morgan group (SAA-
WOK—III, pp. 678-714) who, in addition
to being a brilliant experimental geneticist,
was a fine taxonomist. In 1921 he mono-
graphed the New World species of Dro-
sophila and one of those listed was Dro-
sophila obscura. This had originally been
described from Europe (Sweden) but Stur-
tevant listed it from Oregon and California
as well. Some of the Oregon specimens were

collected by one of Morgan's students,
Donald E. Lancefield.

In a classic paper of 1929, Lancefield
reported the results of lengthy experi-
ments on those flies from the west coast of
the United States, believing that he was
dealing with the same species, D. obscura,
as that of Europe.

It has been found that stocks of Drosoph-
ila obscura Fallen collected on the Pacific
coast fall into two types differing in their
genetic behavior, but identical in
appearance. Crosses of the two types are
made with some difficulty, and result in
sterile sons and partially fertile daugh-
ters which may occasionally be success-
fully mated to males of either type. The
results of such crosses are unusual in some
respects and in general are such that the
two types might justifiably be regarded
as "physiological species." For the sake
of simplicity the two types are designated
in this paper as race A and race B. The
only morphological difference so far
detected is the size and the shape of the
Y-chromosome.

Lancefield placed males and females of the
two races together and observed their mat-
ing behavior.

In the pairs with race A females, 31 out
of 45 copulated with race A males while
only 9 out of 45 copulated with race B
males. In 38 pairs of race B females with
race B males, there resulted 16 copula-
tions, while only 1 cross mating with a
race A male occurred.

Clearly race A and race B were acting as
two biological species but Lancefield did
not describe either one as new (he assumed
one was identical with obscura). This was
probably on the advice of his close friend,
Sturtevant, who held that new species
should not be described unless there were
external features that would permit a tax-
onomist to identify them from preserved
specimens.

Also in 1929 two Russian biologists, Fro-
lova and Astuarov, obtained cultures of the
American "obscura" and found them dif-
ferent from the European populations in
minor structural ways, chromosomes, and
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behavior. Unaware of Lancefield's discov-
ery, they described the American form as
a new species, Drosophila pseudoobscura. But
Lancefield had found two populations that
behaved as biological species. That diffi-
culty was solved in 1944 when Dobzhansky
and Epling proposed that the name Dro-
sophila pseudoobscura be restricted to
Lancefield's race A and that race B be
described as a new species, Drosophila per-
similis. Subsequently Dobzhansky described
a third closely similar species, Drosophila
miranda. That wasjust the beginning. Dob-
zhansky and his associates went on to reveal
a huge amount of chromosomal variation
in pseudoobscura and persimilis (reviewed in
Dobzhansky and Epling, 1944; Dobzhan-
sky, 1970; and Lewontin et al., 1981).

Obviously morphology is of little use in
recognizing the relations of these identical
or near-identical populations of sibling spe-
cies. Many similar situations are now known
and a few will be mentioned.

Malaria has been the most serious dis-
ease of humanity throughout history. It is
caused by a protozoan parasite, Plasmo-
dium, for which mosquitoes of the genus
Anopheles are both intermediate hosts and
vectors. The vector in western Europe is
Anopheles maculipennis. Due to the medical
importance of malaria, the biology of the
disease and its vector was studied intensely.
In the 1920s some anomalous results were
reported, although Anopheles maculipennis
was always found in localities where there
was malaria, in some localities the mos-
quito was present but not the disease. It
was discovered that "maculipennis" is a
complex of sibling species. For example,
the females of one species preferred to
obtain their blood meal from human beings,
but in another sibling species the females
preferred blood of domestic mammals. In
those regions where malaria was absent it
was found that the species that fed on
domestic mammals was predominant. Once
it was realized that several species were
involved it was found that they were not
identical but differed in minute morpho-
logical characteristics. For example, the
most practical way to separate the species
is by the structure of their eggs—not the
usual sort of character used by taxono-

mists. This fascinating and important story
has been summarized by Bates (1940,
1949), Hachett and Missiroli (1935), and
Kitzmiller et al. (1967). There is a similar
story for another mosquito, Culex pipiens
(Laven, 1967), and for Anopheles gambiae
(G. Davidson et al, 1967).

The codling moth, Laspeyresia pomonella,
is a pest of apples, walnut, and plum trees.
Phillips and Barnes (1975) found that the
populations obtained from each host tree
not only preferred to oviposit on the usual
host tree but that there were important
biological differences among them as well.
The complexity of natural populations goes
ever farther. Selander (1970) found statis-
tically significant differences in alleles
between populations of the house mouse,
Mus musculus, living in different barns on
the same farm or even in different parts of
the same barn.

Another extraordinary example of the
complexity of morphological species is the
common European edible frog described
by Linnaeus as Rana esculenta. In an
exhaustive series of experiments summa-
rized in 1973, Berger showed that Rana
esculenta is a hybrid of two other closely
similar species, Rana lessonae and Rana ridi-
bunda. Electrophoretic studies verified
these conclusions (Uzzell and Berger,
1975). All three can be crossed but instead
of the offspring showing complete inter-
gradation, only the three phenotypes are
produced. This should not be possible with
normal meiosis in Rana esculenta since
crossingover should recombine the lessonae
and ridibunda alleles. However, Uzzell et
al. (1980) provided an answer. Using elec-
trophoretic methods, they found that Rana
esculenta produces gametes that have only
the ridibunda genome so a cross of esculenta
with ridibunda would produce ridibunda and
a cross with lessonae would produce escu-
lenta. Dubois and Giinther (1982) discuss
this phenomenon and give other examples.

It is not unreasonable to conclude that
an extensive study of the biology of any
widely distributed morphological species
might show that, far from being a single
species, it will be found to consist of a com-
plex array of different biological entities.

One might further conclude that it is
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pointless to continue the current practice
of taxonomists in describing and identify-
ing species on the basis of their external
appearance. That most certainly is not the
case. The recognition of individuals with
similar morphologies as species is a nec-
essary first step and it is estimated that about
1.4 million morphological species have
already been described. No one knows how
many there are—possibly ten times as many
as have been described.

In many instances these morphological
species will be isolated from all other mor-
phological species by a variety of isolating
mechanisms. This does not imply that a
morphological species consists only of a
single biological species. It would be won-
derful, of course, if sufficient knowledge
was available to allow us to assign all indi-
viduals to their proper biological species.
It seems unlikely that this goal will ever be
achieved and we cannot even be sure we
have such data for any morphological spe-
cies. The complexity of Drosophila pseu-
doobscura, after half a century of intensive
work, continues to unfold. The new meth-
ods of molecular biology will surely pro-
vide new insights. One can go further and
say that each new technique applied to the
study of natural populations will reveal
more complexity.

And, of course, the ever-present phe-
nomenon of evolution precludes any sharp
delimitation of species. At any one time
some populations will be undergoing spe-
ciation while in others that process will have
been completed. Thus in theory there can-
not be any definition that will allow us to
define all species. Nevertheless a combi-
nation of features listed below will usually
be effective.

1. The individuals of a species are closely
similar in development, and in adult mor-
phology, physiology, and behavior as a
consequence of their having a common
ancestor.

2. The individuals of a species share the
same way of life—their niche.

3. There can be a free interchange of
alleles among the individuals of a species.
Interchange of alleles with other species is
rare or impossible due to one or more iso-
lating mechanisms.

4. Species are units of inheritance. Any
one generation closely resembles its imme-
diate ancestral generations and will pro-
duce similar generations of near term
descendants.

5. The individuals of a species are usu-
ally restricted to a contiguous geographic
range and within that range to a specific
habitat.

6. Species are the biological units of
evolution.
Literature on species

It is simply enormous. This is inevitable
since in theory and practice there is no
absolute way of assigning all individuals to
a species category. Ernst Mayr has dealt
with the problem in light of ever increasing
information and of changing concepts
(1942, 1957, 1963, 1969, 1976, 1987,
1988). He stresses the usefulness of the bio-
logical species concept and provides exten-
sive lists of references. See also Simpson
(1961a).

For the current debates see Bock (1986),
Cracraft (1987), deQueiroz and Donoghue
(1988), Donoghue (1985), Eldredge (1989),
Frost and Hillis (1990), Ghiselin (1987), V.
Grant (1985), McKitrick and Zink (1988),
Raven (1986)—and Hull (1988) for an
inside view of it all.

Additional references will be given at the
end of this unit on Classification, following
Statement 127.

126. There are formal and universally
accepted rules for the naming of new species
and other taxa.

From the 17th century onward interest
in animals and plants increased. Some were
studied for their possible importance for
providing food or especially for medicines.
The voyages of discovery undertaken by
European navigators reported on the
strange organisms of the newly discovered
lands and some of these, especially plants,
were taken back to Europe where they
attracted the attention of naturalists.

The practice of giving names to organ-
isms and describing their structure and
behavior goes back to Greeks such as Aris-
totle and Theophrastus (SAAWOK—V,
pp. 475-494). The bestiaries of the late
Middle Ages and well into the 16th century
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FIG. 2. Linnaeus. When Linnaeus was in his mid twenties he went to Lapland on an expedition which, like
Darwin's voyage on the Beagle, provided him with a deep understanding of natural history. He is shown here
in his Lapland costume holding Linnaea borealis. The artist was Martin Hoffman but this famous portrait was
said to bear little resemblance to Linnaeus.

period continued this practice (Gesner,
1558-1603; Topsell, 1658). Some of the
species were grouped in natural categories
but others were arranged almost at ran-
dom.

One of the first significant publications
on the natural history of what was to
become the United States was that of
Catesby (1731-1743). He tended to put
the species in natural groups—all wood-
peckers together for example—and he fol-
lowed a common practice of giving each
species a Latin name, in addition to an
English and French name. His Latin name
for the ivory-billed woodpecker was Picus
maximus rostro albo, or "largest woodpecker

with a white bill." ("Picus" is the Latin
word for "woodpecker." Picus was also the
ancient Italian god of agriculture and said
to be one of the sons of Saturn. He spurned
the love of Circe, who then changed him
into a woodpecker.)

The year 1758 marks the beginning of
the modern way of naming animals when
the Swedish naturalist, Carolus Linnaeus
(Fig. 2), published the 1 Oth edition of Sys-
tema Naturae (Clerck published his Aranei
Sveccici in the same year and the names in
his work are a starting point as well).

Linnaeus proposed that every species be
identified with a binomen. The ivory-billed
woodpecker became Picus principalis. The
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first word is that of the genus. Linnaeus
knew of 13 species of woodpeckers, 5 of
them from America, and listed all under
the generic name Picus. The second word,
principalis identifies which species of Picus;
it is the specific name. The species name
is the binomen, in this case Picus principalis
Linnaeus. It is customary to add the name
of the person who first described the spe-
cies using binomens. Although the ivory-
billed woodpecker was known and
described before 1758, every species given
a binomen by Linnaeus has his name
attached to it in the technical literature of
taxonomy.

Many more species of woodpeckers were
discovered after 1758 and taxonomists
began to split the original genus Picus into
many genera. Today the woodpecker fam-
ily, Picidae, includes 27 genera and 192 spe-
cies (Howard and Moore, 1980).

The ivory-billed woodpecker is now
Campephilus principalis (Linnaeus). The
parentheses surrounding Linnaeus's name
signify that his original generic name has
been changed by a later taxonomist.

In the 19th century, when it became
obvious that many species consisted of rec-
ognizable geographical subspecies, taxon-
omists added a third word to the binomen.
This is the subspecies name. For example,
the ivory-billed woodpecker in Cuba is
slightly different from that in the southeast
United States and is Campephilus principalis
bairdii. It is a subspecies.

Although an increasing number of tax-
onomists began to use the Linnaean system
after 1758 there was no requirement that
they do so and there was considerable con-
fusion. By the middle of the 19th century
order began to emerge from chaos and tax-
onomists began to follow very strict pro-
cedures. These are described in the Inter-
national Code of Zoological Nomenclature (3rd
ed., 1985).

The object of the Code is to promote
stability and universality in the scientific
names of animals and to ensure that the
name of each taxon is unique and dis-
tinct. All its provisions and recommen-
dations are subservient to these ends and
none restricts the freedom of taxonomic
thought or action (p. 3).

"Priority is the basic principle of zoo-
logical nomenclature." That means that the
name given by the first describer, begin-
ning with Linnaeus and Clerck in 1758, is
the starting point. As noted above, that was
Linnaeus for the ivory-billed woodpecker.
It matters not that his description was brief
and inadequate and that later ornitholo-
gists provided far better ones—his name
remains attached to the binomen.

The Code goes on to say that the bino-
men (or trinomen when subspecies are
described) should be a Latin or latinized
word. The first letter of the genus name
must be capitalized but the specific or sub-
specific names should be lower case. Tra-
ditionally the binomen and trinomen are
italicized.

The person naming a new taxon must
provide a description. This is essential if
other taxonomists are to be able to use the
information to ascertain if their specimen
is a new species or not. In the older liter-
ature, when few species were known, the
descriptions were often brief and inade-
quate—and quite useless in distinguishing
a given species from those discovered later.
This problem led to the designation of one
individual as the type specimen. Today it
is customary to deposit type specimens in
a major natural history museum. Later
workers could then check the type speci-
men and compare it with other specimens
to see if they were the same or different.
Unfortunately, many of the specimens used
in the early days of taxonomy have not
survived. In this case a later worker may
designate another specimen as the type. If
the locality where the original specimens
were obtained is known, this is designated
as the type locality. Again, if this is not
known, a type locality can be designated
by a later worker. Type localities are
important because so many species are geo-
graphically variable.

This procedure for naming new species
is also followed for higher taxa. One spe-
cies is designated as the type species of a
genus and one genus as the type genus of
a family.

There are many more parts of the
Code—88 Articles in all. The current edi-
tion runs to 338 pages and the attempt is
made to deal with all problems involving
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the naming of animals. The International
Commission on Zoological Nomenclature
updates the Code and gives binding deci-
sions on the interpretation and application
of the Code.

Thus the naming of animals is pre-
scribed by a rigid set of rules, the Inter-
national Code of Zoological Nomenclature
administered by a Commission that can act
as judge. The work of taxonomists who
disregard the Code is ignored. The Code
is universally accepted and works well. The
same cannot be said for the classification
of organisms—especially when firm
answers are desired when only opinions are
possible. The next Statement will deal with
some of the problems.

A few references to the methods for giv-
ing animals scientific names are: Blunt
(1971), International Commission on Zoo-
logical Nomenclature (1985), Jeffrey
(1977), Linnaeus (1758), Mayr( 1969), and
Simpson (1961a).

727. Species are arranged in hierarchical
groups on the basis of their shared character-
istics, which are the consequence of a shared
ancestry.

The ordering of the species taxa into
hierarchical groups is the science of sys-
tematics. This classifying of organisms into
natural groups has provided the powerful
system for organizing and retrieving infor-
mation mentioned as Statement 121. Sys-
tematics is the process of grouping organ-
isms on the basis of their similarities and
the concept of evolution provides an expla-
nation for the existence of groups.

The terms systematics and taxonomy are
sometimes used as synonyms and some-
times are distinguished. Simpson (1961a)
defines the terms as follows:

Systematics is the scientific study of the
kinds and diversity of organisms and of
any and all relations among them (p. 7).
Taxonomy is the theoretical study of
classification, including its bases, prin-
ciples, procedures, and rules. I would,
then, paraphrase Gregg and say that the
subjects of classification are organisms
and the subjects of taxonomy are clas-
sifications (p. 11).

Further definitions are:

Zoological classification is the ordering
of animals into groups (or sets) on the
basis of their relationships, that is, of
associations by contiguity, similarity, or
both. Zoological nomenclature is the
application of distinctive names to each
of the groups recognized in any given
zoological classification (p. 9).

Simpson modified one of his earlier state-
ments (by reversing his usage of "system-
atics" and "taxonomy") to make system-
atics a synonym of animal biology:

Systematics is at the same time the most
elementary and the most inclusive part
of zoology, most elementary because ani-
mals cannot be discussed or treated in a
scientific way until some systematization
has been achieved, and the most inclu-
sive because systematics in its various
guises and branches eventually gathers
together, utilizes, summarizes, and
implements everything that is known
about animals, whether morphological,
physiological, psychological, or ecologi-
cal (p. 8).

A few years later Mayr (1969, in glossary)
suggested the following usages:

Systematics. The science dealing with
the diversity of organisms. Taxonomy.
The theory and practice of classifying
organisms. Nomenclature. A system of
names. Biological classification. The
arranging of organisms into taxa on the
basis of inferences concerning their
genetic relationship.

The second edition of The Random House
Dictionary of the English Language defines
systematics as "the study and classification
of organisms with the goal of reconstruct-
ing their evolutionary histories and rela-
tionships" and taxonomy as "the science
dealing with the description, identifica-
tion, naming, and classification of organ-
isms."

Clearly there is considerable overlap in
the meanings of the two terms. My own
usage is to make no strong distinction, but
a tendency to use "taxonomy" as the prac-
tical aspects of naming and classifying
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organisms and "systematics" as the con-
ceptual basis for that classification.

As an example, this is the classification
of the human species (as modified from
Romer, 1966).

Phylum Chordata
Subphylum Vertebrata
Superclass Tetrapoda
Class Mammalia
Subclass Allotheria
Infraclass Eutheria
Order Primates
Suborder Catarrhini
Superfamily Hominoidea
Family Hominidae
Genus Homo
Species Homo sapiens Linnaeus

This is by no means the end to the number
of systematic hierarchies. For each major
taxon—phylum, class, cohort, order, fam-
ily, tribe, genus, and species—there can be
super-, sub-, and infra-categories. Simpson
(1945) lists a total of 21 and some systemat-
icists use additional ones. Such complex
classifications are used mainly for groups
with large numbers of species—insects for
example.

Since Darwin's time it has been assumed
that organisms can be placed in groups
because all within a group descended from
a common ancestor.

From the first dawn of life, all organic
beings are found to resemble each other
in descending degrees, so that they can
be classed in groups under groups {Ori-
gin, p. 411).

That is, in the classification of Homo sapiens
shown above, the variation among the spe-
cies of the order Primates will be greater
than among the species of the family Ho-
minidae. And the basis of classification?

Our classifications will come to be, as far
as they can be so made, genealogies; and
we will then truly give what must be called
the plan of creation. . . . We possess no
pedigrees or armorial bearings; and we
have to discover and trace the many
diverging lines of descent in our natural
genealogies, by characters of any kind

which have long been inherited. Rudi-
mentary organs will speak infallibly with
respect to the nature of long-lost struc-
tures {Origin, p. 486).

By implication each of the taxonomic
levels listed above would have originated
from one ancestral species. This would be
true, of course, only if each taxon is "nat-
ural." And this leads to a very interesting
idea. A century before the Origin, natural-
ists were aware that there could be differ-
ent kinds of classification. Some were
thought to be natural and others artificial.
Today we say that a taxon is natural if all
the individuals within it are descended from
a common ancestor. In pre-Darwinian
times, naturalists had a feeling that some
groupings were natural and others not—
but the basis was not understood.

In fact, one of the first major problems
was to settle on the most desirable basis of
classification: artificial or natural. Lin-
naeus's system was mainly artificial. He
based genera of plants, for example, on the
numbers and forms of the flower parts.
Some of the genera established on these
grounds are regarded as "natural," but on
the basis of knowledge today, some of his
genera united remotely related species and
separated closely related species.

Baird (1851, p. 205) had this to say about
the desirability of making natural taxa—
seven years before the publication of the
Origin:

Zoology is a systematic exposition of ani-
mals according to their external and
internal structure, and the functions of
their organs. The internal structure can
be frequently inferred from the external
character; we may, for example deter-
mine the aliment of an animal, and the
structure of the digestive organs, by
examining the teeth. This is, however,
not sufficient in all cases, so that it
becomes necessary also to examine the
internal parts, because the relation
between animals depends upon the entire
organization; and this being well ascer-
tained, the function of the various organs
can generally be determined without
much difficulty.
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From the earliest period it was found
necessary to group those animals
together which were observed to have
certain natural characters in common.
We find, upon inquiry, that the endeav-
ors to arrange animals systematically have
taken two principal directions, which
have been named natural and artificial
classifications. The former has in view
the classification of animals upon the
greater or less perfection of the various
organs, among which those connected
with the circulation and oxygenation of
the blood, locomotion, and digestion,
hold a prominent place; the latter
depends upon a character or habit arbi-
trarily chosen, and independent of oth-
ers. A character, however, which may be
regarded as unessential by one observer,
will be considered as of the greatest
importance by another. In the earlier
stages of science, when the number of
known species was comparatively small,
artificial methods were popular, because
they were considered easy of acquisition:
now, however, it is found that they are
calculated to give superficial ideas; and
that to present the condition of zoolog-
ical science in its true light, a more philo-
sophical system must be made use of.

An example of the difference between a
natural and artificial system of classifica-
tion can be seen if we consider the char-
acteristic "internal skeleton." Clearly an
internal skeleton is an important feature,
but if we united all animals with an internal
skeleton in one taxon, and all those without
an internal skeleton in another, each group
would have some strange bedfellows. For
example, vertebrates, and some sponges,
echinoderms, chaetognaths, and some pro-
tozoans would be united because they have
an internal skeleton and separated from
those without a skeleton such as lower
chordates, annelids, nematodes, and many
other sorts of invertebrates.

A natural classification, then, is based on
common possession of many structures and,
where possible, of physiologies and behav-
iors, of the same kind held in common. We
can speak of vertebrates as a group not only
because they have a vertebral column but

also because they have a fundamentally
similar internal structure of which the ver-
tebral column is just an important com-
ponent. At times the basis of the taxonomic
category might not be easily observable.
The essential features of the Chordata, for
example, are a notochord, pharyngeal gill
slits, and a dorsal nerve tube. An enormous
amount of work was required to reach that
level of understanding of what a chordate
is.

If the classification of present-day organ-
isms is based on groups sharing common
characteristics, and if the possession of
common characteristics is a consequence
of their evolution, then it should be pos-
sible to recover some of the evolutionary
history of the groups from their classifi-
cation.

This relationship of classification and
evolution is quite subtle. The arrangement
of species in hierarchical groups is not based
on direct data of their evolution. It is based
on their degrees of resemblance, which are
assumed to be a consequence of their evo-
lutionary divergences. This is seen by some
as a weak philosophical position: we place
species in the same taxon because they
resemble one another and say they resem-
ble one another because all species in the
taxon had a common ancestor. But the case
is hardly that circuitous. One of the rea-
sonable deductions from the hypothesis of
evolution is that divergence must produce
hierarchical groups. In fact,

Perhaps the most fundamental evidence
of evolution is that there is a hierarchical
pattern of characteristics among organ-
isms that can be successfully recon-
structed and interpreted phylogeneti-
cally (Schoch, 1986, p. 1).

The theoretical basis of classification just
described, known as evolutionary system-
atics, was accepted as a working hypothesis
by the New Synthesis. Classification of liv-
ing species is based on assumptions about
their degrees of similarity. One then
accounts for these levels of similarity of the
taxa as a consequence of their evolutionary
history. Thus, in evolutionary systematics,
classification is not based on evolution; it
is explained by evolution. More tangible
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evidence of descent, such as a fossil record,
would provide more acceptable data.

Although paleontological data can rarely
provide evidence of the evolution of spe-
cies within a vertebrate genus, they have
provided evidence for the evolution of
higher taxa. Thus there is no longer any
doubt about the grand pattern of the rela-
tionships of the vertebrate classes (SAA-
WOK—I, Fig. 3, p. 497). We would
hypothesize, for example, that the com-
mon ancestor of all chordates should have
lived long before the first vertebrates. It
did. The oldest known chordate, Pikaia
gracilens (SAAWOK—VII, p. 823, dates
from the Burgess Shale of the Middle Cam-
brian and the first vertebrates from the
Ordovician. The oldest known fossils of
the major groups of vertebrates—agna-
thans, bony fishes, amphibians, reptiles, and
mammals—appear in the order predicted
by the hypothesis of evolution.

In some cases the evidence is far more
detailed. Recent discoveries make the tran-
sition from reptile to mammal well docu-
mented. The synapsids, or mammal-like
reptiles, were one of the earliest and long-
est-enduring group of reptiles. They are
known first from the Pennsylvanian and
reached a peak in the Permian and early
Triassic. They were essentially gone by the
end of the Triassic, by which time some
had evolved into mammals (Romer, 1966).

This makes the fossil record of synapsids
the most extensive of any group of ter-
restrial vertebrates, extending without
any significant break through the last 320
million years of Earth's history (Laurin
and Reisz, 1990).

This is how Simpson (1945, pp. 13-14),
one of great authorities of the New Syn-
thesis, saw the difference between the the-
ory of classification and what is actually
done.

The framework of classification is a sys-
tem of categories on a hierarchic scale,
such that a group in any one hierarchic
position is broader than any below it and
includes one or more groups on the next
lower level of the scale. The process of
classification is to equate phylogeneti-

cally consistent groups of animals with
the categories of the hierarchy in accor-
dance with a series of historical and tax-
onomic principles. . . .

The actual practice of classification is less
direct than might appear from so simple
a statement of the relationship of phy-
logeny to classification and is not always
clearly understood even by those most
actively and proficiently engaged in it. A
category of classification is theoretically
defined, at least by implication, in phy-
logenetic and genetic terms. The thing
thus defined is a group or population in
which the objective units are individuals
(but it is not the individuals as such that
are defined). This group is real, natural,
and absolute, since it consists of a finite
number of real individuals with definite
characteristics and related in a stated way.
But the thing actually available and stud-
ied by the classifier is not this group, but
only a series of specimens, constituting,
by hypothesis, a sample drawn from such
a group. And the group boundaries and
differences as drawn in practice are not
established on genetic data but on mor-
phological data. The theory is that there
also exists in nature a morphologically
definable unit that tends to correspond
with the practically undefinable genetic
unit. Thus the actual procedure, in
almost all cases, is this: from a series of
concrete specimens in hand an inference
is made as to the nature of a morpho-
logical group from which the sample
came, and an endeavor is made to frame
the morphological concept in such a way
that the inferred morphological group
will approximate a genetic group. The
thing that is actually classified is an infer-
ence, a purely subjective concept, which
approximates a real, but unobservable,
morphological unit, which in turn
approximates an equally real but less
observable genetic unit.

This may sound vague and subjective.
Yet in the hands of master taxonomists spe-
cializing in the well studied groups, a gen-
eral system of classification has been pro-
duced that remains valid to this day.
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Nevertheless, in the last few decades there
have been major reactions against the the-
ory and practice of classifying organisms
that had prevailed throughout the 19th and
first half of the 20th century. Efforts are
being made to make taxonomic procedures
more exact, more objective, and less liable
to individual bias and error.

This is part of the climate of the times.
Following World War II, biology became
an ever more exact science, and some of
the younger scientists believed that the
procedures of the evolutionary taxono-
mists were too much of a subjective art.
One can admit that there is truth in this
criticism without implying that the pro-
cedures were faulty. Most evolutionary
taxonomists restricted their interests to one
or a few small groups of organisms and,
over time, came to have a real feeling for
the gestalt of the species with which they
worked. Their conclusions generally ful-
filled a basic requirement of science: con-
firmability, that is, in well studied groups
successive generations of taxonomists have
reached similar conclusions. They fine hone
the system but almost never instigate a rev-
olution.

Nevertheless there have been two major
challenges to conventional taxonomic pro-
cedures in recent years. The first challenge
to the evolutionary systematists came from
the numerical taxonomists, or pheneticists,
the second from the phylogenetic system-
atists, or cladists. There have been heated
debates among the three groups. Major
consequences have been a great resur-
gence of interest in systematics and a con-
siderable improvement in the theoretical
basis of classification. When the dust set-
tles, animal taxonomy and systematics will
be much more sophisticated parts of biol-
ogy. Hull (1988) has summarized the recent
arguments and the activities of the dramatis
personae among the evolutionary systema-
tists, pheneticists, and the cladists. The
methodology of both phenetics and cladis-
tics is complex and evolving. Only a brief
mention of" what is involved can be given
here, in part because there is considerable
confusion. Schoch (1986) has provided a
good introduction and Mayr (1981, 1982a,
pp. 221-233) and Hull (1988) provide eval-
uations.

Although the antecedents of numerical
taxonomy, or phenetics, may be traced back
to Adanson (1763), the modern version
begins with Principles of Numerical Taxon-
omy by Robert Sokal and Peter Sneath
(1963; second edition, Sneath and Sokal,
1973). Both were well versed in mathe-
matics but neither had much direct expe-
rience in classifying organisms, a fact that
may have prevented their views from
receiving a more sympathetic reception.

Numerical taxonomy was founded on 7
main principles (Sneath and Sokal, 1973,
p. 5): taxa based on as many characters as
possible; each character to be given equal
weight; the similarity of two taxa is a func-
tion of the similarity of their characters;
taxa are recognized on the characters they
share; phylogeny can be inferred from the
taxa; taxonomy is an empirical science; and
classifications are based on the phenotypic
similarity of the taxa.

In practice dozens or even hundreds of
characteristics are coded in numerical form
and then analyzed by data processing sys-
tems. Sokal and Sneath emphasize that their
procedures are more objective than those
of conventional taxonomy. The most
important difference, however, is that many
more data are used. This has been a lasting
contribution of phenetics. One objection
to the methods proposed by Sokal and
Sneath is that all characteristics are given
equal weight. That makes the method more
objective but some biologists have found it
hard to understand why, for example, "two
eyes" and "two wings" are to be regarded
as equally important in assigning a taxon
to the birds. Wings yes, eyes no. On the
other hand "two eyes" would be a better
clue to assigning a taxon to the vertebrates
than to the birds.

See also Abbott et al. (1985), Clifford and
Stephenson (1975), Cole (1969), Farris
(1982), Heywood and McNeill (1964), Hull
(1970), Jardine and Sibson (1971), Mayr
(1965; 1981; 1982a, pp. 221-226), McNeil
(1978), Schoch (*1986), and Sokal (1986)
for both support and criticisms of phenet-
ics.

The most recent development in tax-
onomy stems from the work of Willi Hen-
nig (1950, 1965, 1966). It is now known as
cladistics and it classifies species in terms
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of the homologous characters they share.
In this sense it is no different from the
conventional systems. Its unique features
consist of applying rigorous rules in an
attempt to avoid bias, viewing evolution as
a pattern of dichotomous speciation, scor-
ing the homologous characters as ancestral
or derived, and reducing lineages to mono-
phyletic sequences—clades. These fea-
tures make it possible to treat the data with
computers.

Cladistics shares with phenetics the use
of procedures that reduce the subjectivity
of the conventional methods of taxonomy.
In cladistic analysis the taxonomist states
the characteristics being used, whether they
are assumed to be ancestral or derived, and
prepares a diagram, a cladogram, which is
often computer generated, that shows the
relationships of the taxa being analyzed.
Schoch (1986, pp. 30-32) provides a sim-
ple example of how the system works.

For details of the methods and criticisms
of cladistics see Aschlock (1974), Brundin
(1966), Duncan and Stuessy (1984, 1985),
Eldredge and Cracraft (1980), Funk and
Brooks (1981), Hull (1970, 1979), Hum-
phries and Funk (1984), Janvier (1984),
Mayr (1974; 1976, pp. 433-476; *1981),
Michener (1977), Nelson and Platnick
(1981), Ridley (*1986, 1989), Schoch
(*1986), Szalay (1977), and Wiley (1981).

Concluding remarks. Phenetics and cla-
distics seek nonarbitrary, biologically
meaningful, and testable schemes of clas-
sification. They deal almost always with
morphological species. If one ignores some
of the arbitrary restrictions of these pro-
cedures, as many taxonomists are doing,
each will contribute to the art of classifying
organisms. No matter what the theoretical
bases of the methods, evolutionary system-
atics, phenetics, and cladistics almost always
classify morphological species. To the
extent that the methods produce natural
taxa, the bold outline of the phylogeny of
the taxa can be recovered from the clas-
sification itself, but that phylogeny remains
a hypothesis until it can be validated by
paleontological evidence. Acceptably com-
plete evidence can probably be obtained
for some of the more inclusive taxa but not
for the minor taxa.

Both phenetics and cladistics moved the

emphasis from the identification of biolog-
ical species to a systematics based on mor-
phological species. We should not forget,
however, that it is well known that widely
distributed morphological species may not
consist of a single biological species. For
some, therefore, phenetics and cladistics
are a step backward.

The debates over how relationships
should be interpreted has had little effect
on what working taxonomists do. They still
describe species mainly on morphological
characteristics, add whatever other biolog-
ical information is available, while knowing
that theirs is only a first step. Detailed stud-
ies might reveal that each of their species,
especially if wide ranging, may consist of a
complex of sibling species. Irrespective of
its theoretical underpinnings, taxonomy
works and the result is a natural classifi-
cation, constantly being refined, that is basic
to all other biological work.
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IX. ECOLOGY

Ecology is one of the grand divisions of
biology, another being evolution, that is
essentially coextensive with biology itself.
Everything that organisms are is a conse-
quence of their evolutionary history, and
everything that organisms do is related to
the environment in which they live. Ecol-
ogy is also the field that, for its long-range
implications, is the most important for the
present and future welfare of the human
population. SAAWOK-II dealt with ecol-
ogy and for that reason the implications of
the ecology Statements now to be made do
not have to be as extensive as those for the
previous section "Classification," which had
not been discussed earlier in the SAAWOK
series. Ecology will be developed largely as
a linear argument.

725. The fundamental concept of ecology is
that living organisms are utterly dependent on
the resources available in their environment.

This fact was understood in a personal
way when most human beings lived in rural
areas and raised their own food, pumped
their own water, made many of their
clothes, and secured wood for construction
and fuel—all directly from the land. Today
all is indirect, with resources obtained from
the supermarket or shopping mall, and by
turning on the water faucet or by throwing
the light switch.

Nevertheless, the required resources
remain the same. All creatures require the
chemical substances of which their bodies
are composed, a source of energy to keep
their complex cellular events going, and a
suitable place to live. (SAAWOK—II, pp.
489-510; Statements 4, 31, 41.)

129. Living organisms, having the power to
increase their numbers through reproduction
can, in theory, produce populations of infinite
size.

This is a rewording of Statement 103 and
introduced because it is a necessary link in

the analysis. It means that there will be an
ever-increasing demand on the environ-
ment for resources.

However,

130. The environment of living organisms
is finite and no finite environment can be sus-
tained indefinitely if it is constantly drained of
resources.

This is an inescapable conclusion if both
Statements 128 and 129 are true. So far as
we know, life is restricted to planet Earth
but, even if it were not, wherever the other
foci of life might be, life would demand
infinite resources in finite worlds.

There is an escape from this theoretical
doomsday because,

131. Life in a finite environment is possible
because there are living and non-living mech-
anisms for cycling substances and energy.

1. The life-death cycle is one of these
mechanisms. Life is packaged as individu-
als, which are under constant threat of
death. Some have intrinsic finite life spans
but others seem to survive until some
extrinsic event ends their life. But no indi-
vidual is immortal and the death of one life
liberates all substances and some energy
from that life that can be used for other
lives (for example, Jane eats an oyster).

A more complex life-death cycle occurs
when a multicellular organism dies and is
slowly decomposed by microorganisms.
Either the organisms themselves are con-
sumed by other organisms or freed mole-
cules enter the environment and are con-
sumed by other organisms.

Not only is the association of molecules
that compose a life a short-lived phenom-
enon, but throughout the life of an indi-
vidual there is a constant interchange of
that individual's molecules with the non-
living world.

2. Another cycle operating at the level
of whole organisms is that of the mirror-
image niches of photosynthetic autotrophs
and heterotrophs. The end products of the
way of life of each become the food for the
other. The photosynthetic autotrophs, the
green plants, combine CO2, H2O, plus P,
S, N, and a few other inorganic molecules
to produce more of themselves by forming
carbohydrates, fats, proteins, nucleic acids
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and other substances. O2 is the main waste
product. A heterotroph uses the auto-
troph's molecules for food, rearranging the
atoms to produce more of itself, and breaks
down some molecules, using O2, to make
energy available for its cellular metabo-
lism. CO2 is a waste product.

Thus at the molecular level there is a
balanced use of CO2 and O2 by photosyn-
thetic autotroph and heterotroph. Each gas
serves alternately as food and waste prod-
uct. This carbon-oxygen cycle is so well
balanced that today the atmospheric con-
centrations of the two gases are nearly con-
stant.

3. The flow of nitrogen through the liv-
ing and non-living worlds is more complex.
When organisms die, or when nitrogen is
eliminated as a metabolic waste product
(ammonia, urea, uric acid, or gaseous N),
it usually becomes raw material for use by
microorganisms. Different species of bac-
teria, for example, can use various kinds
of nitrogen-containing molecules. Other
kinds of bacteria can use atmospheric
nitrogen in the synthesis of organic mol-
ecules and, thus, return this essential ele-
ment to the cycles of life.

4. There is also a global cycle for water.
Most of the earth's surface is water and the
seas and bodies of fresh water contain a
huge supply. Water molecules evaporate
from the surface, in large degree because
of the heat from the sun, and enter the
atmosphere. These molecules are spread
by winds and are returned to the earth as
rain. Water molecules from the seas and
fresh water provide the basic source of
water for terrestrial habitats.

For details and references see SAA-
WOK—II, pp. 489-510 and Statements 31,
41.

The discovery of these natural cycles was
one of the most important events in the
history of both biology and chemistry. One
of the contributors was the English divine
and chemist, Joseph Priestly (1733-1804).
He reported in 1772 that a burning candle
(or a mouse) and a green plant seemed to
have opposite effects on the air in a closed
container. Somehow the candle and the
mouse made the air unsuitable for further
burning or for life and a green plant could
restore whatever had been destroyed.

That candles will burn only a certain
time, is a fact not better known, than it
is that animals can live only a certain
time, in a given quantity of air; but the
cause of death of the animal is not better
known than that of the extinction of
flame in the same circumstances; and
when once any quantity of air has been
rendered noxious by animals breathing
it as long as they could, I do not know
that any methods have been discovered
of rendering it fit for breathing again. It
is evident, however, that there must be
some provision in nature for this pur-
pose, as well as for that of rendering the
air fit for sustaining flame; for without
it the whole mass of atmosphere would,
in time, become unfit for the purpose of
animal life; and yet there is no reason to
think that it is, at present, at all less fit
for respiration than it has ever been. I
flatter myself, however, that I have hit
upon two of the methods employed by
nature for this great purpose (pp. 181 —
182).

Priestly having discovered that breathing
and putrefaction of both animal and plant
materials have the same effect—rendering
the enclosed air unfit for a candle flame or
a living mouse, did the following experi-
ment. He began with air that had been

. . . rendered exceedingly noxious by
mice dying in it on the 20th of June
[1772]. Into ajar nearly filled with one
part of this air, I put a sprig of mint,
while I kept another part of it in a phial,
in the same exposure; and on the 27th
of the same month, and not before, I
made a trial of it, by introducing a mouse
into a glass vessel, containing 2'/2 mea-
sures filled with each kind of air; and I
noted the following facts.

When the vessel was filled with the air
in which the mint had grown, a very large
mouse lived five minutes in it, before it
began to show any sign of uneasiness. I
then took it out, and found it to be as
strong and vigorous as when it was first
put in; whereas in that air that had been
kept in the phial only, without a plant
growing in it, a younger mouse contin-
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ued not longer than two or three sec-
onds, and was taken out quite dead. It
never breathed after (p. 195).

[Such observations] led me to conclude,
that plants, instead of affecting the air
in the same manner with animal respi-
ration, reverse the effects of breathing,
and tend to keep the atmosphere sweet
and wholesome, when it is become nox-
ious, in consequence of animals living
and breathing, or dying and putrefying
in it (p. 195).

These proofs of a partial restoration of
air by plants in a state of vegetation,
though in a confined and unnatural sit-
uation, cannot but render it highly prob-
able, that the injury which is continually
done to the atmosphere by the respira-
tion of such a number of animals, and
the putrefaction of such masses of both
vegetable and animal matter, is, in part
at least, repaired by the vegetable crea-
tion. And, notwithstanding the prodi-
gious mass of air that is corrupted daily
by the abovementioned causes; yet, if we
consider the immense profusion of veg-
etables upon the face of the earth, grow-
ing in places suited to their nature, and
consequently at full liberty to exert all
their powers, both inhaling and exhal-
ing, it can hardly be thought, but that it
may be a sufficient counterbalance to it,
and that the remedy is adequate to the
evil (pp. 198-199).

America's first scientist, Benjamin Frank-
lin, visited Priestley when these experi-
ments were being performed and, subse-
quently, Priestly wrote Franklin about
additional observations. Franklin replied:

That the vegetable creation should
restore the air which is spoiled by the
animal part of it, looks like a rational
system, and seems to be of a piece with
the rest. Thus fire purifies water all the
world over. It purifies it by distillation,
when it raises it in vapours, and lets it
fall in rain; and farther still by filtration,
when, keeping it fluid, it suffers that rain
to percolate the earth. We knew before,
that putrid animal substances were con-
verted into sweet vegetables, when mixed

with the earth, and applied as manure;
and now, it seems, that the same putrid
substances, mixed with the air, have a
similar effect. The strong thriving state
of your mint in putrid air seems to show
that the air is mended by taking some-
thing from it, and not by adding to it. . . .
I hope this will give some check to the
rage of destroying trees that grow near
houses, which has accompanied our late
improvements in gardening, from an
opinion of their being unwholesome. I
am certain, from long observation, that
there is nothing unhealthy in the air of
woods; for we Americans have every
where [in] our country habitations in the
midst of woods, and no people on earth
enjoy better health, or are more prolific
(Priestley, pp. 199-200).

That remarkable understanding of natural
cycles should count Franklin as one of the
fathers of experimental ecology—along
with being one of the fathers of the United
States. See also Nash (1957).

For a general account and references to
cycles of substances see SAAWOK—II, pp.
508-510.

132. Until about 6,000 years ago, the life
of all organisms was supported by substances
that cycled and by solar energy.

That is, organisms depended on renew-
able resources that were maintained in a
nearly constant supply by the activities of
organisms themselves and the natural phe-
nomena of the non-living world.

133. When human beings began to live in
large, settled communities, non-renewable
resources began to be exploited and previously
renewable resources were adversely impacted.

Non-renewable resources such as the
metals iron, copper, gold, silver, and tin
were extracted from their ores and fabri-
cated into tools, utensils, weapons, and
ornaments. For centuries no problem of
resource availability arose because demand
was modest and the supply adequate. At
about this same time, however, some farm-
ing practices began to overwhelm the soil's
ability to constantly regenerate itself. The
soil ceased being a renewable resource as
in ancient Sumeria, where desertification
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occurred, and later in the Mediterranean
world, from overuse and grazing. Other
once renewable resources, such as forests
and game animals in some regions, began
to be exploited to a degree that prevented
their constant renewal. Early on this was
not of critical importance because the
human population was small and available
land large so that migration to other areas
was possible.

The implications of this over exploita-
tion of resources by the human species will
be developed later.

The argument now picks up from State-
ment 131. Although all of the resources
required by organisms, except by Homo sa-
piens, are renewed by natural cycles they
are renewed at finite rates. Thus there is
a theoretical upper limit that can be
reached by organisms increasing at an infi-
nite rate. There is a partial escape.

134. The activities of living organisms greatly
increase the resources required for life.

The outstanding example is soil, for the
crust of the earth as we know it is largely
a product of the life of organisms. Before
the invasion of dry land by plants, possibly
in the Silurian about 400 million years ago,
the surface of the earth was unprotected
from the forces of erosion—freezing and
thawing, wind, and especially running
water. Portions of the crust were uplifted
to form gigantic mountain ranges and over
the ages these were worn down. The debris
depended on the type of rocks from which
it was derived but, in all cases, it consisted
only of particles of varying size—from silt
and tiny sand grains to boulders. Not only
was it sterile but it was a poor place for
even the most primitive green plants that
first invaded dry land. Although the nec-
essary chemicals might have been present,
the earth would have had almost no ability
to hold water.

But gradually a few plants crept from the
shores of the ancient seas and when they
died their organic remains began the for-
mation of humus in the soil—that is, in
those places where there was sufficient
rainfall because humus forms very poorly
in deserts. As the eons passed and more
complex plants grew, the soil containing

humus became thicker, more biologically
active, and better able to support life. Soil
is the basic habitat that makes terrestrial
life possible to this day.

Soil that is the home for large popula-
tions of organisms is rich in humus, that is,
the organic remains of the organisms them-
selves. Its consistency is quite different
from the inorganic soil that comes from
the erosion of rocks. The water-holding
and erosion-preventing properties of soils
depend on the relative amount of humus.

Thus, soil is not just "plain dirt." It is
an ever-changing biological and physiolog-
ical system that is home to a huge fauna
and flora of microorganisms, fungi, plants,
and animals. The roots of plants and the
activities of microorganisms, fungi, and
animals are forever mixing the soil—plow-
ing on a micro-scale. The spaces between
the soil particles contain water and air—
both necessary for the soil organisms and
the higher plants that reach from its sur-
face. The loci of many of the cycles of
chemical substances are in the soil. Mother
Earth is really Mother Soil and all terres-
trial organisms are her children.

During that immense reach of time since
planetary life first sparkled and began its
struggle, a thin layer of topsoil has devel-
oped over those areas most hospitable to
the creatures that thrive and multiply on
this earth. Considering the aeons of
struggle and the price in lives, this layer
of topsoil is almost unimaginably thin: a
few inches, a foot, rarely two. It is the
end product of all the life that has ever
gone on in this place we call Earth. It is
the magical medium through which old
age and disease are transformed again
and again into fresh and vital new life.
It is the stuff of our flesh and our future.
We, earth's creatures, are but a haze that
rises above this substance—always
returning, always rising again (Paddock
etal, 1986, p. 3).

Soil should be one of the most important
topics for students in biology, or for that
matter for all students. However, it is rarely
treated in any depth. See Bear etal. (1986),
K. Berger (1972), Carter and Dale (1974),
Cruickshank (1972), Dindal (1990), Pad-
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FIG. 3. Beaver dam. Beavers placed this dam across a small, rapidly flowing mountain stream. The result is
a pond that provides a home for many more as well as different kinds of species and many more individuals
than could live in a swift stream (many there would get washed away). Thus the beavers have expanded the
opportunities for life. Near Muddy Pass, U.S. Route 40, Rocky Mountains of Colorado.

dock et al. (1986), E. J. Russell (*1963),
Storer (1953), Schwartzman and Volk
(1989), and Viles (1988).

Another example of how organisms
enhance the environment for life is the use
of one organism by another for resources.
Parasites depend on their hosts for all their
resources. A tree in a rain forest and a
hydroid in the ocean offer places for many
other creatures to attach and live. The tree
supports a botanic garden and some of its
plants, such as bromeliads, have pools of
water in their centers that are home for
various amphibians, insects, and microor-
ganisms. The hydroid, and other sessile sea
creatures, usually have many other crea-
tures attached to their bodies. The dams
that beavers make for their own purposes
provide a place to live for many other sorts
of organisms (Fig. 3).

One of the most dramatic examples of
how some organisms increase the resources
for other organisms occurred early in the
Tertiary. At that time the angiosperms
began their extensive radiations and soon
they were the dominant plants of the tem-
perate zones and the tropics. To this day
they remain the primary source of food for
the herbivores. The vast herds of grazing
animals depend on this food; other plants
provided leaves, stems, fruits, nuts, roots
and tubers. The evolutionary radiation of
the angiosperms made possible the evolu-
tion of the modern groups of birds and
mammals.

And at a far earlier time in earth history,
the appearance of photosynthetic micro-
organisms led to an atmosphere with oxy-
gen—the sine qua non for most heterotro-
phic life.
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The plant covering of the earth also
reduces soil erosion and it plays an impor-
tant role in patterns of rainfall. The
destruction of forests and grasslands is typ-
ically correlated with reduced rainfall lead-
ing to more arid conditions.

In a very real sense, then, living organ-
isms have made their world. But this has
been a cooperative activity:

135. Organisms with different ways of life
(niches) form balanced communities of interde-
pendent and interacting species.

All creatures begin life, live at the
expense of other creatures, and finally are
destroyed by them. No organism lives
alone. All living things are parts of com-
munities that share resources and interact
with one another in complex ways. The
community is denned mainly by the auto-
trophs and they by the climate and sub-
stratum. The type of the community then
determines the heterotrophs that can
become residents.

A balanced community will consist of
various species of green plants, animals,
fungi, and microorganisms. The green
plants are the basic elements, serving as
food for various animals. When plants die,
in whole or in part (leaves of deciduous
trees), microorganisms cycle their mole-
cules to be used by other organisms. Ani-
mals are mainly parasites on the green
plants but some degrees of interdepen-
dence of plants and animals have evolved.
Some species of plants depend on insects
or birds for cross pollination, birds and
mammals may be important in the dispers-
al of seeds, and some invertebrates, for
example some species of giant clams,
hydras, and flatworms, have symbiotic algae
in their bodies (for more examples see
Abrahamson, 1989). For the most part,
however, animals let green plants do the
basic work of keeping animal life going.

136. The numbers of individuals of each
species in a community usually remains about
the same in the absence of severe pertubating
influences.

Every forest tree is capable of producing
far more offspring than can find space to
grow. The seeds sprout, and very few of
the saplings grow to maturity. At any one
time the total number of mature trees will

be about constant. The same species of
birds will generally be present year after
year and in roughly the same numbers.
Should a fire devastate the forest there
would be a slow succession of different sorts
of organisms but eventually the original
species of plants and animals would be
present once again.

This relative constancy in numbers calls
for an explanation when it is remembered
that every species has the potential to pro-
duce an infinite number of descendants
(Statement 129). That implies, however, the
availability of an infinite amount of space
and other resources which, of course, are
not available. The organisms themselves
help solve this dilemma.

137. The organisms of a community help
control the abundance of the species of which
the community is composed.

An extraordinary variety of mechanisms
achieve this end. Some plant species pro-
duce substances that prevent other plants
from growing close to them (Fig. 4). Tall
plants limit the growth of shorter plants
by reducing the amount of available light.
Animals that feed on specific plants or other
animals are limited by the availability of
those foods. Some animals, notably birds,
occupy territories with definite bounda-
ries, and during the breeding season defend
their territories and in this way prevent the
breeding of others. Parasites are limited by
the occurrence of their hosts.

And one of the most common means of
one organism controlling the abundance
of another is by eating it.

138. The organisms of a community have
different trophic relationships.

Life in a natural community is more
complex than heterotrophs eating auto-
trophs and the food web of who eats whom
determines in part the structure of the
community and the numbers of individuals
of each species. Ignoring the microorgan-
isms for a moment, the autotrophic green
plants are the producers and the hetero-
trophic animals are the consumers. How-
ever, animals do more than eat plants, some
eat one another. Often this is a matter of
big creatures eating little creatures. In the
ocean planktonic microorganisms may be
eaten by small crustaceans and they in turn
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FIG. 4. Desert plants. The perennial plants in a desert are usually short, have reduced leaves, and are well
separated from one another. The result is an openness of view that is so different from that of a forest in a
well-watered habitat. In years when there is a good rainfall in the spring, the desert surface may be covered
with flowering annuals. Joshua Tree National Monument, California.

by larger invertebrates. Little fishes may
also eat these little invertebrates and, in
turn, be eaten by larger fishes.

Thus there are trophic levels that may
be classified roughly as producers, primary
consumers, secondary consumers, and so
on. In the savannas of East Africa (Fig. 5),
grass (producer) is eaten by antelopes (pri-
mary consumer), and they by lions (sec-
ondary consumers). It is easy to observe
that the biomass of the grass is far greater
than the biomass of antelopes. The bio-
mass of antelopes is far greater than the
biomass of lions. In an undisturbed envi-

ronment the lions do not eat all the ante-
lopes and then die of starvation. In the
absence of lions, however, the population
size of the antelopes might increase to the
point where they consume grass at a greater
rate than it can be replenished—and their
population size would then be controlled
by starvation.

Just as lions must rely on the antelopes
to convert grass into proper food for lions
(antelopes), human beings rely on grazing
animals for the same conversion. This
becomes especially important with land not
suitable for farming. Figure 6 shows an

FIG. 5. Plants, herbivores, and carnivores in East Africa. The bottom photograph shows gnu and zebras
grazing in Ngorongora Crater and above is a lioness and cubs in Seregeti. Plants, herbivores and carnivores
demonstrate a fundamental pattern of life. Green plants provide the basic food source. Herbivores subsist
entirely on the plants and the carnivores on them. Tanzania
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FIG. 6. Plants, herbivores, and human beings. Arid regions without irrigation offer few food resources for
human beings. However these sheep are consuming plants unsuitable for us and we, in turn, obtain meat and
wool from them. Monument Valley, Utah.

area in the American Southwest, Monu-
ment Valley, where the rainfall is too little
to permit conventional agriculture. Human
beings gain resources from this otherwise
wasteland by keeping flocks of sheep. The
sheep convert the desert vegetation to
meat, hides, and wool and so make
resources available to human beings.

There is an important biological con-
straint related to trophic levels: it takes
about 5 to 10 times as much biomass at one
trophic level to produce the next higher
level. Thus it would take about 100 kilo-
grams of grass to produce 10 kilograms of
antelope, which could produce 1 kilogram
of lion (see SAAWOK—II, pp. 510-511).

These trophic levels are expressed by the
pyramid of numbers. That is, there are
more organisms at the bottom of the pyr-
amid, the producers, than at the top—the
top level of consumers.

Thus every community acts as a whole
to maintain the population sizes of all its
contained species. When these controls are
removed, for example, when a species
invades a new habitat, a variety of results
might be expected. The invaders may not
find a microhabitat suitable for their way
of life and, hence, not become established.
On the other hand,

139. In the absence of environmental con-
straints, an invading species may flourish in the
invaded community.

When the European English sparrow and
starling were introduced into the United
States their populations exploded. Both
found the artificial environments of cities
and human habitations suitable. In Europe
they had associated with human beings and,
in contrast to the native American birds,
they were adapted to an association with
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human beings. Both have now spread
throughout the United States but their
populations are no longer increasing rap-
idly—they are being controlled by envi-
ronmental constraints. European rabbits
were introduced in Australia and, lacking
effective control by predators, became a
serious plague. There is a similar story for
weeds (SAAWOK—II, pp. 520-522).

Thus, when species escape the forces that
control their numbers, as may be the case
when they are accidentally or deliberately
introduced into new regions, their num-
bers may increase astronomically. There
are always new cases being reported by the
mass media and these are especially inter-
esting to students—biology made relevant.
For example, yesterday's newspaper (June
23, 1990) had an article about the zebra
mussel. This species is native to the Caspian
Sea, an environment where its numbers are
held in check. It appeared in the United
States at one site in the Great Lakes in 1988
and is increasing at a tremendous rate.
These tiny mollusks coat the bottom and
walls of intake pipes. There is no known
way of controlling them and the United
States Fish and Wildlife Service estimates
they will do four billion dollars in damage
in the next decade. Years ago the acciden-
tal introduction of lampreys into the Great
Lakes did great damage to the fisheries.

One of the more dramatic examples of
the environmental control of the distri-
bution and abundance of species comes
from the Pleistocene. Throughout much
of the Mesozoic and Cenozoic the South
American continent was separate from all
other land masses—there was no land con-
nection to North America. Both South and
North America had a rich variety of mam-
mals that had evolved independently. The
South American ungulates were unique and
especially interesting. Some were the size
of rats and others of elephants; in all there
were about 9 orders and 22 families of these
bizarre ungulates. When the land connec-
tion between South America and North
America was established about 3 million
years ago, there was a movement of many
North American mammals into South
America and fewer from South America
to North America. The consequences were
quite unequal. Unlike North America,

South America had few effective carni-
vores and many of the unique South Amer-
ican mammals could not cope with the
fierce carnivores from the north. Other
South American species were just outcom-
peted. As a result much of the unique South
American mammalian fauna became
extinct (Marshall, 1988; Simpson, 1980;
Stehli and Webb, 1985).

140. In the formation of a mature terrestrial
community there is a succession of different spe-
cies, each modifying the area in ways that make
possible the next wave of species.

Many sorts of calamities may disrupt or
destroy natural communities: floods, vol-
canic activity, fire, hurricanes, erosion,
storms, radical changes in climate, and, of
dominant concern today, human activities.

A tropical forest is in dynamic equilib-
rium until a giant tree crashes to the
ground. Life changes. Direct sun light
reaches the forest floor and new species of
plants begin to grow. Many saplings start
their lives but there is not space for all.
And most die. But as the stronger sap-
lings grow, the forest floor begins to receive
less light and the small, sun-loving plants
are replaced by short, shade-tolerant spe-
cies. Finally there will be one giant tree
again and the life in this nook of the forest
will be about the same as before the great
tree fell. Many of our house plants, living
in an environment with little light, have
been derived from shade-tolerant species.

The most dramatic example of species
succession, however, is their recovery from
the series of glaciers that periodically
exterminated life during the Pleistocene
Epoch. The dates for the onset of glacia-
tion are uncertain but they were between
1 and 2 million years ago. There were four
main advances of the glaciers in North
America, each followed by a temperate
interglacial period.

The last glaciation in North America,
the Wisconsin ice sheet, started south about
25,000 years ago. On the east coast, New
England was covered and the southern edge
of the glacier reached what is now Long
Island. The ice began to disappear about
10,000 years ago, and was gone by about
5,000 years ago. Much of the Ohio River
in the east and the Missouri River in the
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FIG. 7. Evidence of glaciation. When the huge Pleistocene ice sheets moved south across the Northern
Hemisphere lands, they removed some of the earth and, in places, left a smooth glacial pavement as shown
here in Inishmore, an island west of Ireland. The large boulders, glacial erratics, were picked up by the
advancing glacier and carried along. When the ice melted they were left in place. The glacial erratics might
be very different rocks from those where they were finally dropped, and so provided a puzzle for early
geologists. The photograph on the facing page shows glacial pavement in the early stages of being covered
by plants. A mat of moss has extended outward, especially where there are cracks that hold more moisture.
The first colonizing plants slowly build up the soil to a depth that will allow larger plants to grow. In the
background there is a sufficient depth of soil to permit the growth of trees. This is at Box Canyon near Mt.
Rainier, Washington.

west were formed by the tremendous
amount of water released by the melting
ice.

It has been estimated that the ice sheet
was as much as 3,000 meters thick in New
England. The glacier was formed mainly
from precipitation in the north and was
pushed southward. That meant that the
earth was scraped bare by the advancing
ice and to this day exposed rocks can be
seen that have been ground flat by the ice
(Fig-7).

When the Wisconsin ice sheet began to
melt the uncovered land was without plant

life, but in just a few thousand years the
landscape we see today developed. The first
species to invade the uncovered land and
start the succession were tundra plants,
which formed a thin skin of soil that allowed
shrubs and trees to follow. The changes in
New England were similar to what one
would observe today by traveling from the
tundra of northern Canada south to the
mid-Atlantic states.

An indication of what probably occurred
can be gained from W. S. Cooper's (1923)
study of the succession of species on glacial
moraines in Alaska. The first colonists are
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FIG. 7. Continued.

mosses and the willow herb (Epilobium) and
together they make a thin layer of soil.
Next come the horsetails (Equisetum) and
a herb, Dryas. The last is a nitrogen-fixing
plant and it adds this essential nutrient to
the soil thus promoting the growth of other
plants. Then dwarf willows come in and
the soil increases. Then come much larger
willows and alders. Finally spruce trees
begin to grow and block out some of the
light otherwise available for the shorter
willows and alders.

Thus each plant species modifies the
environment in ways that may seal its own

doom while making way for the succession
of species that will lead to the mature com-
munity. A spruce forest may not be the
final result. Sphagnum moss may begin to
grow and trap so much water that the soil
becomes water-logged, killing the trees,
which must have air for their roots. In this
case the climax vegetation is a muskeg.

Since the Pleistocene glaciation is the
most recent of the major events that have
made geological history, it is not surprising
that it has been studied intensively. See J.
Charlesworth (1957), Cushing and Wright
(1967), Ruddiman and Wright (1987), R.
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G. West (1968), H. E. Wright (1983), and
H. E. Wright and D. G. Frey (1965).

Another type of succession, prominent
in glaciated New England, is the conver-
sion of a lake or pond first into a bog and
then into dry land. The stages can be seen
in many places to this day. At the edge of
a pond there is usually a wide zone of
aquatic plants with their roots in the mud
at the bottom of the pond and with their
stems and leaves reaching the surface or
projecting slightly above the water. These
plants die back in the winter and so con-
tribute a mass of vegetation that accumu-
lates on the bottom. In these cold ponds
decay will be slow due in part to the very
acid water—often the color of tea due to
tannins and other organic compounds.
Close to the shore this vegetation may form
a continuous mat that can support other
plants. This mat may be even strong enough
to support a person but, since there is water
below, the entire mat may undulate as one
walks over it—forming a quaking bog.
Eventually this mat may cover the entire
pond. As one moves farther inland from
the edge of the pond, one observes a reg-
ular sequence of plant species until the zone
of red maples is reached. Thus, in time,
the pond becomes a bog and then land.
This is another example of how living
organisms can change their environment
in dramatic ways.

And what do the animals do? As the spe-
cies of plants succeed one another, so do
the animals that depend on them for food
and shelter. For a general introduction see
Rabenold and Bromer (1989).

Some references to succession are: Cairns
et al. (1977), Clements (1916), Clements
and Shelford (1939), Cooper (1923),
Cowles(1899), Gallagher et al. (1983), Gol-
ley (1977), Hanes (1971), S. J. Olson (1958),
Shelford (1911), C. L. Smith and Tyler
(1975), Sousa (1979), Southwood et al.
(1979), D. C. West et al. (1981), and G.
Wrigley (1982).

The argument has progressed this far:
The adequacy of a finite environment for
living organisms is enhanced by the con-
stant cycling of most resources and by
interactions among organisms themselves.
The basic fact remains, however, resources
can never be adequate for organisms that

have the potential to increase their num-
bers exponentially. The finite cannot
accomodate the infinite. There have been
two main adjustments to this insoluble
problem—evolution has increased the
adaptation of each species to a specific way
of life, and species are seemingly adapted
for all conceivable habitats.

141. Among sympatric species, each has
evolved a specific way of life that restricts it to
a specific way of obtaining resources.

This hypothesis is often expressed as
"two species cannot occupy the same niche"
and is frequently known as "Gause's Prin-
ciple." The evidence for it comes from
observations that even very similar species
differ slightly in where they are found, what
they eat, the time of the year that they are
active, and their general behavior. There
can be considerable niche overlap but each
niche must have some unique and impor-
tant difference. Cases where two species
seem to have identical niches have always
turned out not to be so (SAAWOK—II,
pp. 507—508). Among two similar allopat-
ric species one could imagine that they
might have niches that, for all intents and
purposes, would be identical. Yet even here
allopatry would have the two species in
somewhat different environments so some
difference between niches would be prob-
able.

There is a sticky problem here, however.
How could one prove that two species had
the same niche with no differences what-
soever? A negative of this sort cannot be
proven, so one is left with this statement
as a useful though tentative way of looking
at the natural world.

One of the consequences of Gause's
Principle is the following,

142. Since the individuals of the same spe-
cies will be competing for the same resources,
intraspecific competition will be more severe than
interspecific competition.

Since individuals of the same species will
be competing for the same resources,
whereas different species will be competing
for slightly or very different resources,
intraspecific competition will be more
intense than interspecific competition.

Hardin (1960) emphasizes that, by hav-
ing different niches, "complete competi-
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tion cannot exist" among different species.
He proposes the useful expression "com-
petitive exclusion principle" instead of
"Gause's Principle." It must be empha-
sized that competitive exclusion does not
mean that competition does not occur but
only that it is ameliorated in proportion to
the degree of difference between the niches
of the two species.

This intense intraspecific competition
means that the pressures of evolution will
promote the formation of new species with
slightly different niches which will lessen
that competition.

The consequence of this phenomenon,
then, is,

143. Evolution has maximized both the
number of niches and the variety of habitats
that are used by organisms.

The variety of living organisms so far
known is beyond measure and comprehen-
sion. No committee of biologists would ever
have predicted the diversity of life that in
fact exists. Neither would that committee
have suspected that some of the harshest
imaginable habitats would have their
unique assemblage of organisms—and
those organisms thrive.

Life is everywhere, and every nook and
corner that can be exploited for a live-
lihood is filled. Every living organism is
potential food for some other organism,
and even if we confine ourselves to the
animal kingdom we find an infinite vari-
ety of parasitic and semi-parasitic organ-
isms which live at the expense of larger
organisms (Burnet and White, 1972, p.
29).

Human beings are a splendid resource
for a huge variety of organisms. Some of
these organisms are usually harmless, or
even advantageous, such as the millions of
bacteria that live in our colons. More atten-
tion is paid, not surprisingly, to the mis-
chievous species—and there are at least
hundreds and probably thousands of them.
Among the roughly 30 protozoan para-
sites, Plasmodium lives in liver and red blood
cells, Trypanosoma in the blood, Entamoeba
in the alimentary canal. About 75 helminth
parasites make their homes in the circu-
latory system, liver, alimentary canal, var-

ious organs, and even the eye. More than
a hundred arthropods live as ectoparasites
or serve as vectors of human diseases.
Three lice show remarkable micro-geo-
graphic distribution: Pediculus corporis is
found over much of the body except the
head, where Pediculus capitis reigns, and in
the pubic region Phthiurus pubis finds its
home (Faust et al., 1970). De la Maza and
Peterson (1986) estimate that more than
500 viruses are known to infect human
beings. And to these numbers we must add
the many species of bacterial and rickettsial
pathogens. McGinnis (1980) estimates that
there are more than 175 species of fungi
that find a home on or in human beings
(see also Mandell et al., 1985; Braude et al.,
1986).

Organisms may live in extreme environ-
ments such as in water at the ice point, in
melting snow, and in hot springs where the
water is nearly at the boiling point. Other
organisms have evolved niches that permit
survival in tropical rain forests and deserts.

There are other habitats that would seem
totally unsuitable for life. One of the most
incredible of these is the hydrothermal
vents, discovered only a generation ago,
that are found in the ocean floor where
crustal plates are being shoved apart and
hot volcanic-like material is being forced
to the surface. High concentrations of
hydrogen sulfide and metals are extruded
from the vents. A rich variety of new spe-
cies have been discovered in this hadean
environment—chemosynthetic bacteria
that use sulfur as an energy source, and
various animals such as protozoans, anne-
lid worms, pogonophorans, crabs, and mol-
lusks. Their populations may be extremely
dense adjacent to the vents.

Since the hydrothermal vents are far
removed from zones where photosynthesis
can supply energy, but the populations of
heterotrophs are so large, it was a problem
to know how the animals were able to live.
The answer for most is that they have
within their bodies endosymbiotic che-
mosynthetic bacteria, which build organic
compounds with the energy obtained from
oxidizing sulfur.

A few references to this fascinating hab-
itat and its denizens are: Canadian Amer-
ican Seamount Expedition (1985), Chil-
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dress (* 1988), Corliss et al. (1977), Edmond
and von Damm (*1983), Johnson et al.
(1986), M. Jones (1985), and Paull et al
(1984).

Other rigorous places to live are to be
found beneath the surface of rocks in a
harsh desert and in a similar place in Ant-
arctica.

Friedmann and Galun (1974) discovered
microorganisms growing in a band just
below the surface of porous, semi-trans-
parent rocks of desert rocks in the Negev.
The dominant forms are cyanobacteria
(blue-green algae) and bacteria. Enough
light passes through the rocks to allow pho-
tosynthesis and this kept the cyanobacteria
and associated bacteria alive.

In the so-called dry valleys of Antarctica,
similar organisms were found. Microor-
ganisms had been recovered from the soil
of these dry valleys but many investigators
thought these were inactive contaminants
brought in from other areas by the winds.
Friedmann and Ocampo (1976) discovered
that cyanobacteria existed in situations
similar to those in the Negev desert rocks.
They reported:

There is a high degree of morphological
similarity between endolithic algal
microorganisms in Antarctica and those
found in hot deserts such as the Negev
and the Sinai.

In a further study Friedmann (1982) found
that lichens, an association of unicellular
green algae and fungi, were even more
abundant than the cyanobacteria.

So here in the spaces just below the sur-
face of semi-transparent rocks, where some
moisture is present and temperature fluc-
tuations are not so extreme, organisms live
even though they can be active for only a
short period even in the warmer months
(in the summer the air temperatures range
from 0° to minus 15°C and in the winter
they drop to about minus 60°C). Condi-
tions are so marginal that active life in a
more exposed habitat is impossible.

The ice-free cold desert of the dry valley
region in southern Victoria Land, Ant-
arctica (77° 30'S, 161° 00'E) can be

regarded as the most extreme and inhos-
pitable environment on Earth. This area
attracted the interest of microbiologists
not only because the combination of
extreme drought and cold poses utmost
demands on the adaptive capacity of
microorganisms, but also because the dry
valleys are regarded as the closest ter-
restrial analog to martian or other extra-
terrestrial planetary environments
(Friedmann and Ocampo, 1976).

The organisms of the hydrothermal
vents, of the porous rocks of Antarctica,
and the Negev desert are dramatic exam-
ples of the degree to which evolution has
perfected species to live in improbable hab-
itats. But are these habitats really stranger
than those of species that live in red-blood
cells, the human eye, or the cold, dark
abyss? Probably not—we have just known
about them longer than the hydrothermal
vent and endolithic environments. The
quest for resources is so great that innu-
merable and seemingly impossible habitats
are home to life.

Thus we can understand why life is so
pervasive but that does not answer the
question "Why are there so many species?"
The answer to that comes from that fact
that,

144. Adaptation for one niche reduces the
degree of adaptation for other niches.

Organisms cannot be complete special-
ists and complete generalists at the same
time. Every commitment means an exclu-
sion. Almost no organisms are equally at
home in water and on land, in fresh water
and salt water, in the tropics and the polar
regions, at the surface of the sea and in the
abyss. Even omnivores have preferences
among their food sources. In addition, most
species have a relatively small geographic
range of distribution and within that range
they are restricted to a patchwork of spe-
cific habitats.

The pressures of life, then, are to perfect
each species for an effective ability to use
a specific menu of resources.

This fine tuning of the niche may permit
survival for the present but a specific envi-
ronment is never eternal. Thus, if the hab-



CONCEPTS OF BIOLOGY III 419

itat that supports one niche is destroyed,
that way of life is no longer possible. Spe-
cialization has its rewards but in time it
leads to extinction. Seemingly many spe-
cies cannot adjust to a dramatically changed
environment and they become extinct. For
others the evolution of a new niche is the
escape from that trap.

The field of ecology is complex and dif-
ficult to systematize. That is to be expected,
since it deals with all the ways in which
millions of species interact with all of the
complexities of the environment. Never-
theless it is all reducible to a single broad
concept: the interactions of an organism
with its environment are all directed toward
obtaining the resources to survive and leave
offspring.

Ecology is a very active branch of biology
today. It is vital, frustrating, and challeng-
ing. It is often difficult to formulate
hypotheses that can be substantiated. Some
ecologists are attempting to deal with its
complexities by testing ideas with the tech-
niques of mathematical biology and com-
puter simulations. Models of what might
happen are devised and then attempts are
made to check the predictions of the mod-
els with field observations and laboratory
experiments.

General references to ecology

Allee et al. (*1949), Andrewartha and
Birch (*1954, *1984), Begon and Morti-
mer (1986), Begon et al. (1986), Benton
and Werner (1974), Bramwell (1989),
Calow (1987), Cherrett (1989), Clements
and Shelford (1939), Colinvaux (1978,
* 1986), Diamond and Case (1986), Ehrlich
and Roughgarden (*1987), Emlen (1973),
Engel (1965), Furley and Neweby (1983),
Giller (1984), Glacken (1967), Grubb and
Whittaker (1989), Harborne (1988), Hesse
et al. (1937), Hillary (1984),]. D. Hughes
(1975), Hutchinson (1978), Ito (1978), C.
B. Knight (1965), Krebs (*1985), May and
Seger (1986), R. P. Mclntosh (1985), Odum
(1959, 1977, 1989), Owen (1980), S. P.
Parker (1980), Polunin (1986), Putnam and
Wratten (1984), Ricklefs (1983, *1990),
Saarinen (1982), R. L. Smith (1980), Storer
(1953), and Towsend and Calow (1981).

Additional references are given in SAA-
WOK—II.

X. GEOGRAPHIC DISTRIBUTION

The earth is a rotating sphere bathed by
the sun. Its axis of rotation is displaced
23.5° from the vertical of a line from the
earth to the sun. Because of this, the quan-
tity of the sun's energy reaching the earth's
surface varies with latitude {Statements 5-
7) and, together with the irregularities of
the earth's surface, produces the varied cli-
mates of the earth, giving us polar regions
and tropics, deserts and rain forests.
Remembering that species have evolved for
life in a highly specific environment (State-
ment 144), it is not surprising that some
have a small range of geographic distri-
bution, and within that range are found
only in appropriate habitats. Geography
does matter. Attempts to understand why
species are found where they are have been
of concern to biologists for a long time. In
the 20th century the broad outlines of an
answer have become available. But before
considering this theoretical question, the
basic distributions of communities will be
explored.

145. The interactions of temperature and
rainfall determine the major types of terrestrial
communities.

Although an organism's way of life is
strongly influenced by other organisms in
a mature community, the nature of the
community itself is controlled largely by
climate.

In the year 1491, a journey westward
along the 40th parallel, roughly from Phil-
adelphia to northern California, would
carry the traveller through an astonishing
variety of habitats. The first thousand miles
or so would be through a magnificent for-
est of deciduous broad-leaved trees, unbro-
ken except for the higher Allegheny
mountains where the forest would be a
mixture of conifers and broad-leaved spe-
cies. By the time present-day Kansas was
reached, the trees would be replaced by
the long-grass prairie where, in the sum-
mer months, the grasses and flowers would
be "knee high to a man on horseback." In
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FIG. 8. Plants and altitude. Confiers form a belt at the lower levels of the mountain side shown in the
photograph. The higher elevations are much colder, as shown by the still-unmelted snow, and trees cannot
survive. Note however that a few trees are present above the main conifer belt. These are on a slightly warmer
slope—evidenced by the fact that the snow has melted where they occur. Vail Pass, Colorado, at about 3,000

this vast flat region, trees would be
restricted to the river bottoms, as there is
not enough water for them in other places.
Farther to the west, the long-grass prairie
would be replaced by the short-grass prai-
rie, because of the reduced rainfall. Again
any trees would be restricted to the river
bottoms. The short-grass prairie would
extend to the base of the Rocky Mountains.

An ascent of the Rocky Mountains would
pass through zones of conifers and, at the
highest elevations, the trees would disap-
pear and be replaced by a dwarf alpine
vegetation (Figs. 8, 9). Continuing west,
one would descend through a zone of coni-
fers and then enter an increasingly arid
region where trees would be replaced by
low shrubs and finally the species of the
true desert. Finally one would reach moun-

tains again, the Sierra Nevada of California
(Fig. 10). Again one would ascend through
a conifer forest until the alpine zone was
reached, with its species similar to those of
the tundra of northern Canada. One could
then cross another arid region and finally
reach a magnificent forest of giant red-
wood trees along the Pacific coast (Fig. 11).

The temperatures along this transect are
all moderate, except for the higher ele-
vations of the Rocky Mountains and the
Sierra Nevada, where in winter it may be
far below zero degrees Fahrenheit, and the
western deserts, where summer tempera-
tures can be more than 120°F. In addition,
there are vast differences in rainfall. These
local differences in temperature and rain-
fall are associated with marked floral dif-
ferences. The average annual rainfall, in
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FIG. 9. Plants of the alpine zone. This extremely harsh habitat is covered by snow most of the year. When
the snow melts the plants grow rapidly, flower, and set seed—all in the very short growing season. These
alpine species are often called "belly plants" because that it the best vantage point to see them closely. Rocky
Mountain National Park, Colorado, at about 3,500 meters.

inches, across the transect is: Philadelphia
in the eastern forest, 42; Omaha in the
long-grass prairie, 25; Denver in the short-
grass prairie, 14; Carlin, Nevada in the arid
region, 6; and Eureka with its redwood for-
est on the California coast, 76.

The interactions of temperature and
rainfall are the limiting factors for the great
natural communities of the globe. But it is
not just total rainfall that is involved since
the time of its occurrence is important for
the growth of plants and, hence for the life
of animals. In places with a Mediterranean
climate the rains come mostly in winter and
the summers are hot and dry. In other
places the rainfall may be more equally dis-
tributed throughout the year. A desert
where most of the rain comes in the sum-
mer will be more lush and have many spe-

cies that differ from a desert with mainly
winter rainfall. The controlling factor
always is available moisture rather than
total rainfall. Thus, the ratio of rainfall to
the rate of evaporation is the factor that
determines what plants will be found in a
given region (N. L. Stephenson, 1990). For
simplicity, however, when moisture is con-
cerned we will speak only of rainfall.

The combination of high temperatures
and high rainfall provides the climate for
tropical rain forests. High temperatures
and little rainfall result in deserts (Fig. 4).
Moderate temperatures and rainfall pro-
vide for the temperate zone forests and,
with less rainfall, for grasslands (Fig. 5).
The arctic tundra regions are especially
interesting (Fig. 12). The annual precipi-
tation is often no greater than is typical of
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FIG. 10. The Sierra Nevada. In the foreground is a stand of Great Basin sage, which is typical of much of
the arid west. The lower slopes of the mountains has a coniferous forest. At the higher elevations there are
only alpine plants. Mt. Whitney region of California.

parts of the Sahara desert, yet in some areas
the land appears to be a very dilute solution
of the earth's crust with water-logged veg-
etation between innumerable ponds. There
is so much water because the very low tem-
peratures retard evaporation, and the ter-
rain is usually so flat that drainage is very
poor. Furthermore, water cannot sink far
into the soil because the permafrost is pres-
ent, even in summer, to within a meter or
less of the surface.

In a journey north from Virginia in the
eastern United States one passes through
a belt of broad-leaved deciduous trees,
conifers (the taiga), and finally the tundra
with its dwarf trees, mosses, and other short
plants. This is the same sequence that one
observes in ascending the Rocky Moun-
tains, the Sierra Nevada, and the San Fran-
cisco Mountains of northern Arizona, as
described in Merriam's (1890) classic study
(SAAWOK—II, pp. 496-498).

The major communities just described
are, of course, not sharply delimited. Dif-

ferences in temperature and rainfall vary
and an endless variety of intermediate con-
ditions prevail. The result is a wide range
of biotic communities, each with a seem-
ingly endless opportunity for novel ways of
life. In the drier regions of the North Tem-
perate zone, for example, the plant species
growing on a north facing slope of a moun-
tain may differ from the species on the
south-facing slope. The south-facing slope
will be warmer and drier and that makes
a different environment for the plant spe-
cies.

In contrast water is not a limiting factor
in aquatic habitats—oceans, lakes, and
streams—and here we find temperature,
light, and dissolved salts playing primary
roles. The availability of light in the upper
hundred fathoms of the oceans permits the
growth of algae, the primary producers that
permit heterotrophic life. Even in the abyss,
where there is no light, there is life, which
lives on the rain of organic matter that
sinks from the lighted zone or is associated
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FIG. 11. Redwoods. A scale is provided by the automobile at the lower left. In order to show the full size
of the trees, it was necessary to photograph them from the far side of the Eel River, one bank of which is
shown in the foreground. Near Humboldt Redwoods in northern California.

with hydrothermal vents (Statement 141).
Salinity has a dramatic effect; few species
can live in both fresh and salt water.

The interactions of rainfall and temper-
ature in terrestrial communities determine
the plants that will be found. Nevertheless,
many species of animals depend on specific
plants, hence they will show a geographic
distribution similar to those plants. There
are notable exceptions. Other species are
found in habitats with very different floras.
For example, some land birds that breed
in the arctic tundra and spend the winter
months in the tropical rain forests.

But the problems are more complex than
merely the major plant communities being
controlled largely by temperature and
rainfall. The tropical forests of Amazonia
and of the Congo have a similar overall
appearance but the species comprising
them are different. The reason is history.

146. Although the continents may have sim-
ilar types of communities, the species comprising
them are almost always different.

Thus, the more interesting questions
involve the geographic distribution of spe-
cies and higher taxa and this became the



424 JOHN A. MOORE

FIG. 12. Tundra. This flat, marshy area is near Nome, Alaska. In winter it is covered by snow. In the summer
months the snow melts and numerous ponds form. A permanant layer of ice, the permafrost, lies about a
meter or so below the surface. The problems of building a railroad in such terrain proved to be too much.

major problem of biogeography. It is
instructive to consider how two of the first
students of biogeography, Charles Darwin
and Alfred Russel Wallace, looked upon
the problems of geographic distribution.
First Darwin:

In considering the distribution of organic
beings over the face of the globe, the
first great fact which strikes us is, that
neither the similarity nor the dissimilar-
ity of the inhabitants of various regions
can be accounted for by their climatal or
other physical conditions. Of late, almost
every author who has studied the subject
has come to this conclusion. The case of
America alone would almost suffice to
prove its truth: for if we exclude the
northern parts where the circumpolar
land is almost continuous, all authors

agree that one of the most fundamental
divisions in geographical distribution is
that between the New and Old Worlds;
yet if we travel over the vast American
continent, from the central parts of the
United States to its extreme southern
point, we meet with the most diversified
conditions; the most humid districts, arid
deserts, lofty mountains, grassy plains,
forests, marshes, lakes, and great rivers,
under almost every temperature. There
is hardly a climate or condition in the
Old World which cannot be paralleled
in the New. . . . Notwithstanding this
parallelism in the conditions of the Old
and New Worlds, how widely different
are their living productions. . . . In the
southern hemisphere, if we compare
large tracts of land in Australia, South
Africa, and western South America,
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between latitudes 25° and 35°, we shall
find parts extremely similar in all their
conditions, yet it would not be possible
to point out three faunas and floras more
utterly dissimilar (Origin, pp. 346-347).

A second great fact which strikes us in
our general review is, that barriers of any
kind, or obstacles to free migration, are
related in a close and important manner
to the differences between the produc-
tions of various regions (p. 347).

A third great fact, partly included in the
foregoing statements, is the affinity of
the productions of the same continent
or sea, though the species themselves are
distinct at different points and stations.
It is a law of the widest generality, and
every continent offers innumerable
instances. Nevertheless the naturalist in
travelling, for instance, from north to
south [as Darwin did in South America]
never fails to be struck by the manner
in which successive groups of beings,
specifically distinct, yet clearly related,
replace each other. He hears from closely
allied, yet distinct kinds of birds, notes
nearly similar, and sees their nests sim-
ilarly constructed, but not quite alike,
with eggs coloured in nearly the same
manner (p. 349).

On these views [descent with modifica-
tion], it is obvious, that the several spe-
cies of the same genus, though inhabit-
ing the most distant quarters of the
world, must originally have proceeded
from the same source, as they have
descended from the same progenitor. In
the case of those species, which have
undergone during whole geological
periods but little modification, there is
not much difficulty in believing that they
may have migrated from the same region;
for during the vast geographical and cli-
matal changes which will have super-
vened since ancient times, almost any
amount of migration is possible. But in
many other cases, in which we have rea-
son to believe that the species of a genus
have been produced within compara-
tively recent times, there is great diffi-
culty on this head. It is also obvious that
the individuals of the same species,

though now inhabiting distant and iso-
lated regions, must have proceeded from
one spot, where their parents were first
produced: for . . . it is incredible that
individuals identically the same should
ever have been produced through nat-
ural selection from parents specifically
distinct. . . . The simplicity of the view
that each species was first produced
within a single region captivates the
mind. He who rejects it, rejects the vera
causa of ordinary generation with sub-
sequent migration, and calls in the agency
of a miracle (Origin, pp. 351-352).

Alfred Russel Wallace (1876) thought of
his landmark The Geographical Distribution
of Animals as an expansion of Darwin's ideas.
These are some of his points.

It was long thought, and is still a popular
notion, that the manner in which the
various kinds of animals are dispersed
over the globe is almost wholly due to
diversities of climate and of vegetation.
There is indeed much to favour this
belief. The arctic regions are strongly
characterized by their white bears and
foxes, their reindeer, ermine, and wal-
ruses, their white ptarmigan, owls, and
falcons; the temperate zone has its foxes
and wolves, its rabbits, sheep, beavers,
and marmots, its sparrows and song birds;
while the tropics alone produce apes and
elephants, parrots and peacocks, and a
thousand strange quadrupeds and bril-
liant birds which are found nowhere in
the cooler regions. So the camel, the
gazelle and the ostrich live in the desert;
the bison on the prairie; the tapir, the
deer, and the jaguar in forests. Moun-
tains and marshes, plains and rocky prec-
ipices, have each their animal inhabi-
tants; and it might well be thought, in
the absence of accurate inquiry, that
these and other differences would suffi-
ciently explain why most of the regions
and countries into which the earth is
popularly divided should have certain
animals peculiar to them and should want
others which are elsewhere abundant.

A more detailed and accurate knowledge
of the productions of different portions
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of the earth soon showed that this expla-
nation was quite insufficient; for it was
found that countries exceedingly similar
in climate and all physical features may
yet have very distinct animal popula-
tions. The equatorial parts of Africa and
South America, for example, are very
similar in climate and are both covered
with luxuriant forests, yet their animal
life is widely different; elephants, apes,
leopards, guinea-fowls and touracos
[birds] in the one, are replaced by tapirs,
prehensile-tailed monkeys, jaguars,
curassows and toucans in the other.
Again, parts of South Africa and Aus-
tralia are wonderfully similar in their soil
and climate; yet one has lions, antelopes,
zebras and giraffes; the other only kan-
garoos, wombats, phalangers and mice.

. In a like manner parts of North America
and Europe are very similar in all essen-
tials of soil climate and vegetation, yet
the former has racoons, opossums, and
hummingbirds; while the latter possesses
moles, hedgehogs and true flycatchers.
Equally striking are the facts presented
by the distribution of many large and
important groups of animals. Marsupials
(opossums, phalangers, &c.) are found
from temperate Van Diemen's land
[Tasmania] to the tropical islands of New
Guinea and Celebes, and in America
from Chili to Virginia. No crows exist in
South America, while they occupy every
other part of the world, not excepting
Australia. Antelopes are found only in
Africa and Asia; the sloths only in South
America; the true lemurs are confined
to Madagascar, and the birds-of-paradise
to New Guinea (pp. 5-6).

Wallace's famous map of the Zoogeo-
graphical Regions is the frontispiece of The
Geographical Distributions of Animals. He
divided the land areas into six major
regions. His Nearctic Region consisted of
Canada, the United States, and the high-
lands of Mexico; the Neotropical Region
was lowland Mexico, Central America, and
South America; the Palaearctic Region
consisted of Europe, Africa north of the
Sahara, Asia north of central Arabia, India,
and southern China; the Ethiopian Region

was the area south of the Sahara; the Ori-
ental Region included India, southeast Asia
and the near islands of the Malay Archi-
pelago; the Australian Region included
Australia, New Zealand, the easternmost
islands of the Malay Archipelago, New
Guinea, and other southwest Pacific islands.

Wallace's zoogeographical regions were
often separated by barriers that would
restrict the movement of terrestrial spe-
cies—the Sahara divided the Palaearctic
and Ethiopian Regions and the Himalayas
were a partial barrier between the
Palaearctic and Oriental Regions. One of
the most interesting divisions that Wallace
described was that separating the Oriental
and Australian Regions (Wallace, 1860,
1869, 1876; Mayr, 1944; Whitmore, 1981).
This case came to be known as Wallace's
Line and was most dramatically expressed
by the Straits of Lombok, which separate
the islands of Bali (Oriental Region) and
Lombok (Australian Region). This is how
Wallace (1869, pp. 25-26) described life
on the two sides of this line:

Turning our attention now to the
remaining portion of the [Malay] Archi-
pelago, we shall find that all the islands
from Celebes and Lombock eastward
exhibit almost as close a resemblance to
Australia and New Guinea as the West-
ern Islands do to Asia. It is well known
that the natural productions of Australia
differ from those of Asia more than those
of any of the four ancient quarters of the
world differ from each other. Australia
in fact stands alone: it possesses no apes
or monkeys, no cats or tigers, wolves,
bears, or hyenas; no deer or antelopes,
sheep or oxen; no elephant, horse, squir-
rel, or rabbit; none, in short, of those
familiar types of quadruped which are
met with in every other part of the world.
Instead of these, it has Marsupials only,
kangaroos and opossums, wombats and
the duck-billed platypus [a monotreme].
In birds it is almost as peculiar. It has no
woodpeckers and no pheasants, families
which exist in every other part of the
world; but instead of them it has the
mound-making brush turkeys, the
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honeysuckers, and cockatoos, and the
brush-tongued lories, which are found
no where else upon the globe. . . .

The great contrast between the two divi-
sions of the Archipelago is nowhere so
abruptly exhibited as on passing from
the island of Bali to that of Lombock,
where the two regions are in closest
proximity. In Bali we have barbets, fruit
thrushes, and woodpeckers; on passing
over to Lombock these are seen no more,
but we have an abundance of cockatoos,
honeysuckers, and brush-turkeys, which
are unknown in Bali, or any other island
further west. The strait is here fifteen
miles wide, so that we pass in two hours
from one great division of the earth to
another, differing as essentially in their
animal life as Europe does from Amer-
ica. If we travel from Java or Borneo to
Celebes or the Moluccas, the difference
is still more striking. In the first the for-
ests abound in monkeys of many kinds,
wild-cats, deer, civets, and otters, and
numerous varieties of squirrels are con-
stantly met with [all placental mammals].
In the latter none of these occur; but the
prehensile-tailed Cuscus [a marsupial] is
almost the only terrestrial mammal seen.

These were the sorts of observations that
puzzled naturalists and called for expla-
nations. It was not enough to say, as many
doubtless would, "Well, that's just the way
it is." There were some real puzzles that
Darwin and Wallace had encountered. Both
had extensive first-hand experience with
the geographic distribution of organisms,
Darwin on the voyage of H.M.S. Beagle and
Wallace during the years spent in Ama-
zonia and later in the Malay Archipelago.

147. The present geographic distribution of
taxa is the result of the taxon's place of origin,
subsequent dispersal, and regional extinctions.

The basic problem of biogeography is
why taxa are in one place and not else-
where. The most parsimonious explana-
tion, and hence that most appealing to Wil-
liam of Occam, is that the area in which
the taxon now occurs is the area of its evo-
lutionary origin. For example, the reason

that today horses are found only in the Old
World and elephants only in Africa and
Asia is because they originated there and
failed to spread to other regions.

This hypothesis might be true but it fails
to consider two important problems.
Firstly, the present day range of distribu-
tion has probably not been constant over
time. There are many present-day exam-
ples of great changes in distribution. In the
last ten thousand years the vast areas cov-
ered by Pleistocene ice sheets have been
repopulated by animals and plants. An Old
World species, the cattle egret, somehow
reached South America, probably with its
wings, from Africa from 1887 and rapidly
moved north, reaching Florida in 1941. It
is now very common over much of the
United States. Human beings have intro-
duced many species of plants and animals
into new regions—killer bees into Brazil,
starlings and English sparrows into North
America—and all have spread rapidly.

Secondly, the present distribution may
be only the remainder of a far more exten-
sive distribution in the past. Paleontolog-
ical data have repeatedly shown this to be
the case. Consider the horse family (Simp-
son, 1961c). The wild horse, Equus caballus,
survived in Europe and Asia well into the
historical period. It is the progenitor of the
domesticated horse. The so-called Asiatic
wild ass, Equus hemionus, was formerly
widespread in Asia but few remain. The
true wild ass and ancestor of the domesti-
cated donkey, Equus asinus, lived in North
Africa. Africa is also the home of several
species of zebra, also in the genus Equus.

The simplest explanation for this distri-
bution would be that the horses originated
somewhere in the Old World and, in the
absence of effective barriers to their dis-
tribution, spread widely and speciated.
Their absence in Australia and the New
World could be explained by their inability
to surmount the oceanic barriers. We now
know this explanation to be woefully incor-
rect. The horse family originated in North
America, and during the Tertiary all con-
tinents except Australia had species of the
horse family. In fact, the main evolution
of the horse family occurred in North
America and from that center horses spread
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both to South America and the Old World.
For some unknown reasons, the American
species became extinct only a few thousand
years ago so the present restriction of horses
to the Old World can be considered a relic
situation.

The story for the elephants is similar
except that their evolutionary origin is
thought to have been Africa. They too were
formerly in the New World, but never in
Australia. They also were common in
North America as late as the Pleistocene.

The hypothesis of origin, dispersal, and
regional extinction can account not only
for patterns of distribution such as those
of horses and elephants but for puzzling
cases of disjunct distributions. The mag-
nolia family is of ancient origin, being
known from the Mesozoic. Fossils have
been found in many places in the northern
hemisphere but today the family is
restricted to eastern Asia, the eastern
United States, and Central America. One
of its genera, Liriodendron, has a distribu-
tion that, in the absence of a fossil record,
would defy rational explanation. One spe-
cies is found in the eastern United States
and the only other species is found in a
small area of southeast Asia. Fossils of Lir-
iodendron, however, have been found in
various localities in Asia, Europe, and
North America (Good, 1974, pp. 337-338).
Thus regional extinction after a wide dis-
persal accounts for the relic distribution of
magnolias today.

We have discussed the intercontinental
movements of organisms as though the seas
were no barriers. It must be obvious, how-
ever, that neither horses nor elephants are
likely to swim between any continents
today. There is a solution—there were
times in the past when they could just walk.

148. There have been repeated connections
and separations of the land masses in the geo-
logical past.

In the 19th century geologists made two
observations that were to be important in
understanding some of the puzzles of geo-
graphical distribution. One puzzle was that
very similar or possibly identical fossils of
terrestrial vertebrates were found in both
North America and Europe—those species

of the horse and elephant families, for
example. The hypothesis of the indepen-
dent origin of these unique types of mam-
mal on the two continents was not seriously
entertained as it was too improbable. It was
more probable and satisfying to imagine
some land connection that allowed an
interchange of these mammals.

But how could that be? It was well known
that fossils of marine organisms occurred
in the continental strata, even on high
mountains. It was clear, therefore, that the
land masses had undergone periods of uplift
and subsidence, so it was reasonable to
believe that land bridges may have con-
nected them at various times in the past.
When observations showed convincingly
that the Northern Hemisphere had been
covered with a tremendous ice sheet, and
that the water must have come from the
ocean, it was reasonable to conclude that
the sea level had been much lower—pos-
sibly by as much as a hundred meters. It
was thought probable that England had
been attached to Europe, hence there
would be no problem of terrestrial species
moving from one to the other.

One need only look at a map, and note
the depth of the sea, to conclude that a
land connection from northeast Siberia to
Alaska during the Pleistocene was highly
probable. Some even held that there might
have been a land connection from north-
east Canada to Europe in geologically
recent times. Thus, it did not seem too
difficult to account for the similarity of ani-
mals and plants of the circumpolar region.
And, of course, to this day there is an ice
bridge every winter from Alaska to Siberia
that would permit some mammals to cross.

The data on geographic distributions on
the continents of the Southern Hemi-
sphere presented severe problems, how-
ever. Today these continents have no con-
nection with one another except through
the continents of the Northern Hemi-
sphere. And Australia is totally isolated,
although there is a chain of islands between
it and southeast Asia. It was difficult to
understand, therefore, the many cases of
similar plants and animals being found on
two or three of the southern continents
and not found in the north. For example,
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the southern beeches (Notophagus) are
found only in southwestern South Amer-
ica, southeast Australia, Tasmania, and the
mountains of New Guinea. The living spe-
cies of the genus Araucaria are also
restricted to Australia, nearby islands, and
South America. The species of plant family
Proteaceae are most abundant in Australia
and southern Africa. Marsupials are
restricted to South America, Australia, and
North America, which has only the opos-
sum, which arrived in recent geological
times. These observations might be
explained by assuming an earlier world-
wide distribution with the subsequent
extermination of the populations in the
northern continents.

Some biogeographers accounted for
these facts of distribution by assuming that
there must have been land bridges con-
necting the southern continents. Consid-
ering the great distances between the
southern continents and the great depths
of the intervening oceans, these land
bridges did seem to be improbable ad hoc
contrivances.

It is now clear that the southern conti-
nents, in fact all continents, were once con-
nected and that they moved apart to reach
the positions they now occupy. This dis-
covery of continental drift (based on plate
tectonics) has revolutionized the field of
biogeography and has provided general-
ized answers for its major questions.

This fascinating story began long ago but
it is only now in this generation that it has
been fully accepted by geologists. In 1620
Sir Francis Bacon pointed out that if one
moved South America eastward to Africa
the two continents would fit together like
the pieces of a puzzle. In 1912 Alfred L.
Wegener expanded this hypothesis to pro-
pose that about 200 million years ago, in
the Mesozoic, the continents formed one
mass—Pangaea. Subsequently the conti-
nents were thought to move apart until
they came to occupy the positions they have
today.

Wegener's hypothesis of continental drift
could explain many of the puzzles of geo-
graphical distribution. If found to be cor-
rect, it would not be necessary to bridge
the oceans with hypothetical land bridges.

The fauna and flora of late Mesozoic Pan-
gaea would have had no ocean barriers to
restrict their distributions. For example,
the discovery of late Cretaceous dinosaurs
not only on the major continents but also
in Australia and New Zealand would find
a ready explanation if Pangaea really had
existed.

But to be accepted, Wegener's hypoth-
esis had to do more than explain puzzles
of biogeography. There had to be some
mechanism to move continents and almost
all geologists believed that the continents
were rigidly rooted in the lithosphere. The
answer came in the 1950s. Maurice Ewing
and his associates at Columbia University
mapped the ocean floors and found them
to consist of basins and ridges. The Mid-
Atlantic Ridge, for example, is a con-
tinuous elevation from the Arctic to the
Antarctic. In the center of the ridges there
were trenches where molten material from
the earth's interior welled up and forced
the sea floor apart.

The earth's surface came to be viewed
as consisting of gigantic plates that move
and collide. The plates are forced apart at
the mid-ocean trenches and, where the
plates press against one another, one is
forced under the other and with the heat
and pressure of the interior becomes mol-
ten. This phenomenon is plate tectonics.
Today the plates are being pushed apart
at a rate of about 50 mm per year.

Geologists have been able to locate the
positions of the land masses in the past,
although the precision becomes less as one
goes back in time. All the land masses were
together in the southern hemisphere dur-
ing the Permian and Triassic as Pangaea.
In the Jurassic a northern position, Laura-
sia, separated and started to move north.
It consisted of what was to become parts
of North America, Greenland, Europe, and
Asia. Left behind was Gondwana, or Gon-
dwanaland, consisting of what was to
become South America, Africa, India, New
Zealand, Australia, and Antarctica.

By the end of the Cretaceous both Lau-
rasia and Gondwana had fragmented and
continued to separate. The time is impor-
tant for understanding the geographic dis-
tribution. The early land mammals had
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already appeared before the Cretaceous
and so could have colonized all of the con-
tinents.

Some references to plate tectonics and
continental drift are: Briggs (*1987), Cox
and Hart (1986), Lindroth (1957), Scien-
tific American (1972), Shea (1985a, b),
Siever (1983), Wegener (1924), Windley
(1984), and J. T. Wilson (1976).

149. The long isolation of South America
and Australia during the Cenozoic resulted in
the evolution of unique faunas (and floras).

As noted above, both South America and
Australia were part of the single continen-
tal mass, Pangaea, in the Triassic. The con-
tinents began to separate in the Jurassic,
splitting off Laurasia in the north and
Gondwana in the south. By the early Ter-
tiary both South America and Australia had
lost their connections with other conti-
nents. Australia was to remain isolated, and
South America did not become connected
with North America via the Isthmus of
Panama until the Pliocene.

Australia became a laboratory for par-
allel mammalian evolution. At first it had
only monotremes but later primitive mar-
supials arrived. It is suspected that mar-
supials first appeared in North America and
then spread to South America at least by
the late Cretaceous. They could have
entered Australia when South America,
Antarctica, and Australia formed part of
Gondwana. This hypothesis has been made
more probable by the recent discovery of
a fossil marsupial, named Antarctodolops, in
Antarctica by Woodburne and Zinsmeister
(1982, 1984).

The marsupials underwent a dramatic
evolutionary radiation in Australia. In a
sense they evolved all of the major mam-
malian niches except for marine and aerial
kinds (the wombat does not fly). About half
of the present day species of Australian
mammals are placentals—bats and rodents.
The bats could fly in and it is thought that
the rodents arrived long after the marsu-
pials had begun their radiation. One can
only speculate why these placentals never
underwent the same extensive radiation as
the marsupials. Could it be that the mar-

supials evolved all those major niches first?
None of the large placental mammals ever
reached Australia until human beings and
dingos arrived in very recent times.

The reasons for this radiation are the
same as for all radiations—the need for the
resources required for life. Any variant that
has a new way of obtaining resources will
be selected and evolve a new niche. The
end results are tiny marsupials that weigh
only a few grams and giant kangaroos.
Some live in the deserts of the interior and
others in the tropical rain forests of
Queensland and nearby New Guinea. The
Europeans who first visited Australia found
marsupials that both in appearance and
habits resembled the placentals with which
they were familiar: wolf, cat, mouse, rat,
etc. One has only to look at illustrations of
Australian marsupials to be convinced of
the extraordinary resemblances to placen-
tal species.

The Tasmanian wolf (Thylacinus) could
easily be confused with placental wolves
and the structure of the skulls of the two
is nearly identical. There is no marsupial
species that resembles the larger placental
grazing animals but that herbivorous way
of life has been adopted by the many spe-
cies of kangaroo. Many marsupials are car-
nivores. Some live in trees, others on the
ground.

One of the most extraordinary cases of
convergent evolution is the marsupial mole
(Notoryctes). Placental moles are blind, bur-
rowing mammals. So are the marsupial
moles. In fact, the structure of the mar-
supial mole is so similar to the placental
golden moles of Africa that the great pale-
ontologist and anatomist E. D. Cope
thought them to be closely related.

Introductions to the Australian mam-
mals are provided by Carlquist (1965, ch.
6), Colbert (1974, ch. 10), Keast (1972, ch.
5), Raven and Gregory (1946), Ride (1962),
Simpson (19616), and Troughton (1948).

There is a similar story for South Amer-
ica, which was isolated from other land
masses for most of the Cenozoic. During
this time the evolution of its mammals,
about which a great deal is known, was not
affected by mammals from elsewhere. The
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continent began with some primitive mar-
supials and placental mammals. Both pro-
duced a large number of major taxa. The
marsupials underwent many of the same
sorts of convergent evolution that occurred
in Australian marsupials. For example, the
extinct South American wolf-like marsu-
pial, Boryhyaena, parallels the Tasmanian
wolf in its close resemblance to placental
canines. In contrast with the Australian
placentals, South American placentals
evolved many unique types unknown else-
where.

After being isolated for most of the Ter-
tiary, the Panamanian Isthmus was formed
near its very end. There ensued an inter-
change of mammals with the subsequent
extermination of many of the unique South
American types. This involved, in part, the
extermination of many South American
marsupials by North American placentals.
The result of this interchange, which took
place during the last 3 million years, is that
about half of the genera and families of
South American mammals are derived
from ancestors that came from North
America. South American species made a
lesser contribution to North America but
some of them were spectacular: giant
armadillos, giant sloths, and a ten-foot tall
bird, Titanis. A very much smaller arma-
dillo and the opossum are two of the rel-
atively few survivors in the United States
of the South American invaders.

See Colbert (1974, ch. 10), Marshall
(1988), Patterson and Pascual (1972),
Siever (1983), Simpson (1980), and Stehli
and Webb (1985).

Although one can account for the major
facts of the geographic distribution with
the hypothesis of origin in one place, dis-
persal until stopped by some barriers, and
regional extinctions, it is nearly impossible
to understand the details. Why are indi-
vidual species usually restricted to a small
portion of what would seem to be a uni-
form habitat? A first guess might be that
range extension is blocked by a closely sim-
ilar species. About all one can say is that
every species has a way of life that can best
be lived in a narrow range of environmen-
tal conditions.

Cape Cod is a barrier for many littoral
species of marine invertebrates. It stops a
cold-adapted fauna from the north and a
warm-adapted fauna from the south.
Marine species are so closely adjusted to a
given range of temperatures that they can-
not endure temperatures beyond those
limits. They have become specialists for
effective living in their narrow range of
temperature tolerances. This is often viv-
idly demonstrated when there will be a sud-
den increase, or decrease, of ocean tem-
peratures—as off Florida. The result will
be a massive die-off caused by a tempera-
ture only a few degrees above or below that
normally encountered.

Of course one would expect, over time,
for those southern species to evolve the
ability to survive lower temperatures and
move north of Cape Cod. A possible reason
for their absence is that cold adapted spe-
cies are already there leaving no niches to
be filled.

References to geographic distribution

The patterns of geographic distribution
have been of great interest to naturalists
and a rich literature has been produced:
Attee etal. (1949), de Beaufort (1951), Bed-
dard (1895), Briggs (1974, 1984, 1987), J.
H. Brown and Gibson (1983), Browne
(1983), Cain (1944), de Candolle (1820),
Colbert (1974), Cox and Moore (1985),
Danseraux (1957), P. J. Darlington (1957,
1965), Ekman (1953), Furley and Neweby
(1983), Gleason and Cronquist (1964), R.
Good (1974), Gray and Boucot (1979),
Heilprin (1887), Hesse et al. (1937, 1951),
Hubbs (1958), N. F. Hughes (1973), von
Humboldt and Bonpland (1807), Jardine
and McKenzie (1972), Keast (1959), Keast
et al. (1972), Kellman (1980), de Lauben-
fels (1970), Lindroth (1957), Lydekker
(1896), MacArthur and Wilson (1967), W.
D. Matthew (1915), Mayr (1944, 1976),
Merriam (1890, 1892), Meyen, (1846), P.
Muller (1974), Myers and Giller (1988),
Neill (1969), Nelson (1978), Nelson and
Platnick (1981), Nelson and Rosen (1981),
Pears (1985), Pycraft (n.d.), R. Roberts
(1989), Sclater (1858), Sclater and Sclater
(1899), Seddon (1973), Simmons (1979),
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Simpson (196It, c, 1965, 1980), Stehli and
Webb (1985), J. A. Taylor (1984), Udvardy
(1969), Valentine (1972), Vermeij (1978),
A. R. Wallace (1860, 1869, 1876, 1880),
Watts (1971), and Whitmore (1981).

XI. THE NATURE OF SCIENCE

The striking advances of the natural
sciences in the last few centuries have stim-
ulated much speculation about their fun-
damental nature, procedures, and accom-
plishments. Recently there has been
considerable interest, even concern, about
what science is, has done, and can do. This
is because there is a general feeling that
things are not going well in this world and
that the uses to which science is put have
much to do with this situation. These con-
cerns will be explored more fully in section
XII.

Scholarly investigations of science by
philosophers and sociologists seek to deter-
mine what it is that scientists do and what
can account for the success of science. For
the most part scientists have taken little
note of the conclusions reached by those
who study us, and it must be said, with
regret, that those who study how science
works have made essentially no apprecia-
ble contribution to making it work better.
Of course, that is not their primary inter-
est.

The noun "science" is derived from the
Latin "scientia," which means "knowl-
edge." Etymologically speaking, then, "sci-
ence" is synonymous with "knowledge." In
common usage, however, "science" is
restricted to knowledge of the natural
world, without our clearly defining what is
meant by "natural."

There is only one nature and all her phe-
nomena must be interrelated, yet these
phenomena are so diverse that knowledge
of them is categorized, for example, as
astronomy, physics, chemistry, geology and
biology. Each of these basic fields of knowl-
edge overlaps all others. So far as biology
is concerned, celestial bodies provide
energy, environmental cues, tides; the
metabolism of cells is described in terms of
physics and chemistry; geology supplies
information about the past including the
history of organisms.

Although less speculative human beings
may regard the methods of science with
awe and mystification, there is nothing
strange in what we do. Most people use the
same procedures that scientists do.

Science is not wrapped up with any par-
ticular body of facts; it is characterized
as an intellectual attitude. It is not tied
down to any peculiar methods of inquiry;
it is simply sincere critical thought, which
admits conclusions only when they are
based on evidence. We may get a good
lesson in scientific method from a busi-
ness man meeting some new practical
problem, from a lawyer sifting evidence,
or from a statesman framing a construc-
tive bill.

How, then, does science differ from ordi-
nary knowledge? It is criticised, system-
atized, and generalized knowledge. That
is to say, the student of science takes more
pains than the man in the street does to
get at the facts; he is not content with
sporadic knowledge, but will have as large
a body of facts as he can get; he system-
atizes these data and his inferences from
them, and sums up in a generalization
or formula. In all this he observes certain
logical procedures, certain orders of
inference, and we call this scientific method
(Thomson, 1911, pp. 57-58).

To be sure the procedures have varied
with the historical moment, the facilities
and tools available, the dominant questions
of the day, the social milieu, and the nature
of the problem selected for investigation.
As a result, scientific research is a highly
varied activity that cannot be separated
from other types of problem solving. Nev-
ertheless, there are some important gen-
eral statements that can be made about the
methods of science, while remembering
that not one is unique.

Previous SAAWOK essays provide many
examples of scientific methods, with the
emphasis on biology.

150. The goal of science is the obtaining and
systematizing of knowledge of natural phenom-
ena.

This implies, of course, that all is not
chaos and that there is order in nature.
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Philosophers have debated for centuries
whether or not such order exists, and it
must be confessed, that for generations
there appeared to be very little order except
in astronomy. In fact, for many thoughtful
scholars it seemed more likely that under-
standings of the natural world were to come
from the speculations of the human mind
than from what our senses tell us. Accord-
ing to that renowned scholar of the Middle
Ages, Emile Male (1958, p. 34),

In the Middle Ages the idea of a thing
which a man had framed for himself was
always more real to him than the actual
thing itself, and we see why these mys-
tical centuries had no conception of what
men now call science. The study of things
for their own sake held no meaning for
the thoughtful man. How could it be oth-
erwise when the universe was conceived
as an utterance of the Word of which
every created thing was a single word?
The task of the student of nature was to
discern the eternal truth that God would
have each thing to express, and to find
in every creature an adumbration of the
great drama of the Fall and the Redemp-
tion. Even Roger Bacon, the most sci-
entific spirit of the thirteenth century,
after describing the seven coverings of
the eye, concluded that by such means
God had willed to express in our bodies
an image of the seven Gifts of the Spirit
(p. 34).

This was the point of view that Francis
Bacon (1561-1626) found so unproductive
(SAAWOK—III, pp. 591 -596) and a stim-
ulus to propose some "true suggestions for
the interpretation of nature."

As the centuries passed the apparent
chaos of nature began to fall into pat-
terns—order and regularity emerged in
one of the grandest flowerings of the
human mind. Groups of chemical sub-
stances were found to have similar char-
acteristics, organisms could be classified in
seemingly natural groups, and inheritance
was found to follow definite rules.

There is one fundamental postulate
underlying scientific procedure,—a pos-
tulate which is verified with every fresh
step. It is the postulate of the Uniformity

of Nature. This, which may be analysed
into a number of postulates, means that
for our human purposes there is stability
in the properties of things, that the same
situations are continually recurring, that
there is a routine in the order of
Nature—a routine without gaps or
interpolations, in which every event is
determined by antecedent events
(Thomson, 1911, pp. 77-78).

In short, the phenomena of nature are not
the expression of a fickle god. Science is
possible.

151. The domain of science is that part of
nature not solely restricted to the human mind.

Expressed somewhat differently, we
could say that science deals with the sorts
of phenomena that would exist were there
no human beings on earth. Sometimes sci-
ence is said to be concerned solely with the
natural world and now that human beings
have been demoted from the realm of the
angels, it turns out that our structure, phys-
iology, and behavior are much like those
of other species. We are part of nature,
too. Nevertheless one can arbitrarily, and
with profit, exclude from the domain to be
studied those aspects of human beings that
are nearly or entirely unique: their art, lit-
erature, religion, and government, for
example. We leave these important fea-
tures of human beings to the humanists
and social scientists. Scientists study every-
thing else—climate, rocks, celestial bodies,
organisms, matter, energy, and so on.

Thus, scientists study the phenomena of
nature. But what does it mean to study a
phenomenon? There are two major ways
that scientific information is obtained—
description and experimentation.

152. The basis of all science is the accurate
description of natural phenomena.

It is not possible to study a phenomenon
effectively until that phenomenon has been
described or defined in a precise manner.
Modern chemistry awaited the time when
it became possible to identify and charac-
terize molecules. Individuals can be
assigned to a particular species only if there
has been a careful description of that spe-
cies and of the ways in which it differs from
similar species.
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Description answers the question
"what?" and enables the next stage in the
analysis, to answer the question "how?", to
proceed. Careful description of the normal
development of the amphibian embryo was
necessary before one could even think of
organizers and other causal factors in
development (SAAWOK—IV, pp. 484-
505,542-555). The sequence of geological
strata and their entombed fossils had to be
described before acceptable statements
could be made about the evolution of
organisms throughout the ages.

When the descriptions involve size and
mass, units such as the meter and gram are
used. These are arbitrarily defined mea-
sures that have international approval. By
using the International System of Units,
abbreviated SI, scientists throughout the
world understand what is being said by a
colleague—a micrometer and °C are the
same in all laboratory or field situations.

In ancient times studies of natural phe-
nomena were made with the unaided senses
of sight, smell, hearing, and touch. These
were the main instruments scientists used
for their observations until the 17th cen-
tury. Thereafter the tools of observation
slowly, then rapidly, made it possible to
extend the unaided efficiency of the senses.
No science today depends solely on what
the scientist can see, hear, smell, and touch
with the organs of special sense.

The limitations of the unaided senses are
severe. Each gives us only a peep into the
world of natural phenomena. Consider the
human eye for example. The shortest waves
of the electromagnetic spectrum are about
10~14 mm and the longest approach infin-
ity. The human eye can detect only light
between 0.0008 (red) and 0.0004 mm
(blue), a trivial portion of the electromag-
netic spectrum.

But the world out there is enormously
complex. Consider an "empty" space
before your eyes. It will appear absolutely
empty unless the sunlight illuminates tiny
particles of dust. With proper instruments
that empty space is revealed to have
uncountable phenomena. There are not
only dust particles but also molecules of
nitrogen, oxygen, carbon dioxide, several
rare gases, and various kinds of molecules

produced by human activities (pollutants).
A television set would show that the space
was receiving dozens of programs. A
sophisticated radio would reveal that influ-
ences from the entire world were affecting
that "empty" space. Among the more nat-
ural phenomena, that space would be bom-
barded by cosmic, ultraviolet, and infrared
rays, among others. Day and night millions
of stars are sending their light, and should
a telescope be used to observe the phe-
nomena within the empty space, their
number would be in the high billions.

Thus it is necessary to rely on instru-
ments to extend the range of our impov-
erished sense organs. Cell biology was
impossible until there were microscopes,
temperatures could not be described accu-
rately until there were thermometers, the
precise determination of geographic loca-
tion depended on sextants and chronom-
eters.

Observations that provide the data of
science, however, involve more than
instruments. Instruments are useful only if
they are used carefully and skillfully and
the data recorded honestly, cautiously, and
with constant alertness to exceptions.
Descriptive science is not usually regarded
as glamorous but remembering that all sci-
ence begins with observations and mea-
surement, Lord Kelvin has this to say:

Accurate and minute measurement
seems to the non-scientific imagination
a less lofty and dignified work than look-
ing for something new. But nearly all the
grandest discoveries of science have been
but the rewards of accurate measure-
ment and patient, long-continuous labour
in the minute sifting of numerical results
(quoted by Thomson, 1911, p. 64).

Observation alone leads to the accu-
mulation of facts but nothing more. It
brings to light interesting information but
by itself it is not science. The main task of
science is to find relationships among phe-
nomena, for science is the systematic
arrangement of natural phenomena. The
experimental method helps accomplish
this.

The sorts of observations that one can
make on organisms living normally are dis-
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couragingly few. Biology has progressed
largely because it employs experimenta-
tion to ask and answer questions that could
not be dealt with otherwise.

153. The experimental method for determin-
ing causal relations involves altering one con-
dition, while keeping all others constant, and
noting the outcome.

Observations have shown that growth in
mammals is correlated with many vari-
ables. The amount and kinds of food,
heredity, and general living conditions all
appear to be implicated. In addition, how-
ever, pathological changes in the hypoph-
ysis and thyroid glands are correlated with
abnormal growth.

The influence of each of these variables
can be ascertained by keeping individuals
under controlled conditions and varying
one putative cause at a time. Heredity could
be partially controlled by using a strain of
laboratory animals that had been inbred
for generations. Such a technique would
not insure genetic identity of all individuals
of the strain but the individuals would be
sufficiently alike for the purposes of the
experiment.

Individuals from this strain could then
be fed identical food and kept under iden-
tical environmental conditions of heat,
light, crowding, etc. One could then begin
a test of a possible role of the hypophysis
by removing it surgically and noting the
result. If the experiment was done on a
dozen or so individuals and a relatively con-
stant modification of growth observed, one
could conclude tentatively that the
hypophysis is involved in the control of
growth. Before the results were accepted
with confidence, however, another series
of experiments would have to be done to
remove the possibility that the operation
alone had been responsible. This would
necessitate a series of "sham" hypophysec-
tomies that consisted of cutting through
the skull to expose the hypophysis and then
closing the opening and allowing recovery.

If the sham hypophysectomies did not
modify growth, it would be reasonable to
conclude that the hypophysis is involved in
the control of growth but another series
of experiments would make this hypothesis

more probable. The task would be to make
an extract of the hypophysis to see if nor-
mal growth could be maintained in hy-
pophysectomized individuals injected with
this extract.

One could then study in a systematic
manner the other factors thought to be
involved. This scientific method of exper-
imentally altering one possible cause of a
phenomenon while keeping all others con-
stant, the experimental-control method,
has been a powerful device for discovering
cause and effect relationships.

A classic example of scientific method-
ology was that used by the German bac-
teriologist, Robert Koch (1843-1910), in
his study of the disease anthrax in cattle
and human beings as well as other diseases.
Koch's postulates were the four main
observations and experiments that were to
be performed before one could be sure
that a disease was caused by a specific
organism. First, the organism thought to
be responsible must be present in the sick
animal. Second, the putative organism must
be isolated and grown in pure culture.
Third, if healthy animals are injected with
the cultured organisms they must develop
the same disease. A fourth postulate, sug-
gested by another bacteriologist consisted
of isolating the organism from the animals
made sick with the injections and making
sure it was identical with the organisms in
the original culture.

154. The scientific questions asked at any
one time depend on available knowledge,
resources, and the intellectual and social cli-
mate.

It would not have been practical for Aris-
totle to have given a course in Introductory
Cell Biology at the Lyceum in Athens. In
fact, it was not until about the middle of
the 20th century that such a course could
be given adequately. Aristotle had neither
microscopes nor any of the biochemical
methods now used for studying the fun-
damental units of life.

Science is the accretive discipline, par
excellence. It builds on what has been dis-
covered about the natural world and so, at
any one time, the state of development in
any subdiscipline determines what ques-
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tions are being asked and the apparatus
and techniques being used. It also depends
on intellectual, social, political, and eco-
nomic pressures. Today not many scien-
tists are interested in studying the relation
of race and intelligence (too controversial)
whereas problems relating to AIDS involve
a very large number of them and funds are
available for such research (timely and
humane).

Max Weber in his famous essay "Science
as a Vocation," delivered at Munich Uni-
versity in 1918 (Gerth and Mills, 1946, pp.
137-138), has this to say about progress
and obsolescence in science:

Science has a fate that profoundly dis-
tinguishes it from artistic work. Scien-
tific work is chained to the course of
progress; whereas in the realm of art
there is no progress in the same sense. . . .
A work of art which is genuine 'fulfil-
ment' is never surpassed; it will never be
antiquated. Individuals may differ in
appreciating the personal significance of
works of art, but no one will ever be able
to say of such a work that it is 'out-
stripped' by another work which is also
'fulfilment.'

In science, each of us knows that what
he has accomplished will be antiquated
in ten, twenty, fifty years. That is the fate
to which science is subjected; it is the
very meaning of scientific work. . . . Every
scientific 'fulfilment' raises new 'ques-
tions'; it asks to be 'surpassed' and out-
dated. Whoever wishes to serve science
has to resign himself to this fact. Scien-
tific works can certainly last as 'gratifi-
cations' because of their artistic quality,
or they may remain important as a means
of training. Yet they will be surpassed
scientifically—let that be repeated—for
it is our common fate and, more, our
common goal. We cannot work without
hoping that others will advance further
than we have. In principle, this progress
goes on ad infinitum.

Kuhn (1970) has argued that, at any one
time, each field of science has dominant
paradigms and these attract many of the

scientists. There are good examples of par-
adigms in the field of heredity. At the start
of the 20th century, Mendelism was a dom-
inant paradigm. A few years later it was
the chromosomal theory of inheritance. At
mid-century it was DNA and its control of
cellular events. Each paradigm started as a
new and bold idea that captured the imag-
ination of scientists, who then employed it
in their research programs (SAAWOK—
III, pp. 633-634).

Today the dominant paradigm is the
explication of biological phenomena in
molecular terms. Not surprisingly, the
agencies that support biological sciences in
the United States, mainly the National Sci-
ence Foundation and the National Insti-
tutes of Health, are spending major por-
tions of their funds in the support of
research in molecular biology. That is the
field of the moment where the findings are
illuminating all other branches of biology
and where research is frightfully expen-
sive.

155. One of the standard ways for obtaining
verifiable information is by the question-hypoth-
esis-deduction-test procedures, or the hypotheti-
co-deductive method.

Or with less profundity, this is the
method of trial-and-error. It is the proce-
dure most often used to obtain verified
information in the sciences, as well as in
other fields.

First, there must be some question and
the precision with which the question can
be formulated will be important in its res-
olution. The question, "What is life?" is
not precise enough for one to begin obser-
vations and perform experiments that
might lead to an answer.

The question would, most probably, be
related to the dominant paradigm of the
moment and so be in an area of active
investigation where much would already
be known. In fact, the question might well
be an obvious next step in the development
of the paradigm.

The next step in the analysis is to for-
mulate a provisional answer—a hypothe-
sis—to the question and to pretend that
the hypothesis is a true statement. If the
question is, "Why cannot my car run?",



CONCEPTS OF BIOLOGY III 437

one provisional hypothesis could be that
gasoline is not reaching the motor.

Quite obviously an hypothesis has to be
reasonable. That is, deductions from it have
to be testable for, if they are not, one can-
not continue the analysis. The hypothesis
should have another virtue—simplicity.
The rule of parsimony, often known as
Occam's Razor, maintains that statements
in science should involve a minimum num-
ber of entities. Although parsimony is usu-
ally concerned with explanations, it has vir-
tue in hypotheses as well.

The third step is to formulate deduc-
tions. If one assumes that the hypothesis is
true, then certain deductions must also be
true. One would be that the gas tank is
empty, another that the gas line is broken,
still another that the gas line is plugged,
etc.

The final step is to test the deductions.
One could look into the gas tank and see
if there is gas. If the tank is empty, gasoline
could be added and, if the motor could
then be started, the deduction that the
motor could not be started because the gas
tank was empty would be confirmed and
the hypothesis would have been substan-
tiated. In this simple case the original ques-
tion would have been given an efficient
answer.

A biological example would have the
same format. Suppose a mutant is discov-
ered in Drosophila melanogaster and the
question is whether or not its locus is on
the X-chromosome. One could begin with
the hypothesis that the mutant is indeed
on the X. An obvious deduction would be
that a cross of a female homozygous for
the mutant with a wild-type male would
produce wild-type daughters and sons with
the mutant phenotype (SAAWOK—III,
pp. 678-684). Such a test of the deduction
would show that either the hypothesis is
false or that it is probably true. Another
deduction would be that, if the unknown
mutant is on the X-chromosome, it would
be linked in inheritance with other genes
already proved to be on the X-chromo-
some (SAAWOK—III, pp. 687-696).
Crosses could establish whether that
deduction is true or false.

There are many situations in biology

where direct observations cannot be made
and for some of these mathematical models
or model experiments can be employed.
Ecology and population genetics are replete
with models. A different sort of model can
be used when, for example, one is inter-
ested in the origin of life. That historical
problem cannot be studied directly but var-
ious hypotheses of what the conditions on
earth might have been could be formu-
lated and those conditions replicated in the
laboratory (SAAWOK—VI, pp. 698-699).

This is how the hypothetico-deductive
method is described by Karl Popper (19686,
p. 313),

If the method of trial and error is devel-
oped more and more consciously, then
it begins to take on the characteristic fea-
tures of 'scientific method.' This
'method'—it is not a method in the sense
that, of you practice it, you will succeed;
or if you don't succeed, you can't have
practiced it; that is to say, it is not a def-
inite way to results: a method in this sense
does not exist—can briefly be described
as follows. Faced with a certain problem,
the scientist offers, tentatively, some sort
of solution—a theory [Popper uses 'the-
ory' as I have used 'hypothesis']. This
theory science accepts only provision-
ally, if at all; and it is most characteristic
of the scientific method that scientists
will spare no pains to criticize and test
the theory in question. Criticizing and
testing go hand in hand; the theory is
criticized from very many different sides
in order to bring out those points which
may be vulnerable. And the testing of
the theory proceeds by exposing these
vulnerable points to as severe an exam-
ination as possible. This, of course, is
again a variant of the method of trial and
error. Theories are put forward tenta-
tively and tried out. If the outcome of a
test shows that the theory is erroneous,
then it is eliminated; the method of trial
and error is essentially a method of elim-
ination. Its success depends mainly on
three conditions, namely, that suffi-
ciently numerous (and ingenious) theo-
ries should be offered, that the theories
should be sufficiently varied, and that suf-
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ficiently severe tests should be made. In
this way we may, if we are lucky, secure
the survival of the fittest theory by elim-
ination of those which are less fit.

Thus we may conclude that

156. The statements of science are those that
have not been falsified.

But more positively, if vigorous and
unsuccessful attempts to falsify the state-
ments have been made repeatedly, we can
say that the statements are "true beyond
reasonable doubt." We have seen before
that this can very often mean that the state-
ment is true for all practical purposes—
the sun will "rise" tomorrow morning, on
schedule.

157. The art of discovery is the ability to see
relationships among disparate phenomena.

In contrast with the deduction about the
empty gas tank—direct inspection would
answer the question—deductions in biol-
ogy can rarely be answered so directly. One
could not look at an X-chromosome to
determine whether or not a mutant was
there. That brings us to another feature
of scientific methodology—tests of deduc-
tions are usually very indirect.

The procedures used in determining
whether or not the unknown mutant was
part of the X-chromosome were based on
a very large amount of previously estab-
lished data. One had to know about chro-
mosomes as well as the rules of inheritance.
Unless one knew the established body of
scientific information, the question of the
locus of the mutant gene would not have
arisen and there would have been no pos-
sibility for discovering where it might be.

In fact, the search for answers in science
more often than not involves relating
seemingly disparate phenomena. Consider
the use of radioactive decay to date the
geological past. An earlier method con-
sisted of determining the amount of salt in
sea water, determining the salinity of waters
flowing into the oceans, and from these
data calculating how long it would take for
the sea to reach its present salinity.

Still another method was based on the
hypothesis that most of the sedimentary
rocks were formed by the deposition of

materials in lakes and the ocean. Thus if
one knew the total thickness of sedimen-
tary rocks and the rate of deposition one
could estimate the time elapsed from depo-
sition to the present.

A far more satisfactory method of dating
the past was to come from a most unex-
pected field. It was discovered that the rate
of radioactive decay appeared to be con-
stant under all known conditions. Thus, if
a sample of radioactive material had been
incorporated in rocks when they were
formed, or in lava adjacent to rocks being
formed, and the products of decay had not
escaped from the radioactive material, age
could be determined by finding the ratio
of undecayed and decayed material.

Another example was the discovery that
genes are parts of chromosomes. This
hypothesis of Sutton was shown to be prob-
ably true when it was established that the
movements of chromosomes in fertiliza-
tion, mitosis, and meiosis exactly paralleled
the distribution of genes. More elegant
proof came with the observations of Mor-
gan and Bridges on the inheritance of sex-
linked genes (SAAWOK— III, pp. 653-
664, 678-707).

More often than not, discovery comes
from looking indirectly for answers—not
searching in the more obvious ways. It
comes when some scientist sees a relation-
ship between otherwise disparate phenom-
ena. Seeing that relationship may involve
broad and long experience, sustained intel-
lectual effort, or a flash of genius. It is
largely a matter of chance but, for Pasteur,
that chance comes to a prepared mind. And
it must be an open mind—one that believes
the evidence and does not blindly accept
prevailing opinion.

158. Science is a self-correcting enterprise,
which means that over time its statements become
evermore probable.

Natural events have natural causes and
when these are discovered they become
part of scientific knowledge. The hypo-
thetico-deductive system, itself, is a device
for excluding error, and the criticisms of
the scientific establishment tend to make
scientific statements evermore probable.

This means, of course, that science makes
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progress. It becomes "better" in the sense
that as its statements are tested and, when
not falsified, its predictions become more
precise. Scientific statements should be
ethically neutral. That is, science does not
deal with "good" and "bad" but with the
probable and improbable.

Scientific statements can not be based
on unsubstantiated opinion, authority,
received traditions, postulated supernatu-
ral forces or events, or what we might wish
to believe. This makes science unique in
many ways. The statements in so many dis-
ciplines are otherwise. Laws are based on
authority and theology on received
traditions and belief in supernatural forces
and beings. The whole concept of "true
beyond reasonable doubt" has no meaning
in art and literature. There "good" and
"bad" have currency but that is defined on
the basis of personal opinion and emotion
or acceptance of the opinions and emotions
of someone deemed to be an authority.
There is little question that science becomes
"bet ter" over time—and that means
becoming more exact.

In some fields, and for some phenomena,
one can say that, for all practical purposes,
the statements are "true." That is, the phe-
nomena of nature can be described with
great precision and predictions can be ver-
ified by observation and experiment. After
all, the hour, minute, and second when the
sun first becomes visible at a given spot on
earth can be predicted. One can be con-
fident that, when jumping off a chair,
movement will be toward the center of the
earth—with a velocity that can be pre-
dicted.

These perfectly obvious examples are
given since some philosophers maintain
that there is no such thing as "truth." Pos-
sibly not, but some phenomena are of such
regular occurrence that for all practical
purposes they are "true." Possibly a dis-
tinction used by the Greek philosophers
can help us. They spoke of "final causes"
and "efficient causes." Science deals with
"efficient truths," which might be thought
of as constantly approaching some "final
truth," which will remain ever elusive.

Take, for example, the ever changing
answer to "what is the basis of inheri-

tance?" (SAAWOK—III). Darwin made a
fairly good case for some sorts of differ-
ences among organisms being inherited and
that there seemed to be some patterns, that
is, rules. Later it was found that by cutting
cells into two parts, the part with the
nucleus survived. The nucleus, therefore,
contained the hereditary information. In
1900 the earlier work of Gregor Mendel
became known, and clearly there were rules
for inheritance—at least in garden peas.
The Mendelian model was largely theo-
retical—there was neither understanding
of what was being transmitted from parent
to offspring nor how inheritance could be
so statistically precise. The answer to that
question came when Sutton, and later Mor-
gan and Bridges, localized the Mendelian
units of inheritance in the chromosomes.
A major step toward final truth came when
James Watson and Francis Crick localized
the "cause" of inheritance in DNA. There
followed the revolution in biology that now
provides a detailed understanding of what
genes are and how they start the concate-
nation of events that lead to the phenotype.

More details are to be learned, to be sure,
but for most biologists we have a most "effi-
cient" general truth about inheritance.

159. The synthesis of scientific information
involves uniting isolated observations and
hypotheses as conceptual schemes or theories.

This is the culminating act of scientific
methodology. The recorded variability of
living organisms and the changes of organ-
isms over time are seen as the consequence
of processes summarized on one grand,
synthetic theory—organic evolution. Syn-
thesis means simplification. One cannot
comprehend all organic diversity, but an
effective level of understanding is achieved
when diversity is understood to be a con-
sequence of evolution.

Explanations, in part, consist of seeing
one phenomenon as cause and another as
effect. Long ago one might think of a cause-
effect relationship as a simple sequence but
this is almost never so in science. A cause
is an antecedent condition or conditions
and even those antecedent conditions have
their antecedent conditions and so on and
on. Consider one effect of digestion—pro-
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duction of free amino acids. The imme-
diate cause is the action on proteins of pro-
tein-digesting enzymes plus certain other
conditions (temperature, pH, etc.). But
then one can ask what is the cause of the
presence of enzymes and this turns out to
be a series of cause-effect events in cell
metabolism and secretion. One can trace
a sequence of cause-effect relations involved
in protein digestion back to DNA itself.
And one could continue with ever prior
events—back to the cause-effect events of
evolution that resulted in the organism's
ability to digest proteins the way it does.

Thus, as noted before, we can never
reach that "final cause" of the speculating
Greek philosophers but we can uncover a
concatenation of "efficient causes." This
inability to get "at the very bottom of
things" may be of concern to the more
philosophically inclined but I never knew
of a working scientist who found it an
obstacle.

A key feature of scientific explanations
is to account for complex phenomena in
simple terms—parsimony again. This has
been very successful in the physical sci-
ences where a body's rate of fall, the move-
ments of the planets, the gas laws, and inor-
ganic chemical reactions can be expressed
by simple formulations. The interaction of
millions of oxygen and hydrogen atoms can
be expressed as:

O2 + 2H2 2H2O

Einstein suggested that the interrelations
of mass and energy could be expressed by
the equation:

E = mc2

that is, energy = mass times the velocity of
light squared.

The success of physical scientists in
reducing the phenomena they study to sim-
ple rules has been astonishing. There is
even the hope of reducing all physical phe-
nomena to TOE, the Theory of Every-
thing. Not surprisingly, some biologists and
philosophers of biology hope the possibil-
ity also exists for biological phenomena.

This extreme reductionism seems both
unlikely and, if achieved, nearly meaning-
less. The invariance of physical laws is a

consequence, often statistical to be sure, of
the fact that identical things being acted
upon in constant and uniform ways behave
in predictable manners. Furthermore,
these are often ideal laws, that is, they hold
true only if there is no friction, no air pres-
sure, etc. (a feather and a lead ball of the
same mass do not fall at the same rate in
air!).

Biological things are almost never iden-
tical and the conditions that influence their
behaviors are far more complex than are
those encountered by elemental physical
particles. The reduction of biological phe-
nomena to rules and predictability is far
more difficult. Ledyard Stebbins (1984)
maintains that "the only 'law' that holds
without exception in biology is that excep-
tions exist for every law."

It is not that physical matter behaves dif-
ferently in non-living and living systems
but that the behavior of matter depends
on the complexity of the structures formed
by the fundamental particles. These behav-
iors are, to a large degree, emergent. That
is, at each more complex level of organi-
zation new behaviors appear and knowl-
edge of behavior at less complex levels is
not always sufficient to predict behaviors
at more complex levels. The matter com-
prising biological systems obeys the Laws
of Thermodynamics but one cannot pre-
dict from these fundamental laws of nature
the migration of birds, the development of
a fertilized ovum, joie de vivre, or the Con-
stitution of the United States.

A supreme faith in reductionism char-
acterizes many physicists. Stephen Hawk-
ing (1988, p. 60) wrote as follows:

Since the structure of molecules and their
reactions with each other underlie all
of chemistry and biology, quantum
mechanics allows us to predict in prin-
ciple nearly everything we see around us,
within the limits set by the uncertainty
principle. (In practice, however, the cal-
culations required for systems contain-
ing more than a few electrons are so
complicated that we cannot do them.)

The parenthetical statement would seem
to reduce the usefulness of this point of
view for all sciences, and especially for biol-
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ogy. One can admire the faith of physicists
in their hope to explain everything, but
there are no calculations today that could
show that arthropods could evolve and that
they would have a skeleton on the outside,
and that vertebrates would evolve and
would have a skeleton on the inside.

Biology is not physics. J. Arthur Thom-
son (1911) had these things to say:

. . . we are very strongly of the opinion
that Biology does not necessarily make
progress toward perfection by the
mechanical analysis of changes that go
on in living bodies. That kind of analysis
or reduction to the lowest terms is an
engine of research which must be worked
for all it is worth, but it does not directly
answer any biological questions. For
Biology has a particular end—that of
describing the life of plants and animals,
and that end is not necessarily achieved
by discoveries in the physics and chem-
istry of living bodies. We watch a bird
building a nest. We know that there is
an intricate sequence of physical and
chemical changes going on in its body.
We feel sure that nothing occurs that
contradicts any of the established laws of
chemistry and physics. We do not know
whether a complete chemical and phys-
ical description of what occurs is realiz-
able or not. We know that it has not been
given. But we feel sure that if it were
given it would not directly help us to
understand the bird building its nest. For
that requires a different kind of descrip-
tion—with different concepts, which
recognize the bird as an historic being
with a mind of its own (pp. 53-54).

In the more exact sciences—such as
astronomy—the verification of the uni-
formity [of the material universe] is com-
plete, since the routine of sequences may
be summed up in rigid mechanical for-
mulae. We cannot do this in Biology, yet
here also we make and verify the pos-
tulate of the Uniformity of Nature. In
spite of a strong personal element in
many living creatures which makes their
behaviour in complicated situations
unpredictable, there are uniformities
both of action and reaction. Without

these, indeed, there could not be a sci-
ence of Biology at all, but with these there
is a basis for calculation, prediction, and
action, which is reliable, though not to
the same degree as that afforded by the
more exact sciences (p. 79).

The lark singing at heaven's gate is a fact
of experience which may be studied
physically, biologically, and psychologi-
cally, but a complete answer to the ques-
tions asked by Physics would not answer
those asked by Biology, still less those
asked by Psychology (p. 55).

Thomson's remarkable analysis was made
long before the era of molecular biology
and the astonishing insights that field has
provided for all areas of biology. Never-
theless, his analysis remains essentially true
to this day and that brings us to one of the
most enduring debates in biology—that
between the reductionists who seek under-
standing of complex phenomena in terms
of the simpler phenomena that are respon-
sible for them, and those who take a holis-
tic approach and maintain that the phe-
nomena of higher levels of complexity can
not be understood solely in terms of more
basic phenomena.

Like so many arguments where seem-
ingly a choice has to be made between
extremes, gradualism vs. punctuated equi-
librium for example, the answer is that
examples of both extremes and the middle
are likely to be discovered.

However, there is a general statement
relative to reductionism and holism that is
almost always true—at least true enough
for biologists and their students. It now
follows:

160. Complex phenomena can be better
understood in terms of simpler phenomena but
simpler phenomena have limited usefulness in
predicting more complex phenomena.

That is, information flows almost entirely
in one direction. As an example consider
once again the development of ideas in
genetics (SAAWOK—III). Even though
the Mendelians were discovering that Men-
del's principles had widespread applicabil-
ity, some biologists had grave reservations.
Morgan, for example, could not imagine
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how segregation and independent assort-
ment of genes could occur (J. Moore, 1983b).
If they were independent units, like Dar-
win's gemmules, their precise statistical
march into the gametes was impossible to
understand. Later when Morgan accepted
the hypothesis that genes are parts of chro-
mosomes, this difficulty was removed. Still
later genes were localized in specific parts
of chromosomes and crossing-over
explained many otherwise inexplicable
problems. Yet how could genes replicate
themselves? No model was fully acceptable
until Watson and Crick proposed their
hypothesis for DNA and showed how genes
could make exact copies of themselves.
Thus many of the phenomena of inheri-
tance found a formal explanation in the
properties of DNA.

Thus, we have hierarchies of genetic
phenomena, and that the phenomena of
the higher levels of the hierarchy are
greatly illuminated by the phenomena of
the next lower level of the hierarchy. But
the explanatory process cannot be reversed.
One cannot extrapolate from DNA to
chromosomes and to phenotypes. The same
problem applies to the physical sciences as
well. Recall the quotation of Stephen
Hawking given earlier where he said that
although physics and chemistry allow "us
to predict in principle nearly everything
we see around us . . . the calculations
required for systems containing more than
a few electrons are so complicated that we
cannot do them." And there is that classic
example pointing out that, with all our
knowledge of hydrogen and oxygen, it is
still impossible to predict the properties of
water.

In time there may be a Theory of Every-
thing, but for the present we must seek
non-molecular levels of understanding for
Thomson's "lark singing at heaven's gate."
But remember also his admonition that we
push the analysis of reduction "for all it is
worth." Two generations later, biologists
did just that.

Thus new concepts are required for each
higher level of organization. Those con-
cepts are often illuminated by more basic
concepts but the more basic concepts are
of limited value in predicting the more

complex phenomena. Thus the more basic
concepts of finite resources, reproduction,
genetic variation, and natural selection
almost demand evolution, yet they do not
demand E. coli, frogs, or human beings.

While it is important to emphasize that
the laws of physics and chemistry as pres-
ently understood cannot be extrapolated
to explain complex biological phenomena,
students should not be left with the impres-
sion that there is some special life force—
a supernatural guiding hand, Bergson's elan
vital, or Driesch's entelechy. Living organ-
isms consist of no more than molecules and
what those molecules do is part of physics
and chemistry. Nevertheless the wonder of
it all is that the interactions of molecules
in a living organism are different from the
interactions of those same molecules
immediately after the organism dies.
Organisms are not "above" chemistry and
physics. We just have to accept that chem-
istry and physics are far more complex than
research on simple systems suggests.

161. Scientists are human beings, involved
in a social enterprise.

And therein lies their strengths and
weaknesses. The sciences advance on the
basis of verifiable data derived from obser-
vations and experiments relating to natural
phenomena. One of the most important
qualities for the collector of such data is
objectivity. One must describe nature in
nature's terms, not as what one might wish.
Objectivity, though essential for science, is
difficult for human beings to achieve. Yet
the whole progress of science depends on
its practitioners giving an unbiased account
of their observations and experiments.

The way we see the world depends on
when and where we live and what we
already believe to be known about it. Wil-
liam Paley and other natural theologians
(SAAWOK—V, pp. 570-573) observed
many of the remarkable adaptations of
organisms that Darwin and Wallace were
to observe later. Paley looked upon these
phenomena of nature as evidence of "the
wisdom of God manifested in the works of
creation," whereas Darwin and Wallace saw
the same phenomena as consequences of
the interactions of variation and natural
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selection. Even Charles Lyell, one of the
founders of geology, was deeply influenced
by Judeo-Christian traditions and only slowly
came to accept Darwin's hypothesis.

Another fascinating example of the
influence of the times is provided by
Charles Pickering (1805-1878), a distin-
guished 19th century naturalist. He had
served as chief zoologist on the Wilkes
Expedition (1838-1842), which gave him
an extensive experience not unlike Dar-
win's a few years earlier on the voyage of
the Beagle. At the March 22, 1859 meeting
of the American Academy of Arts and Sci-
ences in Boston, Pickering (1859) discussed
a fascinating problem of geographic dis-
tribution—why some islands have species
found nowhere else whereas others have
only widely-distributed species. A half year
before the publication of the Origin he pro-
vided a reasonable hypothesis.

The ocean-island [i.e., one never con-
nected with a continent] of St. Helena is
quite small, and its whole outer and lower
portion is desert. On the very summit,
comprising only five or six square miles
of surface, some remarkable species of
plants are growing, not to be found else-
where. There seems to be no escape from
the conclusion, that within this limited
space on St. Helena the creative act has
been exercised.

The coral-islands [he knew them to be
formed by growth of the corals them-
selves] in the Pacific are many of them
as widely insulated as St. Helena, and of
larger area; but coming out of the water
after the existing species of animals and
plants had been created, too late for the
visit of creative power, they contain no
additional species.

The natural theologians and Pickering
must have thought they were being objec-
tive. For both, however, there were the
hidden assumptions of the Judeo-Christian
tradition. Today objectivity demands that
we exclude the notion of a Divine creation
because science cannot be based on
received traditions that have a supernatu-
ral basis. It says nothing about such
traditions, their truth or falsity, merely that

they are not science. The implications are
obvious, however.

Science vs. Religion

Over the centuries the main obstacle to
free thought in science has been religion
and for this reason a digression will be made
to consider the evidential basis for the
Christian fundamentalists' view of the ori-
gin of species and their variations.
Throughout these SAAWOK essays much
attention has been paid to the scientific data
and hypotheses for the origin and evolu-
tion of life. The conflict of views between
fundamentalists and biologists is no longer
a problem for professional scientists in most
of the western world but it still interferes
seriously with science teaching in some of
the schools in the United States. That being
the case it may be useful to review this
dreary subject.

There was no conflict between the Judeo-
Christian and scientific world views during
the Middle Ages because there was no sci-
ence capable of offering a challenge.

It was not until Galileo and Copernicus
studied matter in motion, on earth and in
the heavens, that science started to become
an effective intellectual force. Their dis-
coveries were important in themselves but
their major contribution was to show that
at least some natural events could be
reduced to simple and mathematically pre-
cise concepts. It is not as important to know
how an iron ball falls as it is to know that
the phenomenon can be described by a
simple equation.

Thus if some natural phenomena could
be understood with this degree of ele-
gance, could not one assume that all nature
was understandable in naturalistic terms?
If that is possible, should not one seek
answers to natural phenomena in nature
and not in the received scriptures, pro-
nouncements of the Fathers of the Church,
or in the writings of Aristotle and other
giants of antiquity?

Such an attitude was heresy and those
bold exponents of free inquiry moved
toward an inevitable conflict with the
authority of the church. In this conflict of
faith and science, faith held power and sci-
ence only promise. Even devout and noble
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Galileo bowed to authority and Michael
Servetus, Giordano Bruno, and others
burned at the stake for believing that the
phenomena of nature were knowable.

The conflict between the blind accep-
tance of the received authority of scripture
and the discovered regularities of nature
continues to this day. For more than four
centuries science has shown an ever
increasing ability to explain natural phe-
nomena and to provide power to control
them. Why, then, does not scientific rea-
soning prevail completely over faith?
Although we may not be able to obtain an
answer to that question, it is important that
we explore what are the aspects of scrip-
ture that provide the Judeo-Christian view
of living organisms and the evidential basis
for fundamentalism.

Who wrote the Bible?

The triumph of the Judeo-Christian
world view in the early centuries of our
era, with its sacred scriptures accepted as
divinely inspired and true in all its state-
ments, proved later to be a disaster for the
advance in science. Belief in the supernat-
ural, thrown out earlier by the Greek sci-
entists because it was an unacceptable way
of explaining nature, was back in full force.

The Bible says very little about nature.
In fact, there was no word for "nature" in
ancient Hebrew, and hence no distinction
between natural and supernatural phe-
nomena. What the Bible does say about
nature, however, has concerned scientists
in general and biologists and geologists in
particular because it goes counter to their
scientific discoveries. It is important, there-
fore, that we examine what is said. This
can be an extraordinarily interesting
endeavor. The Bible has been subjected to
more study and analysis than any other
book—some say than for all other books
combined.

In this examination we will use the stud-
ies of competent scholars who have deep
understanding of ancient languages and
history, as well as religion. It is important
to realize that the authority of the Bible is
based not only on what is said in it but also
on interpretations made over the ages.
Since the portion of the Bible that is of

greatest importance for biological theory
is Genesis, we will deal with this book only.

Genesis and the next four books of the
Old Testament are known as the Penta-
teuch ("five books") or in Judaism as the
Torah. Formerly it was widely believed that
Moses was the author of the Pentateuch
but no such statement is to be found in the
Bible or other ancient sources. In the late
18th century some scholars suggested that
Genesis had two authors and what they had
written had been combined at a later date,
as there were instances in which the same
event was discussed twice in somewhat dif-
ferent manners.

An example of this occurs at the very
beginning of Genesis where scholars find
two accounts of creation. The first account,
beginning with chapter 1 verse 1 and con-
tinuing to the end of the first sentence of
chapter 2 verse 4, is the familiar one: light
on the first day, water separated on the
second day, plants on the third day, sun
and moon on the fourth, animals on the
fifth day, reproduction and human beings
on the sixth, and God rested on the seventh
day. The second account begins with verse
2:5 and ends with 2:23. It gives no precise
chronology. Man is created first and then
the garden of Eden for him. Many animals
were created from dirt and man provided
them with names. The final act was to
remove one of the man's ribs and convert
it into a woman. The two accounts are fun-
damently different.

The scholars also detected evidence of
two accounts of the deluge. In Genesis 6:
19-20, Noah is told to take two of each
living creature with him in the ark but in
7:2-3 he is instructed to bring seven pairs
of clean animals and seven pairs of birds
but only one pair of unclean animals. The
flood waters persisted for 150 days accord-
ing to 7:24, but for only a week or so
according to 8:6-12. In fact, the entire
account of the deluge seems very repeti-
tious—as though it is a union of two dif-
ferent accounts without the conflicting
statements being expunged.

There are two accounts of the descen-
dants of Adam and Eve. One occupies all
of Genesis 4 and in Genesis 5 the account
starts all over.
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To a certain extent the translations into
English tend to obscure much of the evi-
dence for this conflation but not always. In
the original texts, for example, God is
referred to as Yahweh in some places and
as Elohim in others. The difference is car-
ried over in the translations were Elohim
is used in the first account of creation and
is translated as "God." Yahweh is used in
the second account of creation, where it is
translated as "Lord God."

Eventually biblical scholars accepted that
the Pentateuch had been derived from four
main ancient sources: Jahwist (J), Elohist
(E), Priestly (P), and Deuteronomist (D). J
is the oldest and is thought to date from
the 9th or even the 10th century B.C., E
from the 8th, and P from the 5th. There
is greater uncertainty about the age of D
but it dates to at least the 7th century B.C.

The combining of the various sources to
produce the Pentateuch occurred about
400 B.C. The first four books combine P,
J, and E with P serving as the framework
to which J and E were added. D contributes
only to the last book of the Pentateuch and
does not concern us here.

Needless to say not all people accept this
work of biblical scholars. Fundamentalists
especially reject this scholarship with vehe-
mence. Tradition held that Genesis was the
product of a single author—Moses. Bibli-
cal scholars do not accept this possibility.
It does not seem likely that Moses could
have described his own death, burial, the
mourning for him by the people of Israel
for thirty days, and Joshua the son of Nun
becoming his successor (Deuteronomy 34).

For this fascinating material on the Bible,
especially Genesis, see: Buttrick etal. (1952),
R. Davidson (1973), Lace (1972), McKenzie
(1965), Mellor (1972), Plaut (1974), von
Rad (1972), Richardson (1953), Renckens
(1964), Sarna (1966), Speiser (1964), and
Westermann (1984).

The beliefs of the creationists are all
based on these ancient documents, written
long before science had made any impact
on the ancient Hebrews. Genesis is inter-
preted as saying that the earth and its living
organisms were created by God, and
according to the natural theologian John
Ray (1627-1705) "conserv'd to this Day in

the Same State and Condition in which they
were first made" (SAAWOK—I, pp. 476-
477). Furthermore, the date of creation is
placed only a few millennia ago. Bishops
Ussher and Lightfoot determined the event
to have occurred at 9:00 A.M. on October
23, 4004 B.C. Creationists today are not
quite that definite but they do maintain
that the earth is very young.

There is no question but that the sci-
entific and fundamentalist positions are in
conflict. They are based on two very dif-
ferent sorts of evidence, natural and super-
natural, which lead to different conclu-
sions. What then is one to believe? The
answer to that can only be "what one
wishes." Furthermore, if one accepts
supernatural explanations for some natu-
ral phenomena, there is no reason not to
do so for all or many natural phenomena.
But there is a practical question that must
be answered. Is it better or not to rely on
the procedures of science to solve prob-
lems relating to natural phenomena? Is
prayer alone or surgery a better procedure
in cases of acute appendicitis?

As noted before, in the Western World
religion is no longer the obstacle to free
thought that it once was. Yet some pres-
sures remain. The Vatican has recently
repeated its position that good Catholics
must accept the strictures of the Church.
The nations where Islam is the accepted
faith place that faith above all else.

References to creationism

Berra (1990), Frye (1983), Futuyma
(1983), Gillispie (1959), Godfrey (1983),
Moore (1975,1978,1982,1983a), National
Academy of Sciences (1984), Nelkin (1977,
1982), Newell (1982), Kitcher (1982), Ruse
(1982), and Zetterberg (1983).

In addition to objectivity, other desira-
ble characteristics of scientists are intelli-
gence, an inquisitive spirit, perseverence,
willingness to work hard, skills in obser-
vations and performing experiments, and
cooperation with other scientists. All of
these help produce good science.

But it does not guarantee great science.
Great science comes when an individual
scientist has a "flash of genius." A different
way of looking at things produces a new
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paradigm. Darwin's hypothesis of evolu-
tion was one; Watson and Crick's hypoth-
esis for the structure of DNA is another.
But remember, that flash of genius almost
always comes to the mind prepared to
receive it.

Science is a social enterprise, and at any
one time, many scientists will be working
on the same problem. It is not surprising,
then, that a discovery is made at the same
time by different individuals; that is, two
or more scientists ask the same question
and obtain the same answer. Several
instances have been given before. Darwin
and Wallace independently hit upon the
idea of variation and natural selection lead-
ing to evolution. DeVries and Correns
independently discovered what Mendel had
done and interpreted his work in the same
way.

That science is a social enterprise is
shown by the high level of communication
among scientists. There are thousands of
journals where scientists publish their find-
ings. They submit a manuscript to the edi-
tor of the journal, who then asks compe-
tent scientists to review the manuscript.
The original author then revises what he
has said on the basis of the suggestions from
his peers. Scientists communicate also at
meetings of their societies. In addition to
major organizations, many subfields of
biology have their own special interest soci-
eties. Societies hold frequent meetings
where scientists report their latest research
to one another.

And, finally, a few words should be said
about the rewards of being a scientist. For
most it is the joy of discovery—of seeing
some phenomenon in a new light and in
relation to the existing body of scientific
knowledge. In contrast to other walks of
life the reward is not power or money.
Instead it is this personal satisfaction, and
to a lesser degree, public acclaim for dis-
covery. And this means getting there first,
with the proviso that the discovery becomes
widely known (again, science is a social
enterprise).

Thus priority for an important discovery
has become an important reward for many
scientists. In these days of rapid advances
in science the chances of simultaneous dis-
covery are great and this can lead to dis-

putes over who was "first." An interesting
example is now before us. In 1984 Robert
Gallo, of the National Institutes of Health,
announced that he had discovered the virus
responsible for AIDS. Later Luc Montag-
nier, of the Pasteur Institute in Paris,
claimed that he was the discoverer. The
claims and counterclaims became so con-
fused and bitter that the President of the
United States and the Premier of France
signed a statement saying that the two sci-
entists were co-discoverers (Culliton, 1990;
Rubinstein, 1990). To those not closely
involved all this may seem very silly but the
fact remains, priority of discovery is one
of the greatest rewards that can come to a
scientist—and in this case there may be
valuable patent rights.

By way of summary we can close with
some quotations from Sir J. Arthur Thom-
son's delightful Introduction to Science (1911).

The scientific mode is especially marked
by a passion for facts, by cautiousness of
statement, by clearness of vision, and by
a sense of the inter-relatedness of things.
It is contrasted with the emotional or
artistic mode and with the practical
mode, but the three form a trinity (of
knowing, feeling, and doing), which
should be unified in every normal life (p.
34).

The aim of Science is to describe the
impersonal facts of experience in veri-
fiable terms as exactly as possible, as sim-
ply as possible, and as completely as pos-
sible. It is an intellectual construction,—
a working thought-model of the world.
In its "universe of discourse" it keeps
always to experimental terms, or verifi-
able derivatives of these. It is as far on
one side of common-sense as poetry is
on the other. It deals with "facts" which
have no dependence on man's will, which
must be communicable and verifiable. It
is descriptive formulation, not interpre-
tative explanation. The causes that Sci-
ence seeks after are secondary causes,
not ultimate causes; effective causes, not
final causes. Indeed, its causes and effects
are simply earlier and later stages of the
same continuous process. Science always
seeks to reduce things to a common
denominator and to reduce the number
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of categories or necessary concepts. The
"Laws of Nature" are descriptive for-
mulae in "conceptual shorthand" of the
routine of our perceptions. Each science
has its distinctive questions and concepts
of its own. The end of Science is not
reached in the formulation of things as
they are, it has also to describe how they
came to be (p. 56).

The fundamental postulate of Science is
the Uniformity of Nature (p. 80).

References to the nature of science

Until recently much of the history and
philosophy of science dealt largely with
physical science. Since about 1970 the life
sciences have attracted more attention.
Ackoff (1962), Ayala (1968), Ayala and
Dobzhansky (1974), Baker and Allen
(1968), Barrow (1988), Beck (1957), Bev-
eridge (1957), Blake et al. (1960), Braith-
waite (1953), Breck <?<aZ. (1972), Bridgman
(1959), Butterfield (1965), Cohen (1953),
Cohen and Nagel (1934), Conant (1951),
Crick (1966), Dickinson (1984), Dobzhan-
sky et al. (1977, ch. 16), Dulbecco (1987),
Elasasser (1975), Feyerabend (1977), Gilson
(1971), Grene (1986,1987), Hempel(1965),
Hooker (1987), Hull (1974, 1988), Jacob
(1973, 1982), Kemeny (1959), Klemke etal
(1980), Kneller (1978), Koestler and Smy-
thies (1969), Kuhn (1970), Levins and
Lewontin (1985), Lillie (1945), Loeb (1912),
Longino (1990), Losee (1980, 1987), Mayr
(1982a, 1988), Medawar( 1969,1982,1984),
Monod (1971), Nagel (1961), Northrop
(1947), R. Olson (1990), Pearson (1892),
Popper (1968a, b), Roberts (1989), Rosen-
berg (1985), Rudwick (1985), Ruse (1973,
1988a, b), B. Russell (1948), Sattler (1986),
Schaffner (1985), Schubert-Soldern (1962),
C. U. M. Smith (1976), de Solla Price (1963),
Thompson (1989), Thomson (1911), Toul-
min (1963), Whewell (1837, 1840), and
Williams (1985).

XII. BIOLOGY AND
HUMAN WELFARE

For the first time in nearly four billion
years of life on earth, a stage has been
reached when a single species, ours it so
happens, has the ability to bring disaster
to all life. The detonation of the existing

arsenals of nuclear weapons would do just
that. We like to believe that such a scenario
is unlikely, but whether it is or not disaster
is almost inevitable if human beings con-
tinue to behave as they always have—mul-
tiplying and consuming resources. We are
entering a period when the environment
is having increased difficulty meeting the
demands we place upon it. For the first
time in earth history, the natural cycles
that ensure resources for life are being
overwhelmed—they are no longer ade-
quate to sustain the way the more fortunate
in the developed world wish to live, let alone
provide just adequate resources for every-
one.

Many thoughtful people with knowledge
and vision have concluded that an accept-
able future for humanity depends on
achieving sustainability, and it depends on
achieving that sustainability in a mere
moment of earth time.

If the world is to achieve sustainability,
it will need to do so within the next 40
years. If we have not succeeded by then,
environmental deterioration and eco-
nomic decline are likely to be feeding on
each other, pulling us into a downward
spiral of social disintegration. Our vision
of the future therefore looks to the year
2030 (L. R. Brown et al., 1990, p. 174).

And 2030 will be within the life time of
students now in the colleges and universi-
ties and even of some of their present-day
teachers. One cannot avoid the conclusion
that a dominant task for teachers must be
to acquaint students with the severity of
current problems, the prognosis for the
future, and a consideration of the radical
sorts of behavior changes that will be
required if the natural world is to continue
to assure a human future.

These matters were discussed in consid-
erable detail in SAAWOK—II and now
only a synopsis need be given. The existing
human being-environment interactions
that cause such concern are easily identi-
fiable. It is discouraging to note that, while
many of the specific problems in the news
today were just beginning to be of public
concern at the time of the SAAWOK—II
symposium in 1985, they are far more
prominent in the headlines today. They
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are rapid increase of human populations
in areas already devastated ecologically,
global warming, ozone layer depletion,
resource contamination from toxic waste
dumps, destruction of tropical forests, and
reduction of biological diversity. There
continues to be a pervasive bureaucratic
inability, nationally and internationally, to
deal with these problems effectively.

Of course there are other major prob-
lems such as war, addictive drugs, and
crime, as well as social and political insta-
bility. These will not be discussed even
though some have clear relations to the
environmental problems that will concern
us.

Despite recognition of environmental
problems, the human species has not
changed its behavior pattern in major ways
in the past six years. Our ancestors behaved,
and we continue to behave, as we have since
the Paleolithic. The problem now is that
there are so many more of us and our quest
for resources is orders of magnitude more
intense—both as to kinds and quantities.

The following five statements summa-
rize the reasons that these problems rep-
resent the most severe challenge that our
species has ever faced.

762. Homo sapiens is a heterotrophic
organism and, as such, depends on the envi-
ronment for a complex assortment of resources.

We are, after all, animals.

163. Homo sapiens has binocular vision,
dexterous hands, a complex language, and
superior intelligence.

The combination of binocular vision and
dexterous hands has made tool-making and
tool-using an almost unique human char-
acteristic. This, plus the ability to com-
municate and a superior intelligence, has
given us awesome abilities to exploit
resources. Whereas other species rely
totally on renewable resources, we are not
only highly effective at securing them but
also at obtaining non-renewable resources.

164. The total exploitable supply of non-
renewable resources is finite as is the rate of
regeneration of renewable resources.

That is, the available supply of iron, cop-
per, and fossil fuels was essentially fixed
when human beings first began to exploit

them in quantity. Since then the supply has
been constantly decreasing. So far as
renewable resources are concerned—air,
water, soil—natural cycles kept them at a
nearly constant level before human beings
began living in dense populations. Now
many cities are having problems securing
pure water and healthful air.

World Resources 1990-91 (1990) provides
data for the remaining supply of non-
renewable resources (table 21.4, pp. 322-
323 and table 9.2, p. 145). The "life index"
is the number of years the resources will
last, and is calculated as the ratio of 1988
proven reserves to 1988 production. The
life indices, in years, are as follows: alu-
minum, 224; copper, 41; lead, 22; mer-
cury, 22; nickel, 65; tin, 21; zinc, 21; iron
ore, 167; oil, 41; natural gas, 58; and coal,
218. For North America alone the figures
for fossil fuels are: oil, 10; natural gas, 14;
coal, 286.

A word of caution must be entered.
Proven reserves are those known to exist
and that are economical to exploit (the
earth's core is thought to be mainly iron
but that supply is difficult to mine). New
discoveries of these resources are being
made, but there is little expectation of their
being in huge quantities awaiting the geol-
ogist. And no matter how large, they are
finite, so that consumption will eventually
make them unavailable. Planning must be
based on what is known or thought prob-
able to exist, not what one might wish to
exist.

165. Some of the methods we use in securing
resources adversely impact the resources and the
environment at large.

That is, some of our behaviors destroy
or reduce the resources needed for our
existence. Intensive agriculture can destroy
soil. Modern methods of harvesting shrimp
result in the destruction of ten pounds of
other marine life for every pound of
shrimp. Improper irrigation can result in
the soil becoming too salty to support crops.
Attempts to control pests with chemical
pesticides may destroy other species that
help control the pests as well as stimulate
the evolution of resistant pests. Some
methods of mining coal are highly destruc-
tive to the organisms of soil and waterways.
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The end products of uranium mining and
utilization leave dangerous nuclear wastes.
The pumping and transportation of oil is
leading to widespread pollution of the seas
and shorelines. And so the list goes—it is
endless.

166. And these resource-demanding, tech-
nologically proficient animals share with all
other species an ability to increase their numbers
beyond measure.

This is not news. Figure 13 estimates the
growth of the human population in recent
times. A million years ago there were prob-
ably about 200,000 of us and even by 1
A.D. there were probably no more than
100 million. Thereafter the curve of pop-
ulation growth continued to slink along the
abscissa until about 200 years ago. Since
then growth has been explosive.

Between 1650 and 1850 world popula-
tion doubled from 0.5 billion to 1 billion—
a period of 200 years. The next doubling,
from 1850 to 1930, took only 80 years.
The rate accelerated and the next dou-
bling, to 4 billion, required the 45 years
from 1930 to 1975. Today the total is about
5.3 billion. Thus in the last 15 years the
increase has been 1.3 billion—about equal
to today's total population of North Amer-
ica, South America, and Europe.

These last five statements explain why
Homo sapiens is a loose cannon abroad in
the world. And to complicate the problem,

167. There are few effective national or
worldwide controls of the environmentally-sen-
sitive activities o/Homo sapiens.

This may seem surprising since one can
argue that protecting the environment,
which in turn makes human life possible,
would be the number one priority of
nations and people. There are many rea-
sons for the lack of disciplined behavior.
One is that an individual life is short and
the future is long. Few individuals are will-
ing to live lessened lives today in order to
insure a sustainable future for the gener-
ations to come ("what have the future gen-
erations ever done for me?"). Another rea-
son is that for Western Europeans there
has never been a critical need until now.
When resources began to fail at home,
those talented, aggressive, technologically-
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FIG. 13. Estimated size of the human population
during the past 2,000 years.

superior, and acquisitive individuals ex-
ploited the coffers of the entire world. Since
the end of World War II, however, the
trends have been for those coffers to be
retained for local benefit.

And the most important reason of any,
on the international scale, is nationalism.
The League of Nations of yore and the
United Nations of today are weak and
should any member nation wish to act in
a manner objectionable to other nations,
it generally does so. This is true for both
the strong and the weak.

There are, however, an increasing num-
ber of attempts to regulate human activi-
ties that have severe adverse environmen-
tal impacts—destroying non-renewable
resources and over burdening the renew-
able resources. These matters are so much
in the news that those of the moment are
important to discuss with students.

An item in yesterday's news (26 July
1990) described the illegal items that U.S.
officials found when they inspected the
South Korean vessel, the Bum Dong—eight
stuffed and lacquered green sea turtles, one
more than a meter long and belonging to
an endangered species and about five tons
of coral from the "protected" reefs of the
Philippines. The black market value of each
turtle is from $3,000 to $5,000 and the
total value for the coral about $30,000.
Many nations are party to an international
treaty that regulates trade in such items,
but not South Korea. As a result South
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Korea has an active market in endangered
species.

In our own nation there is currently
(summer 1990) an abrasive debate over the
spotted owl of the Northwest and its hab-
itat. That owl requires large areas of old
growth timber such as the giant redwoods
and other majestic conifers that live in the
cool moist coastal regions from California
north to Canada. Over the years about 90
percent of the original forest has been
logged and now there is a vigorous cam-
paign to preserve a vestige of these unique
conifers in the national forests and national
parks. Not all the trees are protected by
law, but the spotted owl is. Hence, those
wishing to preserve the ancient trees can
do so indirectly by demanding protection
for the owl.

But if the trees are protected the jobs of
the loggers are not. Are spotted owls and
ancient trees more important than people?
That is the question raised by those who
support the loggers and timber interests.
But that question ignores the basic facts.
In huge areas of the Pacific Northwest there
are abandoned sawmills and slack-filled
towns—relics of the cutting of the trees.
Clear-cutting removed all of the trees and
when they were gone so was the work for
loggers and mills and the merchants who
depended on them. Had harvesting been
on a sustainable yield basis jobs and trees
could have been maintained in equilibrium
forever. Clear-cutting, however, is more
"profitable." But those profits are gained
at a terrible cost—the loss of profits and
jobs for the years to come.

So many of the environmental problems
have this same basic cause—valuing short
term profits over sustainable long term
profits. Examples of the sort just given, of
the cargo of the Bum Dong and the ancient
forest-spotted owl-loggers tragedy, will be
replaced by similar examples that should
be discussed with students.

765. A sustainable future requires that
human beings do not provoke a massive Tragedy
of the Commons.

Nearly a quarter of a century ago Gar-
rett Hardin (1968) published a now-classic
article, The Tragedy of the Commons. Many

years ago New England villages had a com-
mons where the residents were allowed to
graze their livestock. Today these com-
mands often remain, as in Boston, as attrac-
tive parks for public enjoyment—still serv-
ing in a different way as a commons. In a
broader sense a commons is a resource
available to all but with few or no restric-
tions on its use. Hardin uses the term in
this broader sense.

The tragedy may occur and, if so, it is a
consequence of greed or striving to "get
ahead." Imagine a village with 10 house-
holds, each with one cow grazing on the
commons. There are no rules on the num-
ber of cows that a family might have, just
the tradition that each household may
maintain one. Let us also suppose that the
commons has just enough grass for each
cow to produce 1 gallon of milk per day
without the commons being over-grazed.
The production of milk is on a sustainable
basis and the environment, the commons,
is not degraded by overgrazing.

It comes to pass, however, that Mrs. Wil-
son has a large number of children—more
than anyone else in town and they need
milk to develop strong muscles and bones.
Mrs. Wilson decides she needs two cows so
she buys another. There are now 11 cows
with grass enough for 10 to produce their
gallon of milk per day. Now each cow can
produce only 0.91 gallons. Mrs. Wilson will
then have 1.82 gallons and each of the other
9 families only 0.91. The latter will have
lost a little and Mrs. Wilson will have gained
a great deal.

The good folks begin to mutter. Mrs.
Wilson's behavior is just too much for Mrs.
Hitchcock and she buys her second cow.
Now there are 12 cows with food sufficient
for 10. The score now is 1.66 gallons each
for Mrs. Wilson and Mrs. Hitchcock and
0.83 gallons for the other 8 families.

Very soon, however, it turns out that
even these amounts of milk are not being
produced. The 12 cows, always slightly
hungry, are overgrazing the commons and
the grasses are being destroyed.

In time, everybody depending on the
common loses. As Hardin says, "a finite
world can support only a finite popula-
tion."
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Hardin's metaphor is a device that can
help students understand many of today's
problems. When the New World was first
settled all the land could be considered a
commons but slowly the land came under
private ownership. To be sure every owner
could do much as he wished with his land
but most saw their own welfare linked with
proper care of the land.

The major commons today are the oceans
of air and water. Over most of human his-
tory both were so large in relation to the
perturbations visited upon them by humans
that all was well. No longer. The vast
increases in human activities with their
accompanying pollutants have made the air
over most large metropolitan areas inju-
rious to human health. Parts of the Med-
iterranean are nearly a dead sea and the
sea shores of most industrialized nations
are becoming more and more polluted—
to the point where swimming and eating
local fish may be dangerous to one's health.

The great whales have been driven nearly
to extinction as have many species of coastal
fishes. Drift nets that may be 50 kilometers
in length harvest a few desired species but
destroy many other sorts of other fishes,
turtles, sea birds, and mammals.

Again, these destructive activities are for
short term gain at the cost of long term
disasters.

We are suffering many lesser Tragedies
of the Commons which, if not reversed,
will lead inexorably to a human condition
that is mean, violent, impoverished, and
brief. In many parts of the world today that
is the fate of large numbers of our fellow
human beings. This need not be the out-
come for all humanity but prevention will
demand such a drastic change in human
behavior that many thoughtful people
wonder if it can be achieved.

On a more optimistic side, we must
remember that there are many attempts to
protect the world-wide commons by agree-
ments among nations. Strides have been
made in protecting whales, some fishes,
elephants and other endangered species,
as well as Antarctica, air, and the seas. A
recurring difficulty is to get all nations to
provide protection since a few non-coop-
erating nations can cause great devasta-

tion. Recall the case of the Bum Dong. Most
of the protective international treaties are
the direct result of the desires of individ-
uals and societies that have urged their
governments to act. Every one of us can
make a difference.

The point of view that human beings are
overwhelming the environment is shared
by many scientists and informed citizens.
It is not universally shared, however, and
a word should be said about other points
of view. These other points of view may
be honestly held because sufficient infor-
mation is not available to make decisions,
or because there is a reluctance to change
existing methods of manufacture or doing
business, or because the opportunity for
individual gain outweighs any concern for
the common good or a common future.

Take the case of acid deposition ("acid
rain"). During the 1980s, with so many
lakes and forests in New England and east-
ern Canada being degraded, elaborate
studies made it highly probable that indus-
trial emissions, mainly from power plants
in the mid-western United States and
southeastern Canada, were major sources
of the pollutants. The problem could be
ameliorated by reducing emissions but this
would have increased the cost of electricity
to consumers and possibly have "lost jobs."
The latter would almost surely not have
been the case because the conversion to
cleaner burning power plants would have
required additional workers. Nevertheless
the U.S. Government refused to take action
and said that more "scientific information"
was required for a decision. The demand
for more information can often be justifi-
able but it can also be an excuse for inac-
tion.

By the same token it is believed to be
more important by the Northwest timber
industry to cut the remaining old growth
forests, by the whaling industry to slaugh-
ter whales until so few remain that it is no
longer profitable to do so, and, until
recently, for the tuna fleet to use a newly
developed technique that does catch tuna
but also causes the death of hundreds of
thousands of dolphins. This last example
of a Tragedy of the Commons caused so
much public concern in the United States
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