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Preface

HAT should a student learn in a college course in biology if he

will never again be exposed to formal instruction in the subject?
This question has been constantly before me during the writing of this
book. The question is a difficult one, yet, in my mind at lecast, it can be
answered fairly satisfactorily. The kinds of knowledge I would hope to
impart to the student may be divided into three categories.

Generalizations. The great generalizations of any important science
should be part of the intellectual equipment of every well-educated man
and woman. In biology, one thinks naturally of such gencralizations as
the cell doctrine, the gene theory, and the theory of cvolution. These
great generalizations integrate the field and make sense of it. Properly
presented to the intelligent student, they create an intellectual excite-
ment not to be found in mere details, howcver ‘““practically’” important
the details may be. .

Details. Details should, I belicve, be of two sorts: (1) thec minimum
technical details needed for a firm foundation of the grcat generaliza-
tions, and (2) those details that have a fairly immediate bearing on
human welfare and human problems, c¢.g., the facts of human physiol-
ogy, of soil conservation, and of the biological background of population
problems. Discussion at some length of such problems as these surely
nceds no apology.

" Method. We are not sure what we mean when we use the phrase “the
scientific method” ; but whatever this method is, it is clear that the use
of it has revolutionized the life of mankind. Few would doubt the dec-
sirability of imparting an appreciation of the meaning and significance
of this method to the student. How can this be done? We know some-
thing about imparting knowledge of a science to others. But the scientific
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8 Biology

method is not a science; it is an art. It is difficult to discuss an art con-
cisely and definitively. Like all arts, the scientific method is best im-
parted by indircction, repetition, and example. Difficult though it may
be to teach this art, we can hardly excuse ourselves from the attempt.
Many of us have a feeling that the method of science has the potentiality
of reaching into ficlds that are not yet considered proper areas for its
operation. Is this feeling a sound intuition or an unjustified hope? We
do not know. But it is surely worth while to try to cxhibit the method of
science to the “gencral” student, that is, to the student who may be
instrumental in developing other fields of human knowledge.

One useful device for developing the meaning of the scientific method
is almost omitted from this book, namely the approach through history.
When soundly presented, a story of the historical development of a
science is second only to laboratory work in conveying the meaning of
science. Such a presentation may be found in James B. Conant’s On
Understanding Science. However, to secure the benefits of the historical
approach, onc must recount a story in considerable extension, as Conant
has done. It is not practically possible to give such extended treatment
to more than a very fcw subjects either in a text or in a course. The
problem of selection of topics becomes acute. Scarcely any two indi-
viduals would agree in their selections, and the selection frozen into a
text would suit very few teachers. All in all, I think it best for the lecturer
to determinc for himself the topics to be treated historically; thus, will
his enthusiasm bec highest. A detailed description of the history of a few
discoveries, plus frequent historical sidclights interpolated throughout
the course by a flesh-and-blood instructor, will give history a scnse of
life and immediacy that the cold, printed page can scarcely aspire to
convey.

Although this book has been planned primarily for the student who
is not to become a hiology major, I believe that it is not without merit
when examined [rom the point of view of the beginning biologist. True,
there will not be found hcre the abundance of terms with which the
profcssional biologist must soon become acquainted. However, I think
it is better first to see the forest whole even at the risk of missing some
of the trees, rather than skirt too near the contrary danger. In a word,
I think that the trcatment of biology which is best for the general student
is also the best introduction for the professional biologist.
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So much for generalities; what of the specific organization of the
book? The writer of a textbook is confronted with two nearly mutually
exclusive alternatives: to write a book that is a closely integrated whole
and which, consequently, cannot be adapted to more than one order of
prescntation; or to turn out a book that has no integration at all but is
infinitely adaptable. I have purposcly steered closer to the former course.
However, the Parts of the book can be successfully interchanged to some
extent. Within a part, the chapters are best taken up in the order given.
An exception to this rule is Part III, The Variety of Living Things,
which is consciously designed as a service section. ‘The peculiar demands
of laboratory work at cach institution make necessary a systcmatic
trcatment of plants and animals so developed that it can be taken piece-
meal and in any of several orders. The other parts of the book are not
as flexible as this, but I hope that the system of division into sections
(indicated by §§) will permit the individual tcacher a reasonable
amount of freedom in the organization of his course. Numerous cross-
references embodicd in the text should help the reader who skips to pick
up the knowledge . prercquisitc to each section.

To conclude, 1 wish to thank a few of the many friends who have
helped bring this work to birth. Encouragement at critical periods was
given by Miss Janet MacRorie, Mr. W. H. Frceman, and Dr. G. W.
Beadle. For excellently detailed criticisms, I am greatly indebted to
Dr. Ralph Emerson, Dr. D. M. Whitaker, and Mr. John Behnke. A special
word of thanks is due the artist, Mr. Evan L. Gillespie, for the splendid
way in which he has clarified the text by simple and imaginative sketches;
and to Mr. Ralph Sweet for his sound counscl in artistic matters. I would
also like to express a word of gratitude to my family for putting up with
an author in the house.

Lastly, for the molding of the viewpoints which have determined the
character of this work, I must nceds express my indebtedness to a half-
dozen great tcachers and personalities, to one of whom it is my pleasure
to dedicatc this book.

GARRETT HARDIN
Santa Barbara
Januar'y, 1949
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Chapter 1
On Scientific Method

1. What Is Biology?

It is not unreasonable for a person who is setting out on a journey
to ask: what is the goal of this adventure? What am I going to see?
If, for instance, a man in New York were persuaded to visit the Royal
Gorgc of the Arkansas River, his interest would probably be heightened
if he were told in advance something of the topography of the inter-
vening country and details of the Gorge itself —that it is, for cxample,
a 2600-foot gash cut almost perpendicularly through colorful granite
walls; that, in the same region, are found pourmalines, beryls, and
aquamarines; that . . . and so on. Of course, no words, however numer-
ous and well chosen, could give the traveler the veritable experience of
sceing the Gorge itsclf.

Words can never be a complete substitute for expericnce. But good
verbal descriptions often make the subsequent experience keener by
focusing, in advance, one’s critical and observational abilitics upon the
most significant [catures of the thing to be observed. Observation is
usually more perceptive and accurate if one has some preconceptions
(not too tenaciously held, however) of what one is going to scc.

Setting out to survey a new ficld of knowledge is not unlike starting
on a journcy. What the aim and content of the subjcct really are cannot
be known until one is fairly in it; but a preliminary discussion should
give one a reasonably good idea of the sort of things to expect of the

17



18 Biology «.» Chapter |

projected intellectual adventure. To get down to the case before us,
what do we expect to find in the field labeled “biology”?

The word “‘biology’ is made up of two parts: “bio’’ from bios, a Greek
word for life, or mode of life; and “logy” from the Greek /ogos, meaning
word, thought, speech, or discourse —by extension, a body of knowledge
or a science. By way of simple definition, then, we may say that biology
is the science of life.

2. How Good Is a Definition?

Notice that the definition given above does not dispose of the problem
of what biology is in any complete or ultimate way; it merely tells what
the word means in terms of other words, viz., “science” and ““life” —which
were not defined. This sort of side-stepping is characteristic of defini-
tions; they define words only in terms of other, undefined, words. One
may, of course, follow the primary definition with others which define
the terms of the first and continue this process indefinitely, but sooner
or later a halt must be called. At this point, onc is necessarily left with
at least one definition which has undefined terms in it; and a little
thought should convince us that there is no way to avoid this situation.
If we are to avoid later misunderstandings, it is essential that our unde-
fined terms be ones which ncarly cveryone understands in the same way.

A definition is only as good as its undcfined terms. Are we quite clear
as to what we mean by the terms “science” and lifc”’? Obscrvation
and reflection will show that not all people understand these terms
in the same way. That being so, it would be advisable to try to dcﬁnc
them as explicitly as possible before going on.

3. What Is Science?

Interestingly enough, not cven the practitioners of science are in
agreement as to the essential nature of scicnce if one is to judge by their
statements. To apprcciate the sort of variation of opinion that exists,
consider the following quotations: .

“Science is ordered knowledge of natural phenomcna and of the
relations between them.” [William Cecil Dampier (1867- ), a historian
of science.]
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“Science is the scarch for the reasons of things.” [Havelock Ellis
(1859-1939), a psychologist and physician, best known for his studies
in the psychology of sex.]

“Science is, I believe, nothing but trained and organized common sense,
differing from the latter only as a veteran may differ from a raw recruit:
and its methods differ from thosc of common sense only so far as the
guardsman’s cut and thrust differ from the manner in which a savage
wiclds his club.” [T. H. Huxley (1825-1895), an English biologist and
friend of Darwin. |

“Science is knowledge, not of things, but of their relations.” [Henri
Poincaré (1854-1912), a great French mathematician.]

“Natural science is the attempt to understand nature by means of
exact concepts.” [Georg Friedrich Bernhard Riemann (1826-1866), a
German mathematician whose novel ideas helped to pave the way for
Einstein. ]

“Science is the process which makes knowledge.” [Charles Singer
(1876- ), a historian of medicine.]

“Science is an attempt to systematize our knowledge of the circum-
stances in which recognitions occur.” [Alfred North Whitehead (1861-
1947), a leading twentieth-century philosopher. ]

No two of these definitions are alike, but comparison reveals that
they can be scparated into two groups, namely, those (see Dampicr
and Poincaré) which, in cffect, define science as organized knowledge;
and those (sce Ellis, Ricmann, Singer, and Whitehead) which define
science as the process which Icads to organized knowledge.* The first
would make science a static thing; the second a dynamic one. Surely
they can’t both be correct? Which is right?

Both; or cither. It depends on which science one is thinking of; how
mature the scicnce is when it is being considered; and the context in
which the science is being considered. Sometimes, onc wishes to con-
sider all the branches of scientific study as being but parts of a whole
which one speaks of as “Science” —usually with a capital S, for dignity.
At other times, onc speaks of plural “sciences” —the science of geology,
the science of chemistry, the science of astronomy, and so on. In trying
to frame a satisfactory definition of ‘‘Science,” most men unconsciously
think of the one or the few scicnces that are best known or dearest to

* How would you classify Huxley’s definition?
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them and generalize from these limited cases. It is undeniable that
there are considerable differences between the sciences; between, for
instance, anatomy and physiology, between historical geology and
atomic physics.

To take an example from biology, let us consider the character of
anatomy (derived from the Greek temno, cut, and ana, up). Gross
human anatomy, the science which deals with such human structures
as are visible to the naked eye, could be described satisfactorily by a
definition of the first sort, the static sort. The principal parts of the
human body are very complectely and accurately known; it is exceed-
ingly unlikely that a new bone or muscle will be discovered. Anatomists,
that is, scientists who specialize in anatomy, are concerned primarily
with passing on the organized knowledge about anatomy to another
gencration of medical men and anatomists. Unconsciously thinking of
his own ‘‘science,” an anatomist would probably be satisfied with a
static definition of ‘“‘Science.””*

On the other hand, a satisfactory definition of biochemistry would
most likely be couched in dynamic terms. Biochemistry (note that root
bio again) deals with the chemistry and chemical reactions of living
things. It is a ficld in which much more remains to be discovered than
is already known. Consequently, biochemists are less active as teachers
than thcy are as investigators. The typical biochemist would probably
define “Science” in a dynamic way, as a process or method of finding
answers.

The differences between the sciences of anatomy and biochemistry
may not be fundamental and cternal, but merely temporary, valid as
of the middle of the Twentieth Century. Anatomy had its real beginning
in the work of Vesalius, in Italy, in the Sixteenth Century. After four
centuries of rapid development, it is a mature, well-rounded body of
knowledge with little more to be discovered or described. Biochemistry,
however, began in earncst only a century ago and is still in its vigorously

* It is possible that the “anatomists’ spoken of here no longer exist. Most of the men
in good, modern anatomy departments do their research in the ficld of physiology and
hence are really physiologists, whatever they may be called. Departments of, anatomy
are actually filled with physiologists (to whom thc above remarks do not apply). This
situation is an illustration of the general rule that human institutions (such as academic
departments) tend to retain their superficial form and symbolism as they change to
meet new conditions,
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growing childhood. Perhaps some day its field will be as completely
known as is the field of human anatomy and biochemists will be con-
cerned primarily with passing on a body of existing, organized knowl-
edge to a new generation of scientists.

All Science, including biology, is both organized knowledge, and
method. The first aspect is casier to comprehend for it is nearer to the
things of our daily lives. Consider the telephone directory, a magnificent
piecc of organized knowledge. It is organized so well that anyone who
can rcad, providing he knows the alphabet, can use it. Its accuracy
probably transcends that of any scientific book ever published. Yet,
we do not think of the telephone directory as a work of science. Why
not? Is it because we think it too prosaic, too commonplace? Partly,
perhaps. But probably morc important is the fact that, unlike an
anatomy book, the facts within it were not assembled by methods that
would be called scientific methods, excellent and adequate to the task
though thecy were. Assembling a telephone book is merely a glorified
job of record keeping. Developing a science is much more than that
and involves certain modes of thinking and methods of observation and experi-
mentation which collectively are spoken of as “the scientific method.”

What is this method that scems so foreign to our everyday activities?
What is its strength? What its weaknesses? How widely applicable is it?

4. The Scientific Method: Discussion of a Problem

At the outset, it is necessary to appreciate the self-imposed limitations
of Science. It deals only with material things, with things that can
be reported on in an objective fashion, things that can be seen, heard,
felt, tasted or smelt, and with no others.

Does a human have a soul? By dcfinition, a soul is an immaterial thing
which cannot be scen, heard, felt, tasted, or smelt. Therefore, it cannot
be investigated scientifically. Is Stravinsky’s ‘“Rites of Spring” a thing of
beauty, or just so much cacophonous caterwauling? “Beauty,” whatever it is,
is not to be apprchended by the senses; one cannot see beauty or hear
beauty. True, onc hears musical tones or sees color, but what onc calls
beauty is something that is connected with one’s internal appreciation
of the form of the thing that is seen or heard, and this internal appreci-
ation is clearly not matcrial. Is it good or bad to honor one’s parents? Again,
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we have posed a question which deals with something (“good” or
‘“virtue’’) which is not material. Again, the problem cannot be answered
scientifically.

Half-informed folk sometimes imply that only Science is important,
that questions not answerable by scientific means are either unimportant
or else are not real questions. But consider the threc nonscientific ques-
tions we have just discussed. Who will say that all of them are of no
human importance? Who will say that the answers, however arrived at,
will entail no consequences of importance to humans?

Whenever we voluntarily limit our attention to scientific matters,
we must, at the outset, exclude all questions like those of the preceding
paragraph, questions which deal with nonmaterial things. Possibly
someday, the definition of Science may be extended to include the
investigation of nonmaterial things; but at present, by common consent
of practicing scientists, the definition of Science and the declimitations
of its methods are made too severe to include these other questions,
however humanly important they may be.

The scientific method is limited, but within its prescribed field it is
exceedingly powerful, a truism today too trite to merit serious discussion.
But what is this method? How does it work? Let us take an example
of its application to a biological problem and examine it in detail.
The example is an imagined one, somewhat simplified for case of under-
standing.

Any investigation may be regarded as beginning with a question,
which onc may framc as a hypothesis—a supposition, a sort of tentative
guess, a hunch, a possibility to be tested. For our example, let us supposc
that there is some inconclusive evidence (little better than a hunch,
perhaps) which indicates that a certain chemical, say brucine, will
cure a certain discase, say bubonic plague. Expressed in a formal way,
our investigation starts with this hypothesis:

Hypothesis: brucine cures bubonic plague.

How can we test the hypothesis? Obviously, by administering brucine
to plague victims. So we go to a hospital which has a good supply of
victims and administer brucine to them. If they get well, the hypothesis
is true. If they don’t, it is false. No?

No! That would be a miserably planned ecxperiment. For many
reasons, it would yicld a most ambiguous answer. First, the experiment
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can be criticized because of the well-known fact that patients often
“spontaneously” get well without any trcatment. Suppose we had
treated one hundred patients and all of them had recovered. Could
we have concluded that it was the brucine which had cured them?
No; for a critic could have pointed out that perhaps these particular
hundred patients would have gotten well if left entirely alone. We
would be unable to answer a criticism of that kind.

Plainly, the thing to do is give the brucine only to some of the patients,
say half of them. These patients we will call the experimentals. The
other fifty paticnts we will save as controls; their rccovery will tell us
the “normal” ratc of recovery with our particular lot of patients. We
must make every endeavor to sce that the controls and the experimentals
differ in only one respect, namely the administration of the drug. We
would not, for instance, put all the people over forty years of age in
onc group and all under forty in the other, for it is well known that age
influences resistance to, and recovery from, disease. Nor would we have
all the patients on the south side of the building be controls, and those
on the north side be the experimentals, for a scientific critic might then
suggest that the difference in lighting and temperature of the two
groups made a significant difference in their recovery rates. Also, we
should keep in mind the very real possibility that the patient’s mental
attitude may influence his recovery. It is important that the design
of the experiment does not introduce any factor which will produce a
difference in the mental attitudes of our twg groups of patients. We
must not, for instance, openly administer to one group of patients
while we neglect the other, for the mere feeling of neglect might affect
the ‘recovery of the control group. To avoid this possibility, it would
be good practice to administer to the controls a similar-appearing and
similar-tasting substance which is kgown (from previous experiments)
to be without effect on the disease.

Therc may be other factors which should be taken into consideration
in designing the cxperiment, but the rationale of the design of experi-
ments should be sufficiently clear without a discussion of every possible
factor. To repeat, the aim in setting up a controlled experiment is
to insurc that the controls and the experimentals differ in only onc respect.
This is an ideal which may never be complctely realized but it must
always be borne in mind. The reliability of the results will be limited
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by the degree to which the actual experiment conforms to the ideal.

5. The Degree of Certainty of Scientific Truth

So much for designing a “controlled experiment.” How shall we

interpret the results when we get them?

To illustrate some of the problems of interpretation, let us consider
three different sorts of results which conceivably might turn up in such
an investigation.

TABLE 1-1
REsULTS TREATMENT
Controls Experimentals
Recovered 8 9
Died 42 41

Suppose the results were those appcaring in Table 1-1; would we
conclude that the drug had aided the recovery of the patients? Probably
not. True, one more patient recovered in the experimental group than
did in the control group, but that might have been only *“‘chance” or
“luck.” To illustrate what we mcan by the idea of chance, consider
Table 1-2. In this table, the figurcs are the same as they were in the

TABLE 1-2
REsuLTS BrAND oF Dice
X Brand Y Brand
No. of 3’s thrown 8 9
All other numbers 42 41

first table, but they refer to different things; instcad of to the behavior
of diseascd paticnts, they refer to the behavior of dice. Different brands
of honest dice should behave the same way. Suppose that we had a
hunch (hypothesis) that the dice sold as “X Brand” were weighted
differently from those of the “Y Brand.” To test this hypothcsis, we
might throw 50 of the X Brand of dice and compare the results with
those obtained by throwing 50 of the Y Brand. As a simplc means of
recording the data, we might note the number of dice which turned ug



On Scientific Method [§5] 25

a 3 against the number which turned up any other number. Suppose
our hypothetical experiment gave the results shown in Table 1-2.
Would we regard thesc results as proving that X Brand is diffcrent
from Y Brand? Certainly not. For similar reasons we would not regard
the results recorded in Table 1-1 as justifying any statement that the
drug-trcated patients were significantly better off than the untreated
controls.

Now lect us consider quite a different set of results which one might
turn up in such an investigation. In Table 1-3, we have rccorded a
case in which 45 out of 50 of the experimentals recovered, as opposed

TABLE 1-3
REsuLTs TREATMENT
Controls Experimentals
Recovered 8 45
Died 42 5

to only 8 out of the 50 controls. Such results would unquestionably lead
any rcasonable person to the conclusion that the experimental group
of paticnts received treatment which was effectively different from that
of the controls; and if the administration of the drug was the only
difference, that the drug had definitcly aided recovery. Results like
these are the sort one hopes for, of course —nice, clean-cut results that
admit of no uncertainty in their interprctat'ion. Unfortunately, the
results of our experiments arc not always as clean cut as this.

TABLE 1-4
Resurts TREATMENT
Controls Experimentals
Recovered 8 14
Died 42 36

All too frequently, a well-designed experiment leads to results that
can be iaterpreted only with difficulty. In Table 1-4, are recorded some
imaginary (but highly possible) results of the more unsatisfactory sort.
In this case, 14 of the experimentals recovered as compared with 8
of the controls. Is 14 out of 50 significantly greater than 8 out of 50
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or not? It is difficult to say. If Table 1-4 reprecsented the results of a
dice-throwing experiment (as did Table 1-2), would we say that the
two sets of dice were different? Different persons would probably arrive
at opposite conclusions regarding the significance of such data, which
emphasizes the difficulty of the problem and the ambiguous significance
of the results. To analyze such data rationally, recourse must be made
to the science of statistics which deals with the problem of the sig-
nificance of diffcrences. Such analysis is beyond the scope of this book,
but it is important that the student realize that much of modern experi-
mental biology leans heavily on the reasoning and thc methods of
statistics.

One more point should be made before leaving these hypothetical
experimental results. Look again at Table 1-3. When we first discussed
it, we said that these results would “unquestionably lead any reasonable
person to the conclusion that the experimental group received treat-
ment which was cffectively different from that of the controls.” There
is something not quite straightforward about an appeal to reasonable
people. After all, some person might maintain that 45 out of 50 was
not significantly different from 8 out of 50. Then, what would we say?
How could we answer such a critic’ By calling him unrcasonable?
Assume that there was no real difference between the two groups of
patients: could not one occasionally find 8 rccoveries in one group
and 45 in the other, just as a matter of chance? It is certainly possible.
It might be highly improbable (and here the statistician would step in
to tell us precisely how improbable), but it is not impossible. The
differences exhibited in Tablc 1-3 could have been caused by chance
alone. )

Further thought along this line will convince most men that there
are no results that could prove, with absolute certainty, that the tested drug
cures the disease. Always there would be at least a slight possibility that
chance alone could account for the differcnces in the recovery rates of
the two groups of paticnts.

6. The Scientific Method: The Stages of an Investigation

In retrospect, what seem to be the principles of scientific method
as illustrated by the above example? One can, without undue over-
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simplification, rcgard an investigation as taking place in four stages:

1. The invention of a hypothesis.

2. The devclopment of a program of obscrvation or experimentation

to test the hypothesis.

3. The carrying out of the program.

4. The interpretation of the observations or experimental data.

Concerning the first stage, the invention of a hypothesis, it is not
possible to say much that is useful to a person who is interested in be-
coming a scientific investigator. Most conceivable hypotheses never
lead to any discoveries of note; only a few are fruitful of results. The art,
of course, is in discovering these useful hypotheses without wasting too
much time developing and testing useless ones—and it is an art, not a
science. Clearly some scientists (e.g., Pasteur and Einstein) are more
proficient in this art than others, but no one, not even a Pasteur or an
Einstein, has succeeded in laying down rules for discovering uscful
hypotheses. Only onc thing seems to be true: the discovery of useful
hypothescs cannot be a spare-time occupation. Hypotheses grow out
of long-continued concern with a problem, arising as the by-products
of intensive investigation and many observations.

The second stage, the development of a program of attack, we have
already discussed at considerable length in § 4. However, the reader
should not suppose that the controlled experiment is the only method
of arriving at the truth. Frequently, practical considerations force one
to use other means. In medicine, for instancé, humanitarian consid-
crations often conflict with a desire for scientific rigor* and necessitate
the design of other sorts of experiments. In addition, there are many
ficlds of science, for instance, much of astronomy, where experimentation
is impossible. In such fields, accurate and critical observation is the
mcans of arriving at the truth. This does not imply any fundamental
difference between the so-called experimental sciences and the so-called
observational sciences; both of them depend on accurate observation.
An experiment is merely a method of arranging opportunities to
observe. If this method is possible in a given science, progress will be
faster; hut progress can be made, though with less speed and greater
difficulty, even in a ficld where experimentation is impossible.

* Those who have read Sinclair Lewis’ Arrowsmith will recall the important role of
this contlict in the novel.
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The third stage of an investigation, the actual carrying out of the
program of obscrvations, varies so much from science to science that
there would be little profit in making gencralizations ahout it. However,
in all scientific investigations, there is one common factor: the attitude
of mind which makes accurate observations possible. It is important
that the observer repress in himself the desire ‘“‘to prove something.”
He should not be trying to prove anything but, rather, he should be
trying to find out the truth, whatever it is—whether it proves or dis-
proves his pet ideas, whether it is plcasant or unplcasant. Expericnce
has shown that men who too passionately belicve in the truth of a certain
hypothesis make poor (inaccurate) observers. In scientific investigation,
the true scientist is not an advocate; he is the judge. The facts must
be their own advocate. For this reason, the training of scientists always
includes a great deal of work in the laboratory or in the ficld, making
experiments and observations. Laboratory work for beginners is not
for the purpose of making new discoveries—that is unlikely in a field
already well devcloped. Rather, it is designed to instil in the student
the habit of “going to Nature” for the answers to questions instead of
falling back on textbooks or preconceived idcas. This habit is, in a real
sense, a natural one, yet in most cases it must be developed in the
would-be scientist.

Finally comes the time for interpreting the results of the observations.
Interpretation must be based soundly on logic and, in many scicnces,
on mathematics which is but a special kind of logic. The ideal is to state
nothing that is not absolutely certain. However—rccall the discussion
of the previous section —since nothing is absolutely certain, one states
what is probably true, making assertions in such a way as to reveal
the evidence on which the assertions are based. In this way, others can
appreciate the degree of certainty established by the evidence.

In Science, our aim is always to discover facts whose truth is beyond
reasonable doubt; there is no absolute certainty in Science. T'o some minds,
this lack of absolute certainty may be disturbing but most scientists
find it part of the beguiling quality of thcir work. Because nothing is
known with absolute certainty, there is always the possibility of mak-
ing new discoveries by recxamining old generalizations in a maqre finely
critical way. As Emile Duclaux, onc of Pasteur’s most perceptive
students, has said: “It is preciscly because science is never sure of any-
thing that it always advances.”
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QUESTIONS AND PROBLEMS

1-1. In § 4, it was stated categorically that the investigation of certain sorts of ques-
tions does not fall within the realm of science. Is the question involved one of fact or
of definition?

1-2. What definition of the science of statistics is implied in the text (§ 5)? Does this
detinition differ from that most laymen would give? (See, for instance, an unabridged
dictionary.) If so, how?

1-3. Definc: biology, anatomy, biochemistry, and ““control,” as used in experimental
sciences.

1-4. Suppose you read in a book that is universally regarded as the greatest authority
on insects that all houseflics have four pairs of legs; and suppose you could never find
more than three pairs of legs on houseflics: would you deny the authority of the book
or of your scenses?

1-5. Of the four stages of a scientific investigation, as given in this text, which one
is the most difficult to describe in such a way as to help others carry out a program of
scientific investigation?

1-0. Consider the question: How many “perfect crimes™ are committed annually in
the United States? Can this question be attacked scientifically? If so. how; if not,
why not?

1-7. Suppose, in the experiment designed to sce if brucine cured bubonic plague
(§ 4), we had available only two nurses for the care of the paticnts, one pleasant and
friendly and the other a veritable termagant. How should we make use of these nurses
in order not to have their personality differences affect the interpretation of the experi-
mental results?

1-8. Supposc the experiment of §4-§ 5 had given the results recorded in Table 1-5,
below. In this case, could one say that the drug had cured the patients beyond the
shadow of a doubt, that is, that it would have been impossible for all the experimentals
to have recovered if chance only had been operating?

TABLE 1-5
REsunrs TREAIMENT
Controls Experimentals
Recovered 8 50
Dicd 42 0
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Chapter 11
Characteristics of Living T hings

7. What Is Life?

Biology, we said, is the science of life. We have tried to gain some
idea of the meaning of the word “‘science’ by describing and analyzing
the activities involved in its operation. But what is “life”’?

There are reasons why it is unwise to do more than begin to attack
this question at this point. For onc thing, the entire book may be said
to be an attempt to answer the question. For another, experience shows
that asking the question, “What is Life”? (with a capital L), all too
frequently leads to answers of uncertain sense. Perhaps not all answers
to this question nced be nonsensc; but, in fact, so many of them are
that it is sound strategy to avoid the question at first by asking others
which, though difficult, are more easily answered, namely: “What are
living things? What do we mecan when we say °‘living’? How can we
tell living things from dead, so that we will know what we are to study
in biology?”’ These questions are perhaps less profound than the original
question, but they are more easily answerable; so we will ask them first.
A most important part of the strategy of science is asking answerablc
questions.

8. Recognizing Living Things

In dealing with the things that make up the ordinary man’s life, we
seldom have trouble telling a living thing from a nonliving one. Birds,

30
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sunflowers, and men are living. Stones, houses, and sidewalks are not.
The ability to distinguish living from nonliving is not an instinctive
one as any parent knows. Children have to be taught what is living
and what is not. Listcning to the prodigal flow of commentary with
which small children accompany their play, one realizes that pictures
and spring-wound toys scem ncarly or quite as animate to the child
as do cats and dogs; and certainly thec idea that trees and flowers are
alive does not come easily.

If we can recognize living things only because we have learned how to
do so, it must be that we have learned, however unconscious the process
of learning may have been, what the characteristics of living things are.
What do birds and flowers have in common that stones, houses, and side-
walks lack? The familiar things of everyday life we have mentally sorted
into two classcs, “living™ and ‘“‘nonliving™; but suppose we come up
against an object we never saw before —how, then, do we decide
whether to call it alive or not? What are the characteristics we look for?
Are these characteristics unique in living things, or are they sometimes
observed in the nonliving? Consideration of these questions at somc
length may help us to gain insight into our own intellectual processes
as well as show us, in outline, some of the fundamental problems of
biology.

9. Characteristics of Living Things: Movement

Probably the characteristic that we unconsciously rely on most to
help us recognize living things is movement. Certainly, it permits the
most rapid judgment. Whencver we see a hummingbird hover over a
flower, a trout break the water in pursuit of a fly, or a slug slowly laying
a trail of slime across the garden walk, we unhesitatingly say, “It’s

alive!”

Not all living things move, of course. A mushroom, as far as
the cye can tell, never moves. Not all living things move ; but do we call
all things that move living?

A rock may roll down the hill; why do we not say that it is alive?
(Some primitive people do.) Clearly, it is becausc we have arrived at
a certain stage of sophistication, a stage in which we distinguish between
“spontancous” movement and “forced” movement. The movements of

nonliving things are always of the latter sort; a rock moves because it
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is forced to by gravity, dynamite, a small boy’s arm, or some similar
force. On the other hand, the movements of a dog are not easily attrib-
uted to a simple force. We speak of the dog’s movements as being
spontaneous, and unpredictable, the rock’s movements as being forced, and
predictable.

Casual observation alone permits us to recognize many living things
by the spontaneous movement they exhibit. Most plants, however, do
not exhibit any gross movements, that is, movements readily apparent
to the naked eye. However, microscopic examination of such immobile
plants will usually show movement of some of the parts.

To summarize, we may say that if a thing moves spontaneously, it
may be called living; if it does not exhibit spontaneous movement,
we must look for other characteristics before we can classify it as living
or nonliving.

10. Characteristics of Living Things: Responsiveness

Stroke a cat and the cat’s back arches. Speak to a dog and the dog's
ears stand crect as he turns his head toward the source of the sound.
Shine a flashlight in a man’s eyes and his pupils contract. In each of
these situations, the first action is called a stimulus (the Latin word
means goad. Plural: stimuli) and the resultant reaction of the organism
is called a response. Generally, the stimulus comes from the outside,
though sometimes it is internal; for instance, certain scnsations in the
region of a man’s stomach may stimulatc him to get into his car and
drive to the doctor’s office. As a generalization, the stimulus furnishes
only a small fractich of the energy involved in effecting the re-
sponse. For example, the scarcely audible ticking sound emanating
from a package may stimulate an apprehensive postal clerk to turn and
run hundreds of feet at truly Olympic speed. It cannot be said that
the ticking sound furnished enough energy for the sprint. The energy
was furnished by the man’s body; the tiny sounds acted mercly as a
stimulus to release the cnergy.

Most animals show prompt and gratifying responses to stimuli of all
sorts, whereas most plants do not. However, plants do respond to many
stimuli, though their responses are usually much slower and more
subtle. A scedling, developing in a dark cellar illuminated by only one
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window, will show a response to the lighted window by growing towards
it. Plant responses to gravity, water, and other stimuli can also be
demonstrated by suitable mecans. It is probably true that responses to
stimuli are shown by every living thing. However, all plants and animals
do not respond io the same kind of stimuli, and for some very simple
organisms* it is often difficult to find an effective stimulus.

Although responses to stimuli are typical of living organisms, no
inhabitant of the modern world need be told that stimulus-response
systems arc not confined to the living world. Flicking a tiny switch
may turn on a light or start up a giant dynamo; the interruption of a
beam of light that normally shines on a photoclectric cell may open
heavy doors or set off a burglar alarm. Much thought and work are
expended these days on devising mechanical stimulus-response systems
which, in many cases, involve stimuli too delicate to affect any known
organism and which, in turn, may lead to responses of a rapidity or a
magnitude unknown in the biological world.

T'o summarize, it may be said that responsiveness to stimuli is defi-
nitely characteristic of living things but it is not confined to them.

11. Characteristics of Living Things: Growth

All living things grow. Somc increase in size so rapidly that we can
“almost scc them grow’; for instance, a mushroom (the fruit of an
underground mold) may suddenly protrude through the surface of the
soil and grow two or three inches upward in the course of a single day
(whence one meaning of the verb ‘‘to mushroom’). At the other ex-
treme, a scrawny, wind-twisted pinc ncar timberline in the Rockies
may take fifty years to grow to the height of a man. But, fast or slow,
all living things grow.

It is not casy to find phenomena in the nonliving world that approxi-
mate the process of growth in the living. Perhaps the closest approach
is that of the growth of crystals in a supersaturated solution of a salt.
Consideration of an cxample of crystal growth will serve to point up
both the resemblances and the contrasts between growth in the nonliving
world and growth in the living.

* An organism s any plant or animal, anything that is or has ever been living; i.c.,
one may speak of dead organisms as well as of living ones.
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Salts are usually more soluble in hot water than they are in cold.
Sodium thiosulfate (the photographer’s “hypo”), for instance, can be
dissolved in hot water to the extent of more than a gram of salt per
cubic centimeter of water. In near-frcezing water, however, the salt is
less than half as soluble. What will happen if we make, in hot water,
a saturated solution (i.e., one that has as much salt as the water can
possibly hold) and then cool the water? Evidently, some of the dis-
solved salt will have to come out of solution. Under certain conditions,
as it comes out of solution, it will form large and obvious crystals which
grow in size until all the surplus salt has been removed from the solution.

To the eye, the resemblance of crystal growth to growth in living
things is immediatcly apparent. The crystal increases in size while still
maintaining a fairly constant form characteristic of the kind of crystal.
Crystals of “hypo”, for instance, arc of onc shapc; crystals of tablc salt
of another. Each substance crystallizes out of solution (‘“‘grows’) truc
to form.

Similarly, a small dog grows in size until it is a larger version of the
same shape of animal. Each of the different kinds of puppies grows into
a different kind of dog; a dachshund puppy grows into a large dachs-
hund, a St. Bernard puppy into a large St. Bernard,, just as different
types of crystals grow truc to their types.

What arc the differences between these two kinds of growth? First,
there is the matter of the kind of raw material used. In the case of the
crystal, the raw material is essentially the same as the final product
itself. A chemist would tell us that the “hypo™ in solution is the samc

L)

substance as the “hypo™ that we see in the crystal. But when a living
thing grows, it grows at the expensc of things unlike itself. Dogs, normally
not cannibalistic, grow at the expensc of things, ¢.g., dog biscuits, that
are chemically quite different from themselves. It does not take a very
good chemist to tell a dog biscuit from a dog.

In living things, growth takes place by complex processes of ingestion
(taking in) of food, digestion of it (breaking it up into smaller par-
ticles), and assimilation of the particles—that is, turning them into
larger particles once more which are now different from the original
food particles, and which, in fact, are like the particles of the living
thing which is carrying out the process of assimilation. Of these proc-
csses, we shall learn more later, but at this point it should be cmpha-
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sized that the nature of assimilation is such that there is little relation
between the kind of raw material used and the resulting product.
The nature of the final product is determined primarily by the organism
which is taking in the raw material. A dachshund and a St. Bernard
puppy may always be fed from the same box of dog biscuits, but they
do not, therefore, come to resemble each other. Each grows true to its
(not the food’s) type. Such growth is in striking contrast to the growth
of crystals, the chemical composition and mode of growth of which are
determined by the nature of the raw material.

12. Characteristics of Living Things: Reproduction

One of the most characteristic features of living things is their ability
to reproduce themselves. Men beget men and mice beget mice, and an
individual of one species of plant or animal does not give birth to an
individual of another. Offspring are slightly different from their parents,
but the cxactness of the reproduction is remarkable and indicates
underlying forces which operate with great precision. The attempt to
identify these forces is one of the principal activities of the modern
science of genetics (from the Greek genesis, meaning origin), a science
concerned with what it is that young organisms inherit from their
parents that makes them grow to resemble them, as well as with the
causes that make children slightly different from their parents.

In the nonliving world, there is no phenomeron that closely approxi-
mates biological reproduction. But, although it is true that only living
things reproduce, an object neced not necessarily possess the ability to
reproduce for it to be called living. Most ants, for instance, are com-
pletely sterile, that is, incapable of reproducing themselves; yet, no
rcasonable man would doubt that they are alive. The special formns of
ants which are capable of reproducing are usually out of sight, in a nest
underground. Such ants reproduce not only their own kind, that is,
other reproductive ants, but also produce the many sterile ants which
make up the bulk of an ant colony.

A given species or kind of plant or animal must always include some
reproductive individuals if the species is to continue to exist, but an
individual member of the species may be unquestionably alive even
though it never reproduces.
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13. Characteristics of Living Things: Metabolism

Organisms require cnergy to carry on all their activities. That move-
ment and responsc to stimuli require energy should be no surprise to us,
for these same activities require energy when they are carried out by
nonliving things, e.g., automobiles, and electric-eye door-openers. Much
evidence indicates that growth and reproduction, which are unknown
in the nonliving world, also requirc cnergy for their performance. If,
then, all the known activities of living things require energy, what is
the source of this energy?

The immediate source of energy for all these activities is cnergy-rich
food. Food contains locked in it (in a chemical sense) energy which
can be released in various ways. One common way of releasing thc
energy is by oxidizing the food, that is, combining it with oxygen, an
invisible substance present in the air around us. As a result of the
oxidation of the food, i.e., the combination of the food with oxygen,
simpler compounds are produced. These compounds are relatively poor
in energy. The energy that is no longer locked in chemical compounds
now appears as free cnergy, available for other uses. The process of
oxidation may be simply written as follows:

Food + oxygen —- water + carbon dioxide + energy (1)
(energy rich) (energy poor)
Equation (1) is a simple example of a chemical equation, and may be read:
*“Food plus oxygen yields water plus carbon dioxide plus cnergy.”

The released energy appears in part as hcat. The remainder of the
cnergy is used to produce movement, reactions to stimuli, and to make
possible the manufacture of new chemical compounds used in growth
and reproduction.

It would be difficult to write an equation which would represent a
greater oversimplification of the facts than does equation (1). Actually,
the process by which food is broken down to form water and carbon
dioxide takes place in scorcs of separate chemical steps, and thc way
in which the released energy is trapped again and used to make possible
all the activities of the organism involves hundreds of imperfectly known
chemical rcactions. All of thesc reactions, both those that rclease energy
and those that trap and use the energy, are known collectively as
metabolism.
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That is, metabolism is the name given to the entire complex of
chemical reactions by which an organism obtains and uses the energy
available in its food.

Metabolic reactions are at the base of all biological actions, and the
study of metabolism is of fundamental importance to all of biology.

The above definition is perhaps too general to be of much help in
understanding the nature of the chemical activitics of organisims but
there are two good rcasons why this definition must suffice for the
present. First, the detailed picture of metabolism, in so far as it is
already known, is fairly complicated and will need to be approached
gradually if confusion is to bc avoided. Second, we know quite well
that the greater part of the story of metabolism remains to be discovered.
Only a small fraction of the known activities of organisms can, at present,
be thoroughly explained in terms of the metabolic reactions underlying
them.

Lavoisicr, onc of the fathers of modern experimental science, said:
“Life is a chemical function.” At the time he said this his statement
was more prophecy than known fact. By now, more than 150 ycars
later, much meaning has been given to Lavoisier’s statement through
the discovery of the exact sequence of many of the chemical reactions
in living things. But we have unravelled only a little of that tangled
web of chemical reactions that we call metabolism. Most of the chemical
processes of living things are yet to be clucidated and, what is more
important, we have yet to discover how the chemistry and physics of
living organisms can account for all thcir manifold activities. To the
beginner, the quantity of books alrcady written about plants and
animals indicates a very impressive amount of knowledge about the
living world. But the professional biologist knows that the work of mak-
ing this world understandable has scarcely begun.

QUESTIONS AND PROBLEMS

2-1. Define stimulus. Define response. Can one be defined without the other?

2-2. What characteristics of living things can be used to distinguish living things
from dead things?

2-3. One biologist has defined life as the “sum total of all phenomena common to
all living things.” And. of course, we may say that ““living things are those things which
possess life.”” Thus, have we definitions in which there are no undefined terms, thus dis-
proving the contention of § 2? (Compare the above definition of life, with a definition
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of a once noted English wit: “An Archdeacon is a person who performs archidiaconal
functions.””)

2-4. Is it necessary to have a perfectly clear-cut and unobjectionable definition of a
characteristic or thing before investigating it? Is it desirable?

2-5. It takes energy for a man to walk upstairs. Where does the energy come from?
Give the answer in the form of an equation.

2-6. What is meant by the word organim?
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Chapter 111
The Skeleton: The Cell Doctrine

14. Why Study Man?

We shall begin our account of biology with Man. If we could be
perfectly objective about the matter —which we cannot—we might
seriously ask: why study this particular organism in dectail? There are
at least a million different kinds of plants and animals in the world.
Why single out this one from the million for detailed study? If we were
studious mice or wasps or earthworms, would we consider Man such a
thing of interest? Is he so remarkable?

It must be confessed, as regards most of the cHaracteristics and activ-
ities of living organismns, Man is not remarkable. He is neither the
largest nor the smallest, the strongest nor the weakest, the fastest nor
the slowest of living things. He is perhaps not as beautiful as the bird of
paradise, nor as precisely fashioned as certain microscopic plants called
diatoms. He is not a rare beast, nor is he very numerous; there are more
ants in onc county than men in the whole world. The only remarkable
thing about him seems to be his highly developed intcllect, his ability
to reason. With this one exception—and it is an important onec—Man
seemrs to be a rather mediocre being, hardly the sort that would strike
any nonhuman creature as worth writing a book about. Yet, if we are
to study living organisms in general, Man’s very mediocrity can be
considered a justification for studying him. It is preciscly because he is,
in most respects, so little distinguished from his fellow creatures that an
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account of his abilities and problems will tell us something about the
abilitics and problems of a large proportion of organisms. Then, too,
we cannot forget—nor should we —that we are ourselves men, and not
mice or wasps or earthworms; which means that, consciously or uncon-
sciously, we subscribe to the belief of the poet, Pope, that “the proper
study of mankind is Man.”

However, even if our interests in biology were very narrowly confined
to Man, we would soon find that we could not learn a grecat deal about
Man by studying him alone. Most of our fundamental knowledge of
Man’s biology has been gained from the study of other living things.
A dog whose pancreas was removed for experimental purposes gave
the first clue to the cause of diabetes in humans. The study of frog's cggs
has explained Siamese twins. Because so much human effort has been
expended in the breeding of fruit flies, we understand better why a son
looks like his father. The study of the mectabolisin of beer yeast has re-
vealed secrets of the metabolism of human muscles. Even the study of
recasoning ability, man’s only specialty, has becn notably advanced
by experimentation with dogs and other nonhuman, rcasoning creaturcs.
It would, in fact, be difficult, if not impossible, to name a ficld of human
biology which has not been cnriched by the study of other organisms.
In this section of the text, the emphasis will be on Man and his biology,
but not exclusively so. Since much of the knowledge about Man has
been gained from the study of other, similar creatures, any account of
the experimental background of the facts must necessarily bring in
other organisms.

15. Analysis: The Systems of the Body

The human body is such a complex machine that it would be scarcely
feasible to try to understand it all at once. Study will be facilitated by
analysis (from the Greek lysis, a loosening, and ana, up; that is, a
loosening up of a complex). We will, in imagination, separate the parts
of the body into various systems, each system subserving some function
or group of related functions. The anatomical clements of cach of these
systems are revealed in Figure 3-1. .

It must not be forgotten that the analysis of the body into the various
systems is made only as a matter of convenience. In carrying out even
the simplest function, more than one system is involved. The muscular
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NERVOUS

BREATHING DIGESTIVE EXCRETORY REPRODUCTIVE
Fig. 3-1. Although the body is really a well-integrated whole, one may think of it in
terms of the scparatc systems illustrated above. Such analysis is an aid to investigation
and study.
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system, for instance, moves the body, but it can do so only because the
muscles are firmly attached to the skeleton; the muscles are stimulated
to move by nerves; and repeated movements arc possible only as long
as the breathing, circulatory and digestive systems are functioning, to
mention only the more obvious interrelationships. Analysis alonc would
lead to a false impression of independence of the various systems;
thercfore, following the analytical treatment of the body, therc will be
a synthesis of the various parts and functions in Chapter XIV. (The
word synthesis comes from the Greek syn, together, and tithemi, place;
that is, it implies a bringing together of different things in one place.)
The employment of both analysis and synthesis is a mcthodological
necessity in all the sciences. Analytical treatment is necessary if the
student is to avoid being confused by the complexity of the total picturc.
Eventually, there must be a synthesis of the parts into a whole again
if one is to avoid the danger of “not seeing the forest for the trees.”

16. The Skeletal System

The skelcton may be said to consist of two divisions: the axial skele-
ton, the more central part which constitutes a central axis on which is
hung, so to speak, thc appendicular skeleton. (Sce Fig. 3-2.) The axial
skeleton consists of the vertebrae (backbone), the skull, and the ribs
and sternum. The appendicular skeleton consists of the appendages
(legs and arms) together with the pelvic girdle to which the legs arc
attached, and the pectoral girdle to which the arms are fastened.
Altogether, the body contains more than 200 bones; the number varies
somewhat from individual to individual because of variation in the
number of the small, replicated bones, such as the vertebrac, which
show a normal variation in number from 32 to 37 per individual.

The skeleton fulfills three major {unctions: protection, support, and
in conjunction with the muscles, movement. Discussion of the last
function will be deferred to Chapter IV. The other two functions will
be considered here.

17. Protection

Among the most delicate and vital portions of the human body, are
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the brain and the spinal cord. These structures, as will appear later,
control in large measure the activitics of the entire body. The material
of which they arc composed has no intrinsic strength or resistance to
mistreatment. It is not surprising, therefore, to find that no other part
of the body is so thoroughly protected.

Tibia
Fibula

Mectatarsals r~ i’\\l Phalanges

AXIAL SKELETON APPENDICULAR SKELETON
Fig. 3-2. The human skeleton analyzed into axial and appendicular components.

The brain, located in what would otherwise be a dangerously exposed
position at the very top of the axial skeleton, is almost completely en-
closed in a bony box, the skull. The skull is not a single bone but rather
a number of variously shaped, platelike bones which grow together and
fuse at their cdges as the individual grows older. During development,
which starts beforc birth, the skull bones begin as widely separated,
growing plates. By the time a child is born, these plates have grown
until they are touching each other in most regions, but not in all. At
the points where more than two bones meet, there are usually small
areas not completely covered over with bone, called fontanelles, the
most prominent of which is the one near the top of the head of a newborn
child. Moreover, even where the skull bones have already met by the
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time of birth, the suture (Latin sufura, a seam) between the two is not
very firm, permitting considerable distortion of the shape of the skull.
The pliability of the infant skull is of importance at this time, for it
permits a more easy passage of the rather oversize head down the birth
canal.

Fontanelles

NEWBORN LATE IN
FIRST YEAR

Fig. 3-3. Development of the brain case from separate bones which fuse as they grow
together.

Such a pliable skull would not, however, be good protection after
birth for the brain of a human exposed to the myriad dangers of this
world ; and on the other hand, once the crisis of birth is passed, there is

no advantage to having a delicate brain case. It is not surprising, there-
fore, to find that within a ycar or so after birth the fontanelles close
as the skull bones grow together, and the sutures of the skull bones
become more firmly knit. As this growth occurs, the outline of the
suture increases in complexity, year by year (Fig. 3-3). The skull bones
do not, however, become completely welded together until about the
twentieth year. During all the intervening time, the brain is growing
in size. Once the skull bones have completely grown together, no further
increase in brain size is possible. Since the course of development of
these sutures is fairly constant throughout the race, their appearance
constitutes onc of the means by which the archacologist is able to
determine the age at death of individuals whose skulls he finds.

‘The skull protects the brain. The other great part of the central nervous
system, the spinal cord, is equally well protected by vertebrae (Latin
singular, vertebra, a joint, derived from verto, turn). Note, in Figure 3-4A,
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how small a portion of a vertebra is occupied by the spinal cord itself
and how much by protective bone. The construction and organization
of the vertebrace represent an admirable compromisc between the ideals

Fig. 3-4. Thc pliability contributed to the backbone by its construction which is

analogous to flexible armored cable rather than rigid conduit pipe. The individual

vertebrace (see A) furnish massive protection to the delicate spinal cord, while their
articulation with one another permits movement.

of complete protection and complete mobility. The delicate nerve cord
runs from the mid-region of the body clear up to the brain to which
it is joined. It is most important that the nerve cord not be injured in
the slightgst way. From this point of view, the ideal protection would
be a solid bony tunnel running the length of the back. Such a solid
structure would be very inflexible and, hence, would not allow much
in thec way of movement of the body. The way in which the protective
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bony covering of the nerve cord is actually constructed affords nearly
as much protection as a solid bony tube, while conferring an amazing
amount of flexibility to the bedy. (Fig. 3-4.)

In humans, the skull and the vertcbrae constitute the major portion

Fig. 3-5. A mouse (left) and an elephant (right) drawn to the same size, illustrating
the fact that the supporting bones of large animals are proportionately larger than those
of small animals. This principle sets a limit to the size of land animals.

of the skeleton which may bc said to be protective in function. Most
of thc body is not protected from cxternal blows by anything more
solid than skin. In many other animals, however, the protective role of
the skelcton is of much greater importance; consider, for instance, the
turtle.

18. The Skeleton as Support

Most of the bones of the human body are concerned with support.
The heaviest load falls on the leg bones which, it will be noted (Fig. 3-2)
are considerably more stoutly built than the otherwisc similar arm
bones. The heavier the load it must bear, the greater must be the diameler of
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the bone. This is a commonplace: the legs of an elephant are thicker
than thosc of a mouse. What is not so easily remarked is that they are
disproportionately thicker. In Figure 3-5, the front legs of mouse and
elephant are drawn to the same size; notice how much more slightly built
is the mouse’s leg; i.e., the diameter of the bones is less. We have taken
two particular animals for comparison, but the same relationship would

Fig. 3-6. The structure of one of the long bones of the body.

hold for any two animals of similar mode of life which differ greatly in
size. Larger animals are more coarsely built. Of two bones which
fulfill the same function, the one which bears the heavier load will
be disproportionately larger in diameter. v

A large animal has disproportionately large bones. As onc conse-
quence, large size is correlated with lack of agility. A mouse is much
quicker in its movements than an elephant. Also, since the larger animal
has bones which are disproportionately large, the nonbony part of its
body must be disproportionately small. The larger the animal, the smaller
proportion of it will be made up of the necessary muscles and internal
organs. If an animal were to grow indefinitely, there would come a
time when it would have to consist of nothing but supporting structure,
which would be so heavy that it would be unablc to support anything
else. Actually, of course, growth would have to stop considerably short
of this. It is not possible to state precisely the upper limit in size for
land-living animals, but it should be apparent that the problem of
adequate support is one of the factors which determine the limit.
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19. What a Bone Is Made of

Although many of the bones of the human body are hollow, it should
not be inferred that they are empty. In the center (see Fig. 3-6) of the

Fig. 3-7. Bone consists of two sorts of materials closely intermixed: organic matcrials,

insoluble in dilute acid, which contribute flexibility to bone (A,B); and inorganic ma-

terials (calcium salts), which can withstand burning, and which contribute rigidity
(C,D).

long bones, there is a soft material, called marrow, which is of great
importance in the formation of blood. Since the marrow is of no struc-
tural importance, discussion of it will be deferred to Chapter IX.

The hard or bony part of bone is made of the chemical substances
calcium phosphate and calcium carbonate. The latter substance occurs
also in such things as oyster and clam shells and in limestone which is
often composed largely of such shells. Both calcium phosphate and
calcium carbonate are soluble in acids. One might suppose, then, that
a bone immersed in acid would completely disappecar. Such, however,
is not the case. Although all the calcium is removed from the bone by
this treatment, the bone has the same shape after acid treatment as it
does before, but it is now very flexible. (See Fig. 3-7.)
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The material that is left after treatment with acid resembles cartilage,
the material one calls gristle in meat, and the material, softer than bone,
that is found at the ends of “short ribs.”” Evidently, bone consists of
two sorts of material: calcium-containing substances that arc acid-
soluble, and non-acid-soluble material which is cartilage-like.

A further experiment is enlightening. Instead of putting the bone in
acid, let us subject it to great heat for a considerable time. In this case,
the cartilage-like material burns and disappears, but the calcium-
containing substances, being nonburnable, remain. Again, the experi-
mental treatment leaves the bonc unchanged in shape, but this time its
structural characteristics arc changed in a different way. Loss of the
cartilage-like material makes the bone very fragile. (See Fig. 3-7D.)

Since the shape of the bone is not changed by removing either of
the two materials, these materials must be very intimately intermixed.
In its structural properties, whole bone resembles reinforced concrete.
Rigidity is contributed by the calcium-containing substances, while the
less fragile cartilage-like material acts as a reinforcing agent, just as
steel rods reinforce rigid, but fragile, concrete.

20. How Does a Bone Grow?

The way in which bones grow can be determined by fastening small
metal markers to the bones of a young animal, letting the animal grow
for a while and then determining the new positfons of the markers.
'The results of 