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PREFACE 
~ 

The present book is an outgrowth of a course 0 l\ 
which the author has delivered dur~pg the past fo ~ 
to large college classes composed malhI'S of freshm ~ 
aims to present, in a somewhat condensed form, a " 
view of the vast biological field, with emphasis upo ~ 
fundamental principles common to all living thi 
Elaborate descriptive details, especially those pertain ~ 

to structure, are subordinated, it being felt that they ha 
an important place only in more specialized courses, I~ 
view of the fact that most students do not continue their 
studies beyond the elementary course, it seems desirable 
to present only those aspects of biology which appear to 
be of greatest cultural value in promoting thought and 
discussion and in contributing to a liberal education. For 
the student who does proceed from the general biology 
course to more specialized studies in botany or zoology, the 
book serves as a foundation and provides a perspective 
which is usually not obtained in any other single course. 

With an immense wealth of material from which to select, 
it has obviously been difficult to decide what to include. 
The choice made was based on the opinion that an orienta
tion course should neither attempt to cover, in a necessarily 
superficial manner, an extremely wide range of subjects, 
nor to proceed too far into anyone phase of biology. If 
the former is done, the course lacks unity-if the latter, 
it ceases to be general biology, but taxonomy, physiol
ogy, or something else . 

.i\Pproximately half of the book deals with the morphol
ogy and physiology of both plants and animals, with 
some little attention being given to their classification, 
while the latter portion attempts to cover, in an elementary 
way, some of the more general phases of genetics, ecology, 

v 
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,VI PREFACE 

and organic evolution. This order of presentation is 
logical, and is in agreement with that followed by most 
other recent texts in general biology. 

In treating a number of subjects as widely diverse as the 
course requires, it is difficult to achieve a proper organiza
tion of material without having some thread of continuity 
running throughout the book. The idea which has been 
kept in mind in its preparation has been that of the" unity 
of life." The con~eption that all life is one-that certain 
fundamental facts, processes, and principles are common 
to both plants and animals (including man)-seems to be 
worthy of emphasis in an elementary biology course. 

In keeping with the general plan of the book, technical 
terms are reduced to a minimum. While a number are 
introduced, they are mostly those used a number of times 
and which serve to fix an important idea. The first time 
a term is used it is italicized and either defined or explained. 
This renders the inclusion of a glossary superfluous. The 
index, which has been carefully prepared, contains all of 
the technical terms used in the text, and definitions are 
easily found. 

It goes without saying that the text is intended to be 
used in connection with laboratory work, for it is only in 
the laboratory that a student obtains a real acquaintance 
with the subject. Where it is not possible to do as much 
laboratory work as might seem desirable, as where classes 
are large or equipment is inadequate, satisfactory results 
may be obtained by reducing the amount of individual 
work and substituting demonstrations, for, after all, the 
aim of the course is cultural rather than to train students 
in laboratory methods. The demonstration method is 
especially applicable to physiological experiments, difficult 
dissections, and to certain phases of microscopic work. 
Museum material is very favorable for demonstra1ing 
adaptation, heredity, and evolution. 

The author has had the benefit of frequent consultations 
with his colleagues on various phases of the course. Profes
sor Gordon H. Ball has rendered invaluable aid in the prep-



aration of certain zoological portions of the 
suggestions and criticisms, at all times freely giv . 
materially improved the treatment of a number of s 
of which the author has little or no .first-hand knowl 
The following have critically read those chapters wh 
come within the sphere of their own interests: Professor 
L. H. Miller, B. M. Allen, A. W. Bellamy, O. L. Sponsler, 
and O. A. Plul,lkett. The author is greatly indebted to his 
wife for assistance rendered during the preparation of the 
manuscript and the reading of the proof. 

Of the original illustrations, Figs. 78, 168, and 170 were 
prepared by Dr. Arthur M. Johnson; the following by Miss 
Alice Handschiegl: Figs. 42, 43, 52, 69, 73e, 83-85, 
93-95, 99, 101-103, 108, 114, 116-119, 133, 166, 167, 
172, 174-184, 189- 192, 199, 203, and 209. Drawings 
for the rest of the original figures, numbering about 65, 
and all of the photographs not credited to others, were 
prepared by the author. Thanks are due the publishers and 
authors who have kindly granted permission to use illustra
tions from other books. The source of each borrowed figure 
is acknowledged directly in connection with the explanation 
of the figure. 

UNIVERSITY OF CALIFORNIA "AT Los ANGELES, 

April, 1928. 

A.W.H. 
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FUNDAMENTALS OF BIOLOGY· 
CHAPTER I I 

I 
\ 

INTRODUCTION, 

Biology is the science of life. In its broadest sense, it 
includes all of the facts and principles which have been 
derived from a scientific study of living things. Except 
in the case of some of the lower forms of life, it is possible 
to assign all living things either to the plant or to the 
animal kingdom. Thus, the special study of plants, called 
botany, and of animals, called zoology, are to be regarded 
as the two great subdivisions of the larger science of 
biology. Plants and animals, whether simple or complex, 
are called organisms, and so biology may also be defined 
as the science of organisms. 

Nature of Living Things.-The fact that both plants and 
animals manifest life is not generally appreciated. Must 
people think that plants are not alive in the same sense that 
animals are, or that there is some fundamental difference 
between plant and animal life. One reason for this miscon
ception is that life is ordinarily associated with motion. 
While it is true that most animals move freely and most 
plants are stationary, this distinction is of slight 
importance, and has nothing to do with the actual state 
of living. In fact, there are many fixed animals, such as 
oysters, barnacles, sponges, sea anemones, etc., while, on 
the other hand, some of the lower plants are actively 
motile. Sensitivity is another quality associated with 
life and commonly thought to be lacking in plants, but 
this is not so. Plants react to external influences just 
as definitely as do animals, but ordinarily in a much 
slower way. 



2 FUNDAMENTALS OF BIOLOGY 

In beginning the study of general biology, we should 
realize that plants and animals have much in common. 
Their more important points of resemblance may be briefly 
stated as follows: (1) The substance which forms the 
living portions of organisms, called protoplasm, is essentially 
similar in all plants an~nimals. (2) This living matter is 
organized in both plants and animals into microscopic 
units called cells. (3) Certain vital processes take place 
in plant bodies in essentially the same manner as in animal 
bodies. These a~e respiration, digestion, assimilation, 
growth, and , reproduction. (4) The same natural laws 
apply to all organisms, such as the laws of heredity and 
evolution. 

Scope of Biology.-Biology, including all organized 
knowledge pertaining to living things, is a vast subject 
because organisms may be studied from a number of 
different aspects. Consequently, there are many special 
phases of biology, the more important of which will be 
briefly defined. (1) Morphology is the study of the form 
and structure of organisms. It inchides a consideration 
of the grosl features of plants and animals (anatomy) as 
well as the minute details which are seen only with the 
aid of a microscope (histology). (2) Physiology deals with 
functions-with vital processes and vital activities. The 
two great functions of all organisms are nutrition and 
reproduction; all others are mere phases of these. (3) 
Taxonomy deals with the naming and classification of 
organisms; it represents the oldest aspect of biological 
study. Plants and animals are named according to a 
system of binomial nomenclature devised by the great 
Swedish naturalist, Carl von Linne (1707-1778, Fig. 1). 
Every known species of plant and animal has been given 
a scientific name. The white oak is Quercus alba, the 
common potato, Solanum tuberosum, the dog, Canis 
familiaris, the English sparrow, Passer domestitus, etc. 
Organisms are classified according 'to their natural relation
ships into groups called families, orders, etc. (4) Ecology 
is a relatively new field of biology which deals with the 
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life relations of plants and animals-their relations to each 
other, and to such factors of their physical environment 
as light, moisture, temperature, etc. (5) Organic evolution 
is a study of the descent of organisms. It is concerned 
with the history of life-with the changes which the various 
existing species have undergone during the past. (6) 
Genetics is a new field which has grown out of the study of 
evolution. It is conce ned with the resemblances and 
differences between inqiv;iduals, especially those due to 
heredity. 

Applications of Biology.-An elementary study of 
biology is given a prominent place in college curricula for 
several reasons. (1) It is pursued for intellectual gratifica
tion. From a purely cultural standpoint biology is of 
value in giving one an appreciation of life itself, an acquaint
ance with the world of living things, and an understanding 
of some of the great fundamental laws and processes of 
naM.re. (2) .Biology is a necessary prerequisite to further 
studies. There are many special fields of knowledge and 
many phases of human activity which are largely based on 
biological facts and principle~, and to which an elementary 
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training in general biology is essential. These include 
medicine, psychology, sociology, agriculture, horticulture, 
forestry, sanitation, dietetics, hygiene, and many others. 
(3) Because man is an organism subject to the same laws 
which govern all living things, and is built according to the 
same plan as other higher animals, an elementary knowl
edge of biology gives one a basis for an understanding of 
his own body, and thus directly contributes to health 
and comfort. (4) Plants and animals are of inestimable 
value to man; in fact, they make human life possible. 
From living things man derives all of his food. All of the 
nourishment which enters the human body comes from 
either a plant or an animal source. Man makes his 
clothing from both plant fibers (cotton and linen) and 
animal fibers (wool and silk). Medicines are derived 
largely from plants, and serums, vaccines, etc. come from 
animals. Wood has always been a building material of 
first importance. Wood, coal, and petroleum, man's 
principal fuels, are organic in origin. An understanding of 
plants and animals is essential to the most efficient utiliza
tion of all of these products. 



CHAPTER II 

PROTOPLASM AND THE CELL ,-
When any small isolated portion of an ordinary plant or 

animal is examined with a microscope, it is seen to be com
posed of a great many minute organized masses of living 
matter. These are known as cells. Cells may be seen 
whether we look at a piece of frog or salamander skin, a 
drop of blood, a moss leaf, a thin section of a rootlet, or 
any other part of a plant or an animal (Fig. 2). Continued 

. observation convinces 1.1.s that these tiny cells are the units 
of which all living things are constructed, just as individual 
stones are the components of a stone wall. Cells are not 
only units of structure, but also units of function; that is, 
all vital activities-all of the processes which go on in the 
body of an organism-are performed by cells of various 
kinds. Recognition of the fact that the cell is the unit of 
structure and function is fundamental to an understanding 
of much of the subject matter of biology, and so it is appro
priate to begin our studies of organisms with a general 
consideration of the cell and of the living matter of which it 
is composed-protoplasm. 

A Generalized Cell._:_Although there are many different 
kinds of cells in plants and animals, some very peculiar in 
appearance, all have certain basic features in common. 
These are readily seen in Figs. 2 and 3, where several kinds 
of simple cells are shown. A cell consists of a dense spheri
cal body, the nucleu.s, surrounded by a mass of less dense 
material called cytoplasm. Both the nucleus and the cyto
plasm are living, that is, consist of protoplasm, but each of 
a dtfferent kind, the nuclear material being, in general, 
more complex. The nucleus is enclosed by a delicate 
nuclear membrane, the cytoplasm by a plasma membrane . 
Almost all plant cells have, in addition to the plasma mem-

.~ 
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b.r;ane-, a thicker covering composed of a non-living sub
stance called cellulose. This is deposited by the protoplasm 

nue 

B 

. . -
" ~,~\:m nuo 
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. 
. 
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cyt 

E 
FIG. 2.-Some generalized plant and anim al cells; A, c~ll s from 'a moss leaf, 

X 350; B, cell from a hair of a squash leaf, the arrows ind icating the streaming 
of the cytoplasm, X 150; C, a piece uf the oute r skin o f a salamander, X 250; 
D, red blood corpuscles of a salamander, X 500 ; E, section of an unfertilized 
egg of a starfish, X 750 ; m,c, nucleus; cyt, cytoplasm; cw, cell wall; pm, plasma 
membrane; vac, vacuoles; chi, chloroplasts. .. 

which it encloses, and is considered part of the ceil, consti
tuting the cell wall. Thus, in plants the living material 
occupies little rigid box-like compartments; that is, the 
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protoplasmic units are separated from each other by 
partitions of n 'ving matter. In animals, however, this 
is not the case. or the most part their cells · lack cell 
walls, each mass of protoplasm being separated from the 
others merely by its thin, living plasma membrane. 

The nucleus consists principally of a fluid, the nuclear 
sap, . in which is imbedded a coarsely granular substance 
called chromatin. Generally in pI nt cells, and less com
monly in animal cells, one or more small dense spherical 

A B c 
FIG. a.-Cells from a longi tudinal section of a n onion root tip, showing the 

enlargement of vacuoles which accompanies growth of the cell, X 750; A, young 
cells; B, older cells; C, m ature cell ; vac, vaf'tlOles ; CW , cell wall; nm , nuclear mem
brane; nucl, nucleolus; chr, chromatin. The plasma m embrane is in close con-
tact with the cell wall. . 

bodies known as nucleoli (singular, nucleolus) are also 
present. The cytoplasm is finely granular and ordinarily 
less dense than the nucleus. The minute granules may 
surround clear spaces called vacuoles which are filled with a 
fluid designated merely as cell sap. Vacuoles are generally 
larger and, consequently, more striking in plant cells than 
in animal cells; in fact, in the latter the cytoplasm often • appears entirely homogeneous. 

The cytoplasm of very young 'plant cells is relatively 
dense and contains many very small vacuoles, but, as the 
cell enlarges, the vacuoles coalesce, and finally there is 
often just one large central vacuole around which the 
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grallula:r portioll of the eyt,opia,"ul ocellI':" us a thin layer 
(Fig. 3). Cells from the green parts of plants, at; from the 
inside of a leaf, contain specialized bodies called chloro
plasts, which are usually spherical or ellipsoidal in form 
(Fig. 2A). Chloroplasts are dense masses of protoplasm 
colored by the green pigment, chlorophyll. They carryon 
a very important function which we shall consider later. 

Cells which do not carryon a definite kind of work are 
most nearly like the generalized cell which has been 
described. Most cells, however, are specialized for particu
lar functions, and, hence, have various structural peculiari
ties. The nerves and muscles of animals, for example, and 
the woody parts of plants, are made up of such highly 
specialized cells. 

Structure of Protoplasm.-Although by no means 
identical, protoplasm, the only substance which is alive, is 
essentially similar in all plants arid animals in structure, 
composition, and behavior. In view of the enormous 
diversity among organisms, this is a remarkable fact. 

Living protoplasm, under the microscope, ordinarily 
presents the appearance' of a colorless, transparent, 
semifluid substance more or less gelatinous and viscid in con
sistency. It is nearly always distinctly granular in appear
ance, and usually contains vacuoles of various sizes, as 
already noted. On account of the colorless, transparent 
quality of living protoplasm, methods of staining have been 
devised so that its structure may be more clearly studied. 
Protoplasm, whether living or properly stained, ordinarily 
presents an appearance similar to that of a foam or an 
emulsion,l the granules being distributed throughout a 
liquid or semiliquid medium which surrounds fluid globules 
of various sizes, the globules being vacuoles. 

Composition of Protoplasm.-Although often spoken of 
as "the living substance," protoplasm is really not a simple 

1 This structure can be simulated by adding a small quantity of lampblack 
to an emulsion of olive oil and water. The carhon particles represent the 
protoplasmic granules, the oil globules the vacuoles, and the wnkr the 
medium in which the granules are suspended. 
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chemical compound, but a mixture of many substances, 
some of which are extremely complex. Numerous analyses 
of protoplasm have shown three things: (1) that it does not 
contain any elements which may not be found in non
living matter; (2) that its most abundant elements are few 
in number; (3) that these elements are very common ones. 
Of ordinary protoplasm, 97 per cent consists of the follow
ing four elements in the proportions indicated: oxygen, 
65.0 per cent; carbon, 18.5 per cent; hydrogen, 11.0 per 
cent; nitrogen, 2.5 per cent. The remaining 3 per cent is 
made up of minute amounts of sulphur, phosphorus, chlo
rine, potassium, sodium, magnesium, calcium, and iron. 
Only rarely are traces of other elements present. These 

' . . 12 elements form a large number of compounds, both 
organic and inorganic, the most important of which deserve 
brief consideration. 
. The most abundant constituent of active protoplasm is 
water, commonly forming 85 to 90 per cent or more of its 
weight. Without this large proportion of water, living 
matter cannot carryon its ordinary functions. The most 
abundant and most important organic substances in proto
plasm are proteins of many different kinds. White of 
egg and lean meat are examples of substances ' consisting 
almost entirely of protein. Proteins always contain the 
four elements carbon, hydrogen, oxygen, and nitrogen, but 
usually sulphur and often phosphorus also. These ele
ments are combined in so comple~ a manner that chemists 
have never been able to analyze iny of the proteins satis
factorily. It is known, however, that they are built up 
from simpler compounds called amino-acids, the composi
tion of which is accurately known in many cases. In 
addition to the proteins, protoplasm usually contains 
other organic compounds, such as carbohydrates and 
fats (both of which are composed entirely of carbon, 
hydrogen, and oxygen), organic acids, etc. In addition to 
water, there are also other inorganic substances present, 

. such as gases and salts in solution, but these are not 
abundant. 
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The above facts regarding the chemical composition of 
protoplasm must be accepted with three reservations: (1) 
When protopl,asm is subjected to chemical analysis, it 
must necessarily be killed, and thus its composition may 
be altered, It should be realized that all of our knowledge 
of its composition has been derived from a study of proto
plasm no longer living. (2) The composition of living 
matter is constantly fluctuating as a result of chemical 
changes which go on all the time. In fact, the instability 
of protoplasm is one of its most characteristic attributes. 
In view of this fact, it is apparent that we can know what 
substl1nces are present in a given cell only at the particular 
moment when analyzed. (3) Protoplasm is not merely a 
collection of various substances, some simple and some 
complex, but is undoubtedly an organization of substances. 
The constituents of protoplasm are related to each other in 
ways that are extremely intricate, and so living matter is a 
system. It is this organization which makes it possibl~for 
what we call life to express itself; that is, life may be 
merely a result of the organization itself. ' 

Behavior of Protoplasm.-It is not difficult to distinguish 
between animate and inanimate things because we recognize 
the presence of life by certain sharply defined criteria-by 
certain peculiarities in the behavior of living matter. 
Protoplasm is not only the most complex material in 
existence, but exhibits a very remarkable and unique set 
of properties. The peculiarities in the behavior of proto
plasm are manifested as follows: 

1. It has the power of independent motion, supposed to 
result from some cause inherent in the living matter itself. 
In m5-ny one-celled organisms and in certain free cells of 
both the higher plants and animals, protoplasmic move
ment results in locomotion. The contraction of muscle, 
and the consequent movement of some part of the body, 
depend upon the ability of special contractile cells' to 
change their shape. In certain other cells, especially 
those of plants, a rotation o,r streaming of the cyto
plasm occurs within the cell boundary (Fig. 2B), but 
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the cell as a whole does not move or change its shape as 
raesult. 

2. Protoplasm exhibits irritab7:Wy, which is the capacity 
of responding to such external influences as gravity, light, 
heat, contact, chemical action, electricity, and certain 
others. When stimulated by these influences, various cells 
react in characteristic ways. This is one of the most dis
tinctive features of protoplasmic behavior. 

3. By the process of assimilation, living matter takes up 
inanimate substances and from them increases its mass. 
The new particles are interposed among the old ones and 
become part of the living organization. It is this property 
which makes growth and reproduction possible. 

Nature of Life.-Although it is recognized that the pow
ers of independent motion, irrit~bility, and assimilation 
are distinctive of protoplasm, practically nothing is known 
about their nature or causes. Since they form the .basis of 
all vital activity, this means that we cannot explain life 
itself. In fact, it is impossible to define the word except 
in its own terms. Protoplasm, which Huxley called" the 
physical basis of life," is nothing but ordinary matter in a 
peculiar state-matter with a unique set of properties. 
But because so little is known about the causes underlying 
the distinctive behavior of protoplasm, ,ve are in complete 
ignorance regarding the real nature of life. 

Regarding the causes of vital phenomena, two views have 
been held: the mechanistic and the vitalistic theories. 
According to the mechanistic conception of life, there is c:

really very little difference between animate and inanimate 
things. It maintains that living matter owes its peculiar 
properties to the highly complex composition and inter
action of the various substances composing it. This theory 
contends that life is merely the expression of certain physi
cal an.d chemical laws which are still very imperfectly 
understood. 

The vitalistic view of life claims that protoplasm owes 
its peculiar behavior to the presence of some kind of special 
force or "vital principle" as it is called~that life is some-
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thing which enters into protoplasm and enables it to func
tion. This" vital principle" has never been identified or 
analyzed, and perhaps, from its very nature, never can be. 
Consequently,. the vitalistic theory is not conducive to 
research, for, if true, it is useless to attempt to solve the 
problem of th~ nature of life-the greatest problem of all 
time. For this reason, vitalism does not have much 
support among modern biologists. 

It is apparent that the chief point of difference between 
these two theories is that the mechanists regard life as a 
result, the vitalists, as a cause. The strongest argument in 
favor of vitalism is that protoplasm has never been made 
artificially in the laboratory. To this the mechanists reply 
that perhaps some time it will be. It was once thought 
that all organic compounds could be formed only within 
the bodies of organisms, as their name itself signifies. But 
since 1828, when urea was first made synthetically, thou
sands of different organic substances have been made in 
chemical laboratories, and each year finds new ones being 
added to the list. Thus, even though there may be such a 
thing as a "vital principle," it is only by accepting the 
mechanistic point of view that progress can be made toward 
a fuller understanding of the nature of life. 

Spontaneous' Generation.-Because of the great abun
dance and rapid multiplication of certain forms of life, 
many strange ideas have been held in the past concerning 
their origin. One of the most widespread theories has 
been that of spontaneous generation, which has had many 
supporters, even among scientific men. This idea was 
prevalent from the time of Aristotle (384-322 B. c.) until 
the middle of the nineteenth century. It held that many 
low forms of life can arise directly from inorganic matter or 
from dead organic remains. Frogs" and toads were sup
posed to develop from mud at the bottom of ponds under 
the influence of the sun, horsehairs falling into water were 
thought to give rise to worms, and maggots were claimed 
to come directly from decaying meat. Many other similar 
ideas were common. 
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. III 1ti6~, Hedi, all L taliall, eOlld udcll a set, of experi
ments in an attempt to disprove :-;polltancou:-; generation. 
He showed that maggots do not arise from decaying meat 
de novo, but always develop from the eggs of flies 
deposited there. Redi placed three jars of meat in an open 
window. One was left uncovered, one covered with gauze, 
and the third with parchment. All of the meat decayed, 
but maggots developed only in the jar which had been 

. left uncovered. Redi observed flies depositing their eggs 
in the meat contained in the uncovered jar and on the 
gauze of the second ja:r, but no eggs were laid on the 
parchment because no odors could pass through it to 
attract the flies. 

These and other similar experiments did a great deal 
toward dispelling the theory of spontaneous generation. 
But with the invention of the microscope in the seventeenth 
century, a world of minute forms of life was discovered, and 
the theory was revived. If a small quantity of hay be 
boiled and the liquid placed in a covered vessel, great num
bers of microorganisms soon appear. These were seen 
with the microscope, and it was rather naturally thought 
that they arose directly from the decaying organic matter 
in the "hay infusion." Several investigators attempted 
to disprove the spontaneous origin of these minute forms of 
life by showing that they enter from the air, but their 
efforts met with only partial success. It was not until 1864 
that the theory was completely overthrown. I t was then 
that the great Frenchman, Louis Pasteur (1822-1895, Fig. 
4), demonstrated conclusively th~t microorganisms do not 
appear in sterilized organic matter, even if exposed to air, 
provided that the air is entirely free of dust. In one of 
his experiments, he boiled liquids containing material capable 
of yielding microorganisms, and then admitted air to them 
after filtering it through cotton. Since no decay resulted, 
this proved that dust particles carry microorganisms to the 
liquids. As a result of Pasteur's experiments to disprove 
the theory of spontaneous generation, he laid the founda
tions for the great modern biological science of bacteriology . . 

JIi.. 
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There is now no reliable scientific evidence that living 
things, as we know them, ever arise by spontaneous genera
tion. As far as we can tell, protoplasm comes only from 
antecedent protoplasm; omne vivum ex vivo. Every kind of 
plant and animal originates from preexisting individuals of 
its own kind, and life presents an unbroken chain from the 
beginning. In regard to the origin of the first forms of 
life, there is no scientific evidence whatsoever. Nothing is 
known as to ho\v the first protoplasm came into existence. 

FIG .. 4.-Louis P asteu r, 1822-18!J5. 

The ongm of life, like the nature of life, is an unsolved 
problem, the secret of " 'hich science mayor may not be 
able to reveal. 

The Cell Principle.-The fact that the cell is the funda
mental unit of all plant and animal structure has been 
recognized only since 1838-1839. The discovery ~f cells 
was made much earlier, however, being credited to the 
Englishman, Hooke, who first described them in 1665. 
He perceived \\"ith a simple microscope of his own manu
facture, that ordinary bottle cork is composed of minute 
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compartments to which he gave the name of cells. Cork 
tissue forms the outer bark on old stems, commercial cork 
coming from a species of oak. It consists entirely of dead 
cells, the protoplasm having completely disappeared and 
left only the cell walls. Although Hooke saw and described 
empty cells, the meaning of the term he introduced has 
been gradually extended to include the protoplasm as 
well, and where ~here is no cell ,vall, the protoplasmic unit 
itself is called a cell. 

o"ther obsen\ers saw and studied cells in many kinds of 
organisms, but their importance ,yas no't appreciated for 
nearly 175 years after Hooke's discovery. It was then 
that the it cell theory" was announced, based on the 
thorough investigations of two Germans, Schleiden and 
Schwann, 'who claimed that all organisms are composed of 
cells. Schleiden established the cell theory in the plant 
kingdom in 1838, Schwann in the animal kingdom the 
following year. Subsequent investigators have fully sub
stantiated their results, and today the cell theory is a 
fully established biological principle. Several important 
additions have been made to it, however, which should be 
recognized. The essential feature of the cell theory of 
Schleiden and Sch\¥ann was that the bodies of all plants 
and all animals are made up entirely of cells. To this 
statement must now be \Ldded, it and their products," 
because it is apparent tha much of the material in the 
bodies of the higher organisms consists of substances 
formed by cells but not living themseh'es, as for example 
wood and cork in plants, shells and hair in animals, the 
outer part of the skin, mineral matter in the teeth and 
bones, the fluid portion of the blood, etc. 

The earlier investigators considered the cell wall to be 
the most important part of the cell, while the contents 
were considered unessential and largely ignored. This is 
shown 'hy the ,yord "cell" itself, indicating a box-like 
compartment, as a cell in a prison. The Frenchman, 
Dujardin, was the first to appreciate the importance of 
the cell contents and to give a name to the living substance. 
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In 1835, he applied the term sarcode to the material com
posing the bodies of microscopic animals, but thought it 
limited to them and did not regard it as the basis of life. 
In 1846, von :\Iohl gave the name protoplasm to the living 
contents of plant cells, although it had been used earlier 
in a different sense. It was not until 1861, however, that 
the work of Schultze established the similarity between 
the li\-ing matter of both plants and animals. Since that 
time the term protoplasm has been applied to all living 
matter. 



CHAPTER III 

UNICELLULAR ORGANISMS 

Although, in the preceding chapter, cells have been con
sidered as structural units composing the bodies of plants 
and animals, many kinds of cells can carryon an independ
ent existence, and thus live entirely apart from other cells. 
A cell may be merely a very small part of an organism, or 
it may exist as a separate, complete organism in itself. 
This means that a plant or an animal may consist of many 
cells or of just one cell. The lowest organisms are unicel
lular, each individual being a single unit of protoplasm. 
Obviously, this represents the simplest possible condition of 
structural organization; yet a single cell, living alone, is a 
complete organism-it can carryon all of the functions 
which many-celled organisms perform, although doing its 
work in a much simpler ,yay. Several kinds of common 
representative unicellular plants and animals will now be 
studied, and the resemblances and differences between 
them carefully noted. 

Protococcus.-There is often present on the shaded side 
of damp tree trunks, rocks, "'alls, etc., a bright green 
stain. If we scrape off a bit of this material, mount the 
scraping in a drop of water, and examine with a microscope, 
we see innumerable small spherical green cells averaging 
about 0.01 millimeter U-2 ,500 inch) in diameter. Each cell 
is an individual plant-a complete, independent organism. 
This plant, known as Protococcus viridis,l is one of the 
simplest forms of plant life (Fig. 5). 

Each cell consists of a small central nucleus surrounded 
by a mass of cytoplasm, and is enclosed by a cell wall 
composed of cellulose. In the living condition, the nucleus 
is difficult to see. The green coloring matter, called 

1 Often called PicurococClt8 vulgari8 . 

Ii 
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chlorophyll, is a pigment \V'hich appears to be uniformly 
diffused throughout the cytoplasm, but, in reality, is con
fined to a single large peripheral chloroplast , the limits of 
which are difficult to make out in the living cell. In the 
presence of sunlight and by virtue of its chlorophyll, the 
cell carries on a very important function-the manu
facture of sugar. It makes sugar by combining two very 
simple inorganic substances : \\"ater and carbon dioxide. 
Not only Protococcus, but all green cells, when illuminated, 

FIG. 5.-Pr%cocc li s v'i";dis , n. sim ple one-('ell ecl plant., X 1,000. Some of the 
c!' lI s h ave di vid t'd to form sma ll !( I'O llPS of ,.!' lI s . E:Hlh (,p ll conta ins a nucleu s, 
cyt.oplasm , a nd" single large chlompl ast .. 

can carryon this process. The making of sugar in a green 
cell under the influence of light is called photosynthesis. 
It is one of the most important processes in nature. 

The sugar made by photosynthesis is used by the cell as a 
source of nourishment, that is, it is assimilated by the living 
protoplasm. Thus, the presence of chlorophyll enables 
Protococcus to makes its own food, and this ability it shares 
'with all green cells. The inorganic substances from which 
sugar is made- water and carbon dioxide-are both 
absorbed through the cell wall. The cell also absorbs 
oxygen, a substance which enables it to carryon respiration. 
This process goes on ~onstantly in all Ii dng cells, and is 
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entirely distinct from photosynthesis, which proceeds only 
in the daytime and only in green cells. These two processes 
should not be confused. 

Protococcus not only performs photosynthesis, assimila
tion, respiration, and other processes directly concerned 
with the great work of nutrition, but, like all other organ
isms, i;: also carries on reprod'uction. New individuals 
come into existence by a method called fi ssion. After a 
cell has reached a certain definite size, if external condi
tions are favorable, it undergoes division into two cells. 
First the cell elongates slightly and its nucleus divides. 
Then a. cell wall forms between the two nuclei which cuts 
the cell in half. The t,\ 0 new cells then increase in size, 
and either immediately separate or frequently remain 
together until each has again divided. Thus, from a 
single indi Jidual a group of four cells may arise, sometimes 
even more; but separation usually occurs shortly after 
division, each cell taking up an independent existence. 
Fission is the simplest method of reproduction. It merely 

. involves an approximately equal division of an individual 
into two new ones which become independent organisms. 

Yeast.-There are a number of kinds of yeasts, one of the 
commonest, called Saccharomyces cerwisiae, being used in 
making bread. Like Protococcus, the common yeast plant 
is unicellular, but is ovoid in form and about 0.008 milli
meter C>~,lOO inch) in length (Fig. 6). It has a nucleus, 
cytoplasm, and a cellulose wall, but there is no chloroplast, 
and so the cell is entirely colorless. Each cell contains 
one or more large vacuoles and many small oil globules. 
The nucleus is very small and not visible in the living 
unstained condition. Reproduction occurs by budding, 
a modified form of fission. A bud arises as a small out
growth, usuaJly appearing at one end of the cell; the 
nuclelJs divides to form two nuclei, one going into the bud. 
The bud now enlarges and becomes abstricted, or pinched 
off, from the parent cell, and may either separate at once 
or remain attached for awhile, often giving rise to another 
bud. In this way, short chains may be formed , each arising 
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from a single cell, but (,hey ~OOll break up, each cell carryillg 
011 a separate existence. 

The yeast plant live~ in fruit juices and other sugar solu
tions. It resembles Protococcus in utilizing sugar as a 
source of nourishment, but differs in that it cannot make its 
own food. Lacking chlorophyll, it is unable to carryon 
photosynthesis. It simply lives on sugar which is already 
made, absorbing it through the cell wall. Protococcus is 
said to be an independent plant because it has the power 
of making its own food and is thus self-sustaining. Yeast 
is a dependent plant, requiring an external source of food. 

F w . (i .-Yeast" a unicellula r colorless plant. X 1.500. R eproduct.ion occurs by 
budding, shor t chains of "ells heing form ed. 

Because it lives on dead organic matter, taking in its food 
by absorption, it is called a saprophyte. Yeast cells use as 
food only a very small proportion of the sugar which they 
absorb. The rest is broken down into carbon dioxide, 
alcohol, and small amounts of several other substances. 
This process is called f ermentation. l 

Bacteria.-The bacteria are at once the smallest and the 
simplest of all known organisms. They are found under 
all conditions where life may exist- in water, soil, air, and 
in the bodies of other organisms. They are of treme1J.~OUs 

1 Fermentation in yeasts is accomplished by the production of an enzyme 
called zymase. It is most active in the absence of free oxygen, and serves 
as a means of releasing energy when the ordinary typc ofHespiration cannot 
be carried all . 
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importance to man, not only because of their relation to 
disease, but because of their beneficial activities as well. 
Bacteria are unicellular plants lacking chlorophyll, and live 
either on dead organic matter as saprophytes, or on other 
organisms as parasites, in both ('ases absorbing food 
directly through the cell wall as in the yeast plant. Their 
cells are of three general types: spherical (coccus) forms; 
rod-shaped (bacillus) forms; or curved or spiral (spirillum) 
forms (Fig. 7). Some are non-motile while other~ bear 
slender protoplasmic threads called cilta by means of which 
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FIG. 7.-Group of ~OlllmOIl bac-te'ri", x l ,;i()(); , t , Sarcina lutea; B, B acillus 
8ub/ilis; C, Bacillus 1J"l"oteus; D, :jp'iriUltm cholcl"Uc; 8, :jtreptococc:us pyro(]enes; F, 
Spirillum und;u,latum. 

they move rapidly. The rod-shaped types average about 
0.0025 millimeter (71 0, 000 inch) in length, while some of 
the spherical forms are only 0.0005 millimeter C% 0, 000 

inch) in diameter. It would take 800 of the former and 
4,000 of the latter, placed end to end, to stretch across the 
head of an ordinary pin (which is about 2 millimeters in 
diameter). 

The cells of bacteria are so simple that they might almost 
be said to be structureless. A thin cell wall surrounds a 
mass ~f homogeneous protoplasm. There is no organized 
nucleus- merely a few scattered granules of chromatin. 
Bacteria reproduce entirely by fission. In some the t"yO 
celIs separate after division, while in others they remain ' 
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together permanently to form chains, plates, or irregular 
masses. These are called colonies. Under favorable con
ditions the cells divide ,,-ith great rapidity, so that, in the 
course of 24 hours, a single bacterium may give rise to 
millions. While all bacteria are active only in the presence 
of moisture and other favorable conditions, if these fail 
many can pass into a resting stage, remaining inactive for 
long periods of time. Bacteria \yhich are present on dust 
particles in the air, are in a dormant state, and can resist 
drying and great extremes of temperature. 

Protococcus belongs to a group of plants called algae 
(singular, alga), of \Yhich there are about 20,000 different 
species. While most of the algae are multicellular and 
hence more complex than Protococcus, they are all relatively 
simple plants living in \Yater or in wet places. All of the 
algae have chlorophyll. The yeasts and bacteria are 
plants known as fungi (singular, fungus), which number 
about 60,000 species. In contrast to the algae, all fungi 
lack chlorophyll and hence must obtain their food from 
an external source, living either as saprophytes or as 
parasites. 

Amoeba.- This is one of the simplest types of unicellular 
animals. There are a number of species of Amoeba, the 
best-known one being commonly called Amoeba proteus 
(Fig. 8), \yhich is widely distributed in stagnant water. 
Its body consist s of a single cell \Yit h finger-like lobes 
extending in all directions. It is a relatively large cell, 
being about 0.25 millimeter (t{oo inch) in diameter, but 
most other species are considerably smaller. .-\.s in a 
typical cell, there is a spherical nucleus surrounded by 
cytoplasm, . and a very thin plasma membrane on the 
outside, but a cell wall and chloroplasts are lacking. The 
nucleus is rather difficult to see in the lidng condition, 
but is very distinct after the cell has been killed and 
stained, when it is seen to consist of many coarse granules. 
With the exception of a comparatively thin layer on the 
surface, which is clear, the cytoplasm is finely granular. A 
large clear contmcl'ile vacuole is present which suddenly 
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contracts and then slowly expands, this action taking 
place regularly at short intervals. 

The finger-like extensions of the cell are termed pseudo
podia (singular, pseudopodium). They are the means by 
which locomotion is accomplished. When the animal is 
active, its outline is continually changing due to the 
extension and withdrawal of these finger-like lobes (Fig. 9). 
When one or more pseudopodia are thrust out in a given 
direction, the cytoplasm is seen to flow into them, and 
at the same time other pseudopodia are retracted. As a 

F~n. R - Am.neba 1Jrol' "8, a simple lllli ccllular :mimed . X 2.50. 

result of this behavior, the animal slowly moves from place 
to place. The streaming of the cytoplasm is a very 
striking thing to observe, and is a beautiful demonstration 
of the pO\yer of independent motion, which has been 
mentioned as one of the unique features of living matter. 

The food of the amoeba consists of small algae, bacteria, 
other smaller animals, and of both dead vegetable and animal 
matter. As the animal slowly creeps along, if it comes in 
conta.ct with a food particle, the protoplasm Bows around 
the food and engulfs it. A small amount of water is taken 
into the cell with the food particle, forming what is called 
a food vacuole. The "vork of digestion now begins. Fluids 
pass into the food vacuole from the surrounding cytoplasm, 
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ami Lhe food i::> gl':tdua]]y ckLII~ed (,hemi('ally ill ~uch a 
way that it call be ab::;orbed a nd Iltll :-i be made lJart of the 
Ii ving cell. This is the 111'oce:-;::> of aoo'imdalio!l, \\ hich \\"e 
have seen to be characteristic of all living matter. The 
digested food material, by assimilation, increases the 
amount of protoplasm in the cell. Indigestible matter is 
expelled from the body at any part of the surface; it is 
merely left behind as the animal moves on. 

A B c 

D E F 
Fl O . !l.- Lopomotion in Am()c/,(f. proteus; A. B. C, D, E . F. out lines of a moving 

indi,·idll a l sk,' tdlCcl a t ~ lI eeess i \"e inter"a," to sh ow the form ation of psell cl"poclia. 
(Redrawn a/I'T Calkin" .) 

As in one-celled plants and all other li ving cells, oxygen 
is absorbed from the surrounding medium in order that 
the process of respiration may go on, for othenyise life 
cannot exist. The oxygen combines with the protoplasm 
with the result that energy is liberated, just as when a 
piece of coal is burned. The oxidation of organic matter 
in the cell causes waste products to be formed. These 
a re chiefly water, carbon dioxide, and urea (a nitrogenous 
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substance resulting from the decomposition of proteins). 
Some of this waste matter passes out of the cell directly 
through the plasma membrane, while the rest apparently 
flows into the contractile vacuole and is expelled by it 
through the plasma membrane into the :;:urrounding water. 
Thus this structure plays a part in the work of excretion. 

If the amoeba gets plenty of food, more protoplasm is 
built up by as,>imilation than is destroyed by respiration, 
and as a result grotvth takeR place. A ~ize limit is soon 
reached, however, beyond which the animal does not go, 

FIG. lO.- FissioH ill .:i1nor'f)a. showin g; th(' d iYi ~ i o ll uf the nucleus, cons tri C"t ion 
of the cytoplasm, and sepa ration of t ho two now cells . (From Sh"U , " H eredity . .. 
McGraw-H ill B ook Company [nc. , by perm ission.) 

and then reproduction occurs. The amoeba, like most other 
-unicellular organisms, reproduces by fission, the cell 
dividing into two parts which separate and take up an 
independent existence (Fig. 10) . In the presence of 
adverse conditions, as during a drought, the animal passes 
into a quiescent state, becoming spherical and secreting a 
protective layer around itself. Such an individual is said 
to be· encysted; it remains in this state unt il revived by the 
return of fayorable conditions. In some types of amoebae, 
the nuclei increase in number within the cyst. When the 
cyst hatches, seyeral amoebae are produ ced by the division 
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of the cytoplasm around each nucleus. This process is 
known as mult'iple fission, in contrast to the ordinary kind 
of reproduction, termed binary fission. It is also called 
sporulation. 

Paramoecium.- This is another kind of unicellular 
animal, very common in stagnant ponds and streams (Fig. 

\'acuole 

FIG. l1.- Parallioeciwn calldatllln, a lIni c'clllllar anim al. (R edra wn after Schmeil 
wall chart .) 

11). It is also a large form, being about 0.2 millimeter 
(H2 5 inch) long; a single individual is just barely visible 
to the naked eye when seen against a black backgr~und. 
Due to the presence of a firm outer membrane called the 
pellicle, the cell has a definite and constant form, but there 
is no cellulose cell wall. One of the commonest species, 
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Paramoecium ca'udatum, is more or less 
slipper shaped, being rounded at the for
ward (anterior) end and pointed at the 
rear (posterior) end. The cell is en tirely 
covered over with very short, fine, pro
toplasmic threads called cilia which beat 
against the water and rapidly propel 
the animal forward. Thus the method 
of locomotion in Paramoedum and 
Amoeba is very different. Ordinarily, 
the animal swims with the rounded 
end forward, but under special circum
stances, as \"hen an obstacle is encount
ered, the cilia may reverse their action 
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and send the animal backward. Para
moecium does not take a straight course :? ,'~' 3 
through the water, but swims in a spiral "; 'I , 

path, at the same time rotating on its " 
long axis from right to left (Fig. 12). 

The cell contains a large nucleus (the 
macronucleus) and a very small one (the 
micronucleus); these are in con tact \d th 
each other, and have a constant posi
tion near the center of the cell. There 
are also two contractile vacuoles, one 
located at either end of the body. 
Usually these alternate in contracting at 
intervals of 10 to 20 seconds. Extend
ing radially into the cytoplasm from 
each contractile vacuole are a number of 
minute canals. These seem to collect 
liquid waste products which are emptied 
into the vacuole and are finally dis
charged to the outside. 

In the anterior half of the animal is a 
shallow depression called the oral groove, 
at the lower end of which is a funnel
like opening into the cytoplasm, termed 

1 

FI G. l:!.--lJiagram 
s howing spiral p>tth taken 
by :I j)"nlmoccium and 
rota lion 011 i ts long axis 
from right to left. 1 t04, 
su ccessive positions. The 
shaded areas represen t 
currellts of water drawn 
inw t he oral groove. 
(Frorn J enninos, "Be
hat ior of the Lower Organ
;8ms," Columbia Univer
s it!J Press, by permission.) 
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the oral funnel. The oral groove is lined with long cilia; 
their beating creates currents which s,veep food particles, 
consisting of smaller one-celled animals and of bacteria, into 
the lower end of the oral funnel. A number of food particles 
enter the cell in a drop of 'water, forming a food vacuole. 
This breaks loose from the end of the funnel and passes into 
the cytoplasm. By the movement of the cytoplasm, the 
food vacuoles pass to other parts of the cell. The processes 
of digestion, assimilation, respiration, and excretion are 

A B c 
:FIG. I 3.- Fission in Pa.·amoec'i l<'ln , sho wing slI ccessive stages in t he di vision of 

the m acronucleus and micronuclens, llnd th e cons triction of the cy toplasm. 

carried on in essentially the same ways as in Amoeba, but in 
Paramoecium there is a definite spot on the surface of the 
body where indigestible matter is expelled. Reproduction 1 

occurs by fission, the cell dividing transversely (Fig. 13) . 
. Amoeba and Paramoecium belong to a group of animals 
called protozoans, which includes over 10,000 different 
species. Many of the protozoans are relatively simple 
animals, although some are much more complex than the 

1 The peculiar behavior known as conjugation is hriefl :v described else
\\"hpre (see p. ] 59). 
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two forms wbich \\·c have :-;tudied. rr()t()~()all:'l a rc all 
unicellular and [Lre ne;trly ~Il ml('l'()f;po pie in :;;lzc. The eell:-> 
are mostly :-;olitary, but jll :-;()IllC ca>'e;-; are arrallged ill 
colonies. Protozoans are found both ill fresh and salt 
water and in the soil, ,,,hile many are paras ites, living within 
the bodies of other organisms. 

Euglena.- ' Vhile it is possible to assign most organisms 
to either the plant or the animal kingdom, there are some 
groups which have mixed affinities, combining the charac-

Contractile 
vacuole 

Chloroplasts 

FIG. 14.-Euolrna "iridi." an o rganism ,' howing hol h plan l and " " i"" ,\ <"I"iI'
acters . (R"drawn ,,/1,.,. /)oj/(' ,:n .) 

ters of both plants and animals, One such group of 
organisms is the flagellates, often represented in stagnant 
pools and ditches by a form knmm as Euglena ltirid1;s (Fig. 
14). Like Param.oecium., this organism has a rather definite 
form, due to the presence of a thin pellicle, but some 
flagell~tes are amoeboid, putting out slender pseudopodia. 
In most cases, no cell wall is present. Euglena is blunt at 
its forward end, gradually tapering behind. It swims by 
means of a single long whip-like cilium (usually called a 
flagellum ) which l a~hes back and forth and pulls the organ-
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ism through the 'Yater. At the base of the flagellum is a 
red pigment spot ,yhich is thought to be sensitive to light, 
as the organism tends to swim toward the best illuminated 
part of the ",·ater. N ear the pigment spot is a large con
tractile vacuole. A single nucleus is present near the 
middle of the cell. 

At the anterior end of the body is a small oral funnel, but, 
strangely enough, no food ordinarily is taken in through it. 
Instead of engulfing food particles like unicellular animals, 
Euglena makes its own food, for within the cell are a number 
of small chloroplasts which enable the organism to carry 
on photosynthesis. Thus its nutrition is distinctly plant
like. Reproduction occurs by fission, the cell dividing 
longitudinally. One half keeps the old flagellum, the other 
forming a new one. As in Amoeba and many other uni
cellular organisms, encystment, in the presence of unfavor
able conditions, is a common occurrence. 

While Euglena viridis has chloroplasts and carries on 
photosynthesis, there are other flagellates which are color
less. Some of these forms are parasites while others are 
saprophytes, absorbing liquid organic matter like the yeast 
plant. Some flagellates take in solid particles of food 
through the oral funnel, while others engulf food like an 
amoeba. Some species of Euglena carryon photosynthesis 
in the light, but if kept in darkness and supplied with 
organic material, they become colorless and saprophytic. 
Most of the flagellates live in fresh or salt water, but, as 
noted above, some are parasitic in the higher animals. 
They are all unicellular forms characterized by the presence 
of one or two flagella (rarely more), but the cells may be 
either solitary 01' grouped into colonies. 



CHAPTER IV 

THE MULTICELLULAR ORGANISM 

It has been seen that the bodies of the lowest organisms 
consist of one cell, and that, when it divides, two new 
individuals are formed . Unicellular organisms may be 
solitary or colonial, depending on whether the cells separate 
following division or remain permanently together. Such 
organisms as Prolococcus and yeast are somewhat inter
mediate between these two conditions, in that the cells 
formed by fission show a tendency to remain in con tact 
for awhile before separating. A colony is merely an 
aggregation of organisms, each maintaining its individual
ity and having little or no dependence upon the others. 
Many of the simpler algae are colonial, many bacteria and 
flagellates, but only a few protozoans. 

The cells forming a colony may be arranged in chains, 
filaments, plates, spheres, irregular masses, or otherwise 
(Fig. 15). The simplest colonies consist of groups of cells 
very loosely held together by a mucilaginous matrix, by 
stalks, or some other mechanical means. In more highly 
developed colonies the cells are in contact with each other, 
and so there is organic union between them. Some colonies 
consist of only a few cells, others of many thousands. 

All of the higher plants and animals are multicellular, 
the individual consisting of many cells closely associated 
in structure and function. Here each cell is but a small 
part of the individual. Another feature of multicellular 
organisms is that the cells of the body cooperate in the 
performance of their functions and are more or less depend
ent on· each other. It is only under special circumstances 
that a cell may become separated from the organization 
and carryon an independent existence; ordinarily, this is 
not possible. 

31 
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It is a fact of great significance that one cannot draw a 
hard and fast line between colonies of unicellular individuals 

• 

A 

~ 
~ 

B 

D 

E 
FIt;. j5.-Some simple colonies, showing nll'ious kinds o f cell a rrangement. 

A, P oteriodendron, a flagellate, the individua ls held together by means of stalks ; 
B, Gloeocap"a, a simple alga, the cells imbedded in a mu cilaginous matrix; X 750; 
C, P eciia .. str1l1n, a plate-li ke algal colony wi t h cell s definitely in contact with each 
other, X 750; D , Pandorina, a spheri cal , 16-celled, motile a lgal colony enclosed 
in a mucilaginous sheath; E, Analwp,w, [l simple alga, the members of the colony 
forming a ~hail', X 1,000 . ( .. I , TN/Tawn after St",:/I; D, rrdrfWIn after Pr1!f!{]sheim.) 

and simple multicellular organisms. The fact that they 
grade imperceptibly into each other may indicate that the 
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latter l'epre::;eltt a, modification of the f Ol'lller. In the 
evolution of the early forms of life, t he tendency for celb 
to remain together after division led to the formation of 
colonies. A closer association of the cells in the colony 
may have led to a dependence of the cells on one another, 
resulting in a multicellular organism. 

Differentiation of Cells.- In the simpler multicellular 
algae the body commonly has the form of a simple filament, 
a branching filament, or a plate of cells (Fig. 16), while 
nearly all of the fungi have a filamentous type of body. 
In the simplest cases all of the cells of the body are essen
tially alike in form and structure, but there is often a tend
ency for some of them to become different. For example, 
one or more of the basal cells may become modified to 
serve as a means of attachment to objects in the water 
(Figs 16C). In many of the branching forms, the cells 
show a differentiation in size, those of the branches being 
smaller than those of the main filament (Fig. 16B). The 
tendency for cells to become differentiated is well marked 
in all of the higher plants and animals. 

Differentiation in structure has come about through a 
specialization of a cell or group of cells for a particular 
function. In unicellular organisms one cell performs all 
of the functions of the body, and this is also true of each 
cell in the simplest multicellular algae, as stated ahove. 
In the higher multicellular organisms, however, there 
exists a division of labor between various groups of cells, 
each group carrying on a particular kind of work. A 
group of similarly differentiated cells performing a definite 
fUnction is called a tissue . In all of the higher plants and 
animals, the cells are organized to form tissues. In the 
simpler multicellular organisms there are only a few kinds 
of tissues, but in the more complex forms there are many. 
Among.animals, the sponges constitute a group of primitive 
multicellular forms whose cells are but slightly differenti
ated; consequently they have very simple tissues of only a 
few different kinds. We shall now consider the chief kinds 
of tissues which occur in the higher plants and animals. 
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A 

c D 

FIG. l G.-Some simple multicellular algae; A. , Coleochaete, the cells in a plate 
like arrangement, X 150; B, [I portion of the body of Dmparnaldia, which con
sists of a branching filamen t, the cells of the branches being smaller than those 
of the ma in filament., X :!50; C, Ulothrix, a simple unbran('hed fibment wit.h a 
different iated bOls,,1 ('cll wlii"h serves as a holdfast, X :350; D, Sp-i,.0IJym, an 
unbranched fibm .. nt wit h spiral chloropl:\sts, X 250. In Band C the peripheral 
band-like chloroplast ob"cures the central nucleus. The small bodies on the 
chloroplasts are eC ll tpnl of starch formation; cyt, cytoplasm; chl, chloroplast; 
nuc, nucleus . • 
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Chief Tissues in Plants.-A layer of cells called the 
epidermis forms a covering on the surface of all leaves, 
flower parts, fruits, young stems, and young roots (Fig. 
17 A). It is distinctly a protective tissue. Epidermal 
cells covering all aerial parts of the plant have their outer 
cell walls more or less thickened with a waxy substance 
(cutin) which serves to check evaporation froml the under
lying tissues. They have living contents and are mostly 
without chloroplasts. 

Another kind of tissue is parenchyma, which forms the 
bulk of the living parts of the plant (Figs. 17A, 17B). It 
is characterized by living, thin-walled cells which are but 
slightly differentiated in structure. They mayor may not 
have chloroplasts: Frequently, parenchyma is a rather 
loose tissue, characterized by intercellular spaces. 

The woody portion of plants consists of xylem tissue 
(Fig. 18). There are several different kinds of xylem 
elements, but all are greatly elongated tubes with thick 
cell walls. At first they are alive, but, for the most part, 
soon lose their protoplasm. Some xylem elements have 
peculiar local thickenings on the cell wall, forming spirals, 
rings, etc., while in others the thickened wall has numerous 
circular or elongated pits. Xylem tissue gives strength to 
plants and serves as a path through which fluids pass, thus 
being both supporting and conductive in function. It is 
developed most extensively in roots and stems, but occurs 
in nearly all parts of the plant to some extent. Some kinds 
of xylem elements represent several or many cells which 
have fused together. 

The outer part of old roots and stems becomes covered 
with cork tissue, which forms the outer bark (Fig. 17 B). 
Cork is composed of many layers of somewhat cubical 
cells which lack protoplasmic contents when mature. 
The .cell walls are slightly thickened by a waterproof 
Bubstance (suberin). Cork is obviously a protective tissue, 
replacing epidermis on older roots and stems. 

Mechanical tissues are often developed in many parts of 
the plant, especially in the stem. Their purpose is to give 
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Epiderr.:lis Parenchyma Fibers 

FIG. 17.-Tissues from a young stern of ivy geranium (P elaroon·ium peltatum) , 
X 250; A, cross-section of a small portion of stern, showing epidermal cells with 
cutinized outer walls , parenchyma, and fibrous mechanical tissue; B, cross-section 
of older patt of stem, showing development of cork t issue between the ep2dermis 
(now disorganized) and the parenchyma; C, a small group of fibers as seen in 
longitudinal section. 
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rigidity, toughness, or hardness, and so are commonly 
present 'where there is a weak development of xylem , as 
in many herbs. There are several different kinds of 

A 

. FIG. IS.-Xylem elements from t h e stem of castor hcan (Ricin",,) , X 250: A 
and B, portion of s piral and ringed vessels as seen in r ross- and longitudina l 
!lection. C, a pitted vessel. 

tnechanical tissues, but commonly they ha\'e the form of 
long fibers with greatly thickened walls (Fig. 17C). When 
tnature they usually are not living. 
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Chief Tissues in Animals.- Comparable to the epidermis 
of plants, we find in animals a tissue 'called epithelium ""'hich 
covers the external and internal surfaces of organs (Fig. 
19). The simplest multicellular animals are composed 
almost entirely of but slightly specialized epithelial cell .. . 
In more complex animals they are modified, however, in 
accordance with the function they perform, such as protec-

B 

Fw . 19.- 8e\·cr:11 tYlJes uf epithelial t issue from la rval salam ander, X 300; 
.1. surface view of fl atcpi thclium from "kin ; B . ciliated epithelium from ph a ry nx ; 
C. cubical epithelium from kidney tubule; D , columnar epithelium from in tes
tine. ' (From W ieman, " General Zoology," !I[cGraw-Hill Book Company, Inc., 
by permission. ) 

tion, absorption, secretion, etc. Epithelium commonly 
consists of a single layer of cells, but in some cases, as in 
the outer skin of man, there are several layers. Epithelial 
cells may be either fiat, cubical, or columnar, and are often 
ciliated. ) 

Muscle tissue is composed of cells which are specialized 
for contraction (Fig. 20). There are two kinds of muscle: 
smooth and striated. The former consists of elongated, 
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uninucleated cells pointed at either end. They compose 
the muscles of most of the 10\\'er animals and nearly all of 
the involuntary muscles of the higher animals. Voluntary 
muscles are made up of bundles of long fibers, each fiber 
representing a row of cells which have fused together. 
Thus each fiber has many scattered nuclei. A peculiarity 
of voluntary muscle is the presence of numerous transverse 
striations. 

~ 
E 

G 

FIG. 20.-Nerve and muscle cells; A , diagram of a typi~al nerve cell; B, cell 
from human spinal cord; C, nerve ccli from the eye; D. nerve ('eli of ,\11 earth
worm; E, young volunta ry muscle cell; F, por t ion of m ature volunta ry muscle 
cell, showing stria tions; G, involuntary muscle cell from intes tine. (From S harp , 
"Introduction to Cytology." McGraw-Hill Book COm1Jany, Inc., A and IJ , aft" 
Obersteiner and Hill; C, after L enhossek; D, after Kowalski; E to G, aftFr P iersol; 
by permission .) 

Nerve tissue is also highly specialized. Its functions 
are to receive and carry sensations and to stimulate activity 
in other cells. Most nerve cells have protoplasmic fibers 
extending from them which carry the impulses (Fig. 20); 
these often become extremely long. A nerve consists of a 
bundle of these fibers. 

C~nnective and supporting tissues include a var.iety of 
kinds of cells whose function is to bind together various 
parts of the body or to give rigidity and support. They 
form tendons, ligaments, cartilage, bone, etc. Blood is 
usually classified as connective tissue also. These tissues 
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:I,re all characteri;r,ed by l.he presence of some kind of int.er
cellular substance \rhi ch is mo:-tly non-li'"ing itself , but is 
formed as a secret ion from the living cells . Thus the 

A B 
FIG. ~H.-Cartilage and blood; A . section of c,.c t ilage, showing the cells 

imbedded in a non-living m atrix, X 500 ; B frog blood cor puscles, the two white 
cnrpII"f'ies with sc\"cral lIuclei, X 750. 

FIG. 22.-Cross-section of bone , the intercellula r substance in white. The 
la rge blaek areas are oecu pied by blood vessels, the bone cell s l ying in the smaller 
spaces a rranged in concentric cirrles , X 150. (From Schiifer, .. T extbook of 
J\JiCTOscopic linatomy," L01l0mans, Green «; Co., af ter Sharpey; by permission .) 

» 
cells are imbedded in a matrix of some sort , but are them-
selves little specialized. In cartilage (Fig. 21A), the inter
cellular substance is tough and more or less elastic; in bone 
it is very hard because of the accumulation of mineral 
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matter (.Fig. 22) ; in blood the cells float freely in a liquid 
(Fig. 21B). 

Organs and Systems.- Among the higher plants and 
animals, the body shm\"s certain highly organized parts, 
each of \yhich is ordinarily associated with some particular 
function or set of functions. Such differentiated parts of 
the body are called organs. In the higher plants there are 
six primary organs : the root , stem, leaf, flower, fruit , and 
seed. In the higher animals there are many organs, exam
ples being the brain, heart , lungs, stomach, liver, kidneys, 
eyes, ears, limbs, etc. An organ is usually composed of 
more than one kind of tissue, although in most cases one 
kind predominates, as parenchyma in the leaf, xylem in the 
stem, nerve tissue in the brain, muscle in the heart , etc. 
There are no organs in the simplest multicellular plants and 
animals. The algae and fungi have a thallus body, that is, 

, a body with little or no differentiation into root, stem, and 
leaf. The sponges have simple tissues but no definite 
organs. 

A system is a group of organs performing some general 
bodily function. The following systems occur in the 
higher animals : digestive, circulatory, respiratory, excre
tory, nervous, muscular, skeletal, and reproductive. In 
plants, systems are not well de"eloped because there are no 
internal organs. The roots are collectively termed the 
root system, while the stem \'lith its branches and leaves 
constitutes the shoot system. There is no blood in plants, 
no nerves, muscles, or digesti ve, circulatory, or excretory 
organs. While plants do 'not have internal organs, and 
consequently no internal organ systems, we often speak of 
the conducting tissues collectively as the " conducting 
system." 

Plants and Animals Compared.- While it is an easy 
matt,er to distinguish between plants and animals if we 
confine our observations to the higher organisms, our 
study of unicellular forms has shown that it is difficult to 
separate all living things into these t\VO conventional 
groups. Some of t he more constant differences are given 



42 FUNDAMENTALS OF BIOLOGY 

below, but it should be understood that there are numerous 
exceptions to any general statement that could be made. 

1. Structure.-Most plant cells are surrounded by a cell 
wall of non-living material, \yhile most animal cells are not. 
The organs of plants are mostly external, of animals both 
external and internal. For this reason, and because of the 
~resence of more highly differentiated tissues, animals are, 
m general, much more complex than plants. 

2. Locomotion.-While most plants are stationary and 
most animals active, some of the algae and fungi have the 
power of locomotion while many animals do not, as, for 
example, the sponges, barnacles, oysters, etc . 
. 3. Growth.-Most plants grow continually throughout 

life, while animals grow only during early life. Thus, the 
maximum limit in size for any given species is more quickly 
reached in animals than in plants. 

4. Irritability.-For the most part, plants are slower to 
respond to stimuli than animals, and, consequently, their 
movements are performed more slowly. Yet when the 
leaves of the sensitive plant (Mimosa) are touched, the 
leaflets close together almost instantly. 

5. Nutrition.- Green plants haye the power of photo
synthesis, while animals and dependent plants do not. In 
general, animals ingest solid food while dependent plants 
absorb food in liquid form, but there are many exceptions. 



CHAPTER V 

THE GREAT PLANT GROUPS 

There are nearly 250,000 different species of plants 
which have been named and described by botanists. This 
vast assemblage of forms, collectively constituting the 
plant kingdom, includes not only the \Oarious kinds of 
familiar plants of field, forest, and garden, but also many 
simple ones largely unknO\yn to most people. The plant 
kingdom is divided into four major groups, each group 
representing a certain definite condition of structural 
complexity. The general characteristics of each of these 
four great plant groups will be briefly considered. 

Thallophytes.- The lowest group of plants includes the 
thallophytes, a large assemblage of simple forms numbering 
about 80,000 species. Although many are unicellular, 
most thallophytes, like all of the members of the higher 
groups, are multicellular. The body of the thallophytes is 
not differentiated into distinct vegetative organs- -root, 
stem, and leaf- such as characterize the higher plants, 
and it is chiefly to this feature (the presence of a thallus 
body) that thallophytes owe their simplicity.l 

The two outstanding groups of thallophytes are the 
algae and the fungi. Algae are independent plants, and 
nearly all of them live in water. They include the pond 
scums, kelps and other seaweeds, and many other less 
familiar forms (Figs. 23 and 24). Fungi are dependent 
plants, living either on dead organic matter or on living 
organisms. Familiar kinds of fungi are bacteria, yeasts, 
molds, mildews, blights, rusts, and mushrooms (Figs. 25 to 
27). 

lIn many of the marin e a.]gae, however, the body is differentiated into 
parts which bear a superficial resemblance to the roots, stems, and leaves of 
the higher plants, but arc structurally very different (Fig. 23A). 
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FIG. 23.-Two marine algae from southern California; A, a small kelp (Eisenia 
arboreal, X I.';; B , a rock weed (H esperophyel.s han>eyanus), X !-a. 



Tl/R (;HR .I T "LAXT (m()l 'I' ''''; 4G 

FIG. 24.-0ne of the many species of red algae (Pleon08porill.m dasyoides, Xl) , 
I\l'arly all of which are m arine in distribution. (Courte.y of Professor i" . L . 
Gardner. ) 
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Bryophytes.- The second great plant group, including 
the liverworts and mosses, numbers about 16,000 species. 
It is distinguished from the thallophytes chiefly by greater 
complexity in reproductive structures. Bryophytes are 
small, inconspicuous, green plants which live mostly on moist 
soil, rocks, tree trunks, etc. They are · of considerable 
scientific interest in that they are intermediate in structure 

FIG. 25.-Bread mold (RhizopU8 niarica ns) , a sap rophytic fungus growing on a 
piece of stale bread, X ~~. T he white, fi l,uncn to us, vegetative body of the 
fun gus produces many black, glo bUlar, reproduct ive bodies. 

between the algae and the higher plants. It is noteworthy 
that the simplest green plants, the algae, are aquatic, 
while the bryophytes, but slightly more advanced structur
ally, grow on land, but mostly in wet places. Some of the 
liverworts have a thallus body (Fig, 28), but .in most 
bryophytes very simple stems and leaves are present (Fig. 
29). They are not, however, like those of the higher 
plants, and in none of the bryophytes are true roots 
present. 
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FIG. 26.-A mildew (Erysiphc polYflomj, a p:>rasitic fungus growing on a leaf 
Of scarlet runner bean, X:Y,.. Thc white, fthmentous, Ycgetati"e body of the 
fungus absorbs nourishment directly from the epidermal cell s of the leaf. 

FIG. 27.-A mushroom (.'imanita m'llSCQT1:a) , X ~~. The white, ftIamentous 
body of the fungus lives saprophytirally on organic matter in the soil, sending 
these complex, fleshy, reproductiYe bodies to the surface. 
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FIG. 28.-A common liverwort (Jfarchantia polymorpha), X % . 

• 

FIG. 20. - ..\ mO~8 (Pol ytrich1l11l ('0""11 1(1/(' ) . X I f. 
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F,u. 30.- ..\ lycopod (Lycopodium obscurum dendro-ide",n ) , X I.,. 
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Pteridophytes.-The ferns and their relatives (the 
lycopods and equisetums) are represented today by only 
about 5,000 species, but in past geologic times they were 
a much larger and more conspicuous group. The pteri
dophytes sho",' a great structural advance over the bryo
phytes in having c?mplex, highly developed roots, stems, 

,j 

FIG. 31.-An cquisetum (Eqll isetll1n arvensf), X % . 

and lea yes (Figs. 30 to 32). They also ha \'e a conducting 
system consisting of specialized -tissues which support the 
plant body and transport fluids from one part to another. 

Spennatophytes.-The name of the highest plant group 
means "seed plants," as they are the only plants which 
bear seeds. They are also the most highly specialized in 
regard to the structure of their vegetative organs. The 
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spermatophytes not only surpass the other groups in 
structural complexity, but are the most numerous, there 
being about 135,000 species. There are two subordinate 
groups of spermatophytes, gymnospenns and angiosperms. 
The former number only about 500 li'dng species, and 
include the pines, firs, spruces, hemlocks, cedars, etc. 

FIG. 32.-A fern (Polypodi1lm cal1'fornic1l111 ) , XI." . 

(Fig. 33). The name gymnosperm means " naked seed," 
in reference to the fact that the seeds are borne freely 
exposed on the face of a cone scale (Fig. 35). Angiosperm 
means' "enclosed seed," signifying that the seeds are 
produced in a closed vessel which becomes the fruit. 
Nearly all of the common plants of e\'el'yday experience 
are angiosperms (Fig. 34). 
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FIG. 33.-M ature cone and leafy bra nch of white pine (P int.s strobus), a gym
nosperm, X J. .. . 
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FlU. 34.-White trillium (Trillium orandijlorum), an angiosperm, X ~2 . 
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Summary.- A summary of the general features l of the 
four great plant groups \yin serve to fix them in mind. 

Thallophytes .-~fostly aquatic; no true vegetative organs ; 
no conducting system; no seeds. 

Bryophytes.- Terrestrial but living in wet places; no 
roots) but simple ~tems and leaves usually present ; no 
conducting system; no seeds. 

A 
FIG. 35.-Gymnosperm and al1)!ioSI)PrIll compared. .'t, cone s('ale of sugar 

pine bearing two naked seeds at hase of upper surface. X I ; B. pod o f lima bean 
spli t open (0 show the encl()sed seeds. X ; 2. 

Pteridopitytes.-Tel'rel:3trial; complex routs, stems, and 
leaves; conducting system; no seeds. 

Spermatophytes .- Terrestrial; complex roots, stems, and 
lea ves; conducting system; seeds. 

I 1t should Iw understood I.hld. I he great plant, groups Hre chfl-Til cterized 
by morc fundamental di ffcl'l'ncf's than those mentioll(·d in th is chapt-er, but 
thf'se we a re not yet ready to apprecia tc. Among t hes(' differences, those 
rf' lating t o reproductive featur<'s arc presented in Chap . VIII. 



CHAPTEH n 

VEGETATIVE ORGANS OF SEED PLANTS 

There are three distinct. kindi' of vegetatiYe organs in 
seed plants: roots, stems, and leaves. They are called 
vegetative organs because their chief functions are con
cerned " 'ith the work of nutrition, that is, they provide 
for the continued existence of the plant body of which they 
are a part. In fact , it is only through the \\'ork of the 
root, stem, and leaf that a plant is able t.o live. 

THE ROOT 

The roots of a plant, cullectively constituting the root 
system, place it in intimate relation " 'ith the soil. The 
welfare of the plant demands that thi s be maintained at 
all times, for, as everyone know", when a plant is remo\'ed 
from the soil, it soon wilts and eventually dies. This 
happens because its source of \\'a tel' has been cut off. 
Roots not only absorb \Yater from the soil, but al.·o gases 
and mineral salts disRol\'ed in t he soil water. These are 
necessary to the welfare of the plant in Imys I\'hieh ",ill 
be explained in the next chapter. Roots not only perform 
this important function of abs01'pi'ion, but. abo provide the 
plant with a m.eans of anchorage, holding it firmly in the 
soil. 

Organization of Root Systems.-Some root systems 
consist of a primary root, called the taproot , from which a 
number of smaller and smaller branches :1l'i"e. In other 
plants ,one large root does not dominate the others, but 
the root system consists of a cluster of highly branched 
fibrous roots. Between these two extremes, hO\~'ever, are 
many of intermediate character, and so these i/ types" are 
of little significance. The important point is that all 

55 
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roots give rise to successively smaller and smaller branchet; 
\rmch penetrate the soil in all directions. It should be 
noted that there is no regularity to the way in ,,·hich 
branch roots arise, the smaller ones springing from the 
larger ones indiscriminately. Another fact of importance 
is that the tips of all roots 
are constantly elongating, 
pushing their way out into 
the soil. Furthermore, it 
is only these delicate root
lets which carryon the 
work of absorption, and so, 
as a root system grows, 
its absorbing region moves 
farther and farther out into 
t.he soil. 

Structure of Root Tip.
The structure of a root tip 
can be studied to good 

a 
FIG. 36.~Radish seedlings grown 

in moist air Ca) a nd in soil Cb), show
ing root hairs, X 1. 

b 

a 

FIG. 37.-Roo t tip of a grass seedling 
grown in water, X 35; a, rootcap; b, 
growing region; c, root-hair zone. 

advantage by examining with a microscope the young 
rootlets put out by sprouting seeds (Figs. 36 aqd 37). 
Fitting over the end of the root tip is a mass of cells 
forming the rootcap, a structure which serves as a buffer 
to the rootlet as it pushes through the soil, thus pro
tecting the delicate cells which lie immediately behind. 
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Just back of the rootcap is the growing region, where the 
cells are constantly undergoing division and increasing in 

Nucleus 

FIG. 38.-Enlarged view of one of the root hairs shown in Fig. 37. X 350. 

". b 
" .... 

" 

FIG. 3!J.-Gl'owth of the root in length; a, seedling ()[ scn,rlet rllllller bean with 
equidistant dots placed along the rootlet ; b, the same seedling 24 hours later, 
showing elongation only near the tip, X 1. The older seedling shows the 
developm'lnt of branch roots; root hairs arc not indicated. 

size. The growing region is about 2 to 3 millimeters (Ys 
inch or less) in extent, but it is only here that roots increase 
in length. This can be demonstrated readily by placing 
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a number of equidistant dots along a young root and a day 
or two later observing which ones have moved apart (Fig. 
39). Behind the growing region is the root-hair zone, 
characterized by the formation of slender extensions from 
the outermost cells (epidermis) of the root (Figs. 37 and 38) . 
Thus, root hairs are epidermal outgrowths, each one 
representing a single cell, and their presence very effectively 
increasing the absorbing surface of the rootlet. When 
roots are gro"m in soil, the root hairs become closely 
united with the soil particles (Fig. 36). 

Structure of Mature Root.- The root-hair zone extends 
back only a short distance and gradually merges into the 
mature root. All of the cells of the growing region are 
essentially alike, but in the root-hair zone they become 
gradually differentiated to form tissues. In the mature 
root, differentiation is complete. A cross-section of a 
root taken behind the root-hair zone shows two distinct 
regions: an outer cortex, and a central vascular cylinder 
(Fig. 40). The cortex consists of relatively large, uniform, 
parenchyma cells. The root hairs have disappeared from 
the epidermis, and soon this is replaced by cork tissue. The 
vascular cylinder consists mostly of cells specialized for 
the conduction of liquids. There are two kinds of con
ducting tissues in plants: xyle'rn and phloem. As already 
stated, the former consists of greatly elongated, thick-walled 
cells, most of which do not have protoplasm. The xylem 
tissue in a root is arranged in the form of a star, usually 
forming a solid central strand, and between its rays are the 
smaller strands of phloem surrounded by more or less 
parenchyma. Phloem consists of small, slightly elongated, 
thin-\valled cells containing living contents. Water passes 
upward through the xylem tissue, while food in solution 
travels downward through the phloem. 

In plants which live from year to year, the roots increase 
in thickness through the activity of a special layer of cells 
called the cambium, situated between the xylem and 
phloem. Cambial activity will be given detailed considera
tion in connection with the stem. 
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FIG. 40.-Portion of a cross-section of a buttercup roo t (Ranunculus acris) , 
;howing the outer cortex a nd the central vascular cylinder, the latter containing 
,wo kinds of conducting tissues: xylem (x ) and phloem ( p ) , X 150. 
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Duration of Roots.-Plants which live through but one 
growing season are said to be annuals. Biennials live 
through two seasons, while perennials live from year to 
year. It is apparent that a plant can liYe only as long as 
does its root system. While the roots of annuals die at the 

A 

~- '''-1' 
~-

~ 

~ 

~ '""'" 

-1 
~ 

end of the first summer, the 
underground parts of bien
nials and perennials accu
mulate food. The portion 
above ground may then die 
down, but the roots live over 
the winter, a new shoot sys
tem arising the next spring. 
Storage roots are seen in such 
common plants as dandelion, 
radish, turnip, beet, carrot, 
parsnip, and sweet potato 
(Fig. 41). Their food is 
mostly in the form of starch, 
but there is also a large 
amount of water present
commonly 80 to 90 per cent. 

B The accumulation of food 
FIG. ·H.- St.o rage roots of heet (Ii ) and and water in their roots 

of ca rrot (El, X H . enables these plants to make 
a vigorous growth above ground the follmying spring. In 
the case of biennials this food is entirely consumed during 
the second season, the plant produces seed, and then dies. 
In perennials, however, food accumulates during every 
growing season , the roots living from year to year, while 
the shoot system mayor may not die back to the ground in 
the autumn, 

THE STEM 

• 
Stems are concerned chiefly with the bearing of leaves, 

and it is to this fact that they owe their distinctive fea
tures. The stem has two primary functions: to support 
the leaves. and to conduct substances in solution to and 
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from them, Tbllf' it , ~erye1i t,0 r,oJlned the roots \yit.h the 
leaves both ~tructurally and functionally, .\ leafy stem 
is called a shoot" ~ while all of the stems n,nd lea \'es of a plant 
constitute its shoot Syste71t. Just as the root system is 
related to the soil , so is the shoot system related to the air 
and light . 

A 1J 

FIG , 42.-Three types of lea f a rrangemen t. X H; .It, a lternate leaves of 
Cotoneaste,.; E , opposite lea\'es of Salvia; C. whorled leaves of A /)el ia, A bud is 
present in t he ax il of (' \ 'ery leuf. Note t hat in each case one h'uf does not stand 
directly o\'('r a nother . 

Arrangement of Leaves.-Leaves are not scattered over 
a stem, promiscuously, but are abvays borne according to 
a definite arrangement. The point on the stem where a 
leaf is attached is called a node, \"hile the regions between 
successive nodes are known as internodes (Fig. 42). In 
most plants just one leaf is borne at a node, but in many 
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cases there are t.\YO, one standing opposite the other. 
The former con"titutes an alternate, the latter an opposite 
arrangement. In a few plants the leaves are whorled, 
there being three or more at a node. It is generally true 
that, regardless of the number of leaves at a node, leaves 
tend to be arranged on a stem in such a manner that one 

FIG. 43.-0Lllel" sLlUut of S alvia (cj., 
Fig. 42B ) , showing the deveLopmen t 
of braneh shoots from [lxiUltry bulls, 
X 7~ . 

leaf does not stand directly 
over another and thus shade 
it, for the chief work of leaves 
demands that they be freely 
exposed to the light. 

Buds and Branches.-N ot 
only are leaves borne at the 
nodes, but ordinarily a bud is 
formed in the axil of each leaf 
(Fig. 42B). The axil is the 
upper angle formed where the 
leaf is attached to the stem. 
A bud is merely an embry
onic or undeveloped shoot; 
that is, it has the capacity for 
developing into a leafy stem 
(Fig. 43) . It consists of a 
very short stem tip, which 
gives rise to minute lateral 
outgro\\·ths, the latter being 
unde,"eloped lea,"es (Fig. 44). 
:\ bud expands into a leafy 
shoot merely by the elonga
tion of its internodes and the 
enlargement of the leaves. 
The leaf in \\'hose axil a bud 

is formed may fall off before the branch shoot develops or 
it may persist fo r a longer or shorter period. • 

Winter buds are buds which remain dormant during the 
winter, the delicate internal parts usually being protected 
by a covering of scales (Fig. 45) . In the spring they 
develop into ne'y ~hoots, the scales dropping off. While 
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branches of the main stem always arise from axillary 
buds, the main stem itself usually increases in length 

B 

A 

FIG. 44.- Stem tip of the oppositc
leaved pla n t shown in Fi~s. 42B and 43 
(Salvia orahami) ; A, lon~i tudinal sec-

, t ion of terminal bud, showing leaves 
and axillary buds arising a t the nodes. 
X 35 ; B, upper portion of same, 
X 335. 

by the growth of a terminal 
bud. The gro\yth of the shoot 
system by the formation and 
development of buds is in 
striking contrast to the meth
od of growth of the root 
system. 

FIG. 45.- Twig of hickory in winte r 
condition; t, terminal bud; I , a las t year's 
leafstalk still remaining on the twig : ax , 
a lateral bud in the axil of the leafstalk: 
lat, a nother lateral bud ; sc, leaf scar. 
(From B eroen and Caldwell, " Practical 
Botany," Ginn and Company, by per
mission.) 

Habit.-The general aspect of a plant, called its habit, 
.is determined by such features of the shoot system as its 
.growth direction, duration, and branching. While the 
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stems of most plants f> upport themseh·es and grow erect, 
in some cases they are creeping or climbing. Some 
plants have underground stems, such as Th-izomes, tubers, 
or bulbs (Fig. 46). These serve as food-storage organs, 
resembling storage roots in this respect. According to the 
duration of the shoot system, plants are said to be either 

{ 

D 

FlG. 46.-Types of under/.!round stems, X H ; A, rhizome of bloodroot 
(Sanouinaria); B , bulb of narci ssus: C, the sam e cut lengthwise; D, tuber of 
potato. 

herbaceous or woody. _--\.n herb i::; a plant ,,·hose shoot 
system dies at the end of the growing season, while woody 
plants- shrubs and trees- have stems ,,·hich li .. ·e from 
year to year. All "'oody plants are nece::;sal'ily perennial, 
as the root sy::;tem must continue to liYe if the shoot system 
does. Most herbs, on the other hand, are annuals, the 
entire plant dying at the close of the first season, but some 
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are biennial and "orne perennial. An hNnaCCO'ILi:i perennial 
is a plant whose underground parts liYe from year to year, 
but whose shoot system dies back to the ground at the 
end of each growing season. Common plants of this sort 
are asparagus, rhubarb, iris, dahlia, canna, tulip, gladiolus, 
etc. 

The manner in which a plant branches is an important 
factor in determining its habit. In some plants the main 
stem is unbranched, elongation occurring by the growth 
of a single terminal bud. Although common among herbs, 
this type of shoot system is rare among trees, but is seen 
in the palms, whose habit is said to be columnar. In 
many herbs, and in such trees as the pine, spruce, fir, and 
others, the main stem continues to the top as a straight 
vertical shaft, the branches growing out horizontally ; 
such a habit is designated as excurrent. In such trees 
as the elm and oak, the main stem soon gives rise to large 
branches and does not continue to the top, thus producing 
a spreading crown; this type of branching is called 
deliquescent. 

Exogenous Stems.-Based on their internal structure, 
the stems of seed plants belong to two general types. The 
first. called the exogenous type, is characteristic of all 
gymnosperms and most angiosperms. A cross-section of 
a typical young exogenous stem shows three general 
regions: an outer cortex, a hollow vascular cylinder, and a 
central pith (Fig. 47). Both the cortex and pith are 
composed chiefly of parenchyma; the pith is colorless, but 
most of the cortical cells contain chloroplasts. As in a 
young root, the cortex is bounded externally by the epi
dermis. The vascular cylinder is usually a continuous 
tube, consisting chiefly of xylem tissue, but surrounding 
the xylem there is always a narrow zone of phloem. A.s in 
the root l both xylem and phloem are conducti,·e in func
tion, but the former also gives strength to the stem. 
Traversing the vascular cylinder are a number of narrow 
plates of cells called vascular rays \yhich extend from the 
pith to the cortex. Bet\yeen the xylem and phloem, and 
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forming a complete ring, is a layer of cells constituting 
the cambium. In son1.e stems, notably those of many herbs 
and woody vines, the vascular cylinder is not continuous, 

Cortex 

FIG. 47.-Cross-section of II one-year-old twig of box elder (Accr n egundol, a 
typical woody exogenous stem , X 10. The x.dem , cambium, and phloem 
tissues collectively constitu te the vascular cylinder. 

Xyleml 
.rVascular bundle 

Phloem 

Fro. 4S.-C'ross-scction of a onc-ycnr-old st£'m of Dutchman's pipe (Aristo
loch',:a), a woody vin " , showing a vascular cy linder com posed of isolated vascular 
bund l,," s('pnrnled by wide ~xtensiOIlS of th e pith, X 10. .. 
but is broken up into separate vascular bundles by wide 
extensions of the pith ,,·hich mayor ma.\' not be traversed 
by the cambillll1 (Fig. 48) . 
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During the growing season the cells forming the cambium 
are constantly undergoing division, giving rise to new 
vascular tissues-new xylem outside the old xylem, and 
new phloem inside the old phloem (Fig. 49). In woody 
plants the old phloem gradually disappears, but the xylem 

Phloem 

Cambium 

Vascular fays 

Xylem 

F IG , 4!l.-Po r t io n of t il " \ 'a scul a r cylinder o f a box elder sl<'IU ill its fir s t y ea r of 
g; rowth , s ho win g d d ails o f strll('t ll[,(" X 2.'iO , 

persists from year to year. Thus the nge of an exogenous 
stem can be estimated by counting the successive layers 

) 

of xylem, as each year 's growth is usually more or less 
sharply delimited from the rest by an annual ring (Fig. 
50). As the vascular tissues increase in amount through 
cambial activity , cork tissue develops outside the cortex, 
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rflrming a \yaterproof external COyerill~ of dead t.issue 
(Fig. 17 B). The cork layer contains many small openings 
called lenticels through which communication is main
tained between the cortical cells and the atmosphere. 
These can be seen on almost any woody twig. After a 
number of years the cortex disappears, and because the 

FIG. 50.- Cross-section of a three-year-old stem of box elder, ~howiDg increase , 
through cambial a ctivity, ill the amount of xylem and phloem , and the for
mation of cork, X 10; 1, 2, 3, successive layers of wood formed during the three 
growing seasons of the stem's existence. 

pith always remains relatively small, an old woody stem 
really consists only of the following regions: outer bark 
(cork), inner bark (phloem and cambium), and. wood 
(xylem). It should be realized that nearly all of the living 
cells are confined to the inner bark. 

Endogenous Stems.-The endogenous type of stem is 
found among such angiosperms as grasses, lilies, palms, and 
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orchids. A corn stalk, an asparagus stem, or a piece of 
bamboo or sugar cane would serve as an excellent example. 
The endogenous stem has separate vascular bundles like 
the exogenous stem shown in Fig. 48, but, instead of 
being arranged in the form of a hollow cylinder, they are 
scattered irregularly through the parenchyma tissue (Fig. 
51). Thus, an endogenous stem show::; no differentiation 

FIG. 5l.-Photograph of a portion of a cross-section of a young corn stem 
(Zoo mays) , showing t he scat tered arrangement of the vascula r bundles, X 13. 

into pith and cortex. Each vascular bundle consists of a 
small group of xylem and phloem cells. Most endogenous 
stems do not ha ve a cambium, and consequently the vascular 
tissues, once formed , do not increase in amount. Increase 
in diameter takes place entirely through a multiplication of 
the parenchyma cells. 

:0 

THE LEAF 

Leaves are the most conspicuous organs of the plant, and 
carryon the major part of the work of nutrit ion. Their 
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chief function is the manufacture of food under the influencE 
of sunlight. 

External Features.- 1\·1ost leaves are differentiated inte: 
a flat expanded portion, the blade, and a slender leafstalk 01 

petiole. The blade, being characteristically broad and thin, 
serves as a means by which green tissue is exposed to the 
light, ,,-hile the petiole merely supports the blade. In many 
plants, however, the leaf does not have a petiole, the blade 
then being attached directly to the stem. Some leave~ 

FlO .. ~:!.-,\ pple leaf. showing hlacle. petiole. and sl iplllt,S, X 1. 

possess a pair of stipules-small, scale-like appendages 
formed at the base of the leaf (Fig. 52) . 

A noteworthy feature of all leaves is the elaborate system 
of veins which extends to all parts of the blade. Veins 
represent a continuation of the vascular system of the root 
and stem, and so are channels for the transport of water 
and dissolved substances ,yhich pass into and out of the 
leaf. The larger veins of most leaves are conspicuous, 
especially on the lower surface, but the small veinlets can 
be seen only \yi th the aid of a lens (Fig. 53). It is then 
evident that the veins form an elaborate network of smaller 
and smaller branches. 
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FIG. 5::J.-Leaf of climbing fig (Ficus lJwrnila) ,,,hieh has b~cn "skel~tonized" 
by removal of the epidermis a nd mesophyll ; a. entire lea f. X I; &. portion of 
same. X IS. ","ote t hat the smallest vcinlcts end freely. 
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In size, leaves vary from minute scales t.o those as lar~e 
a1' in the banana and palms. In form some of them are more 
or less circular, as in the geranium and nasturtium, other::; 
are long and narrow, like a grass blade or a pine needle, but 
most leaves are of some intermediate shape. The leaf 
margin may be smooth and even, or variously toothed, 
notched, or lobed. In some cases the lobes are so deep 
that the blade is divided into separate leaflets (Fig. 54) . 
Leaves also show great variation in thickness, texture, 
character of the surface, arrangement of the principal veins, 
and other features. 

F1G . 54.-Divided leans of horse chestnut (A ) and of rose (B ), X 72. 

Internal Structure.-A cross-section of a typical leaf 
shows three kinds of tissues: an outer transparent epidermis; 
green tissue called mesophyll, comprising the bulk of the 
internal portion; vascular bundles, or veins, passing through 
the mesophyll (Fig. 55). Typically, a single layer of colorless 
epidermal c~lls is found both on the upper and lower sur
faces of the leaf. Their outer walls are covered with a thin 
waxy deposit which forms a waterproof layer known as the 
cuticle; this renders them impermeable to water and' gases, 
and thus serves to check evaporation from the inner tissues. 
Here and there are peculiar structures called stomata, which 
are usually more numerous on the 10\yer surface. They 
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can be easily studied by stripping off a piece of lower 
epidermis from an ordinary leaf and examining under the 
microscope (Fig. 56). A stoma consists of a slit-like open
ing bounded on either side by a crescentic guard cell, which 
differs from the other epidermal cells in containing chloro-

. plasts. It is through the stomata that gases pass from the 
atmosphere into the leaf and vice versa. In many leaves 
the size of the stomatal opening can be altered by a change 

Upper epidermis 

FIG. 55 .- C ross-sect ion of" leaf of privet (Digustrll:m '" Idgm'e) , X 250 

in the shape of the guard cells, thus affecting the rate of gas 
exchange. Stomata are also present in the epidermis of 
young stems. 

The mesophyll is the great food-manufacturing region of 
the leaf. It is typically differentiated into two kinds of 
tissues : palisade pa.renchyma and spongy parenchyma, the 
former' usually forming a single layer beneath the upper 
epidermis. The two kinds of parenchyma differ from each 
other in the form and arrangement of the cells, but both 

.have chloroplasts. The mesophyll if) characterized by 
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large intercommunicating air passages known as intercellu
lar spaces, which are especially conspicuous in the spongy 
portion. They communicate with the outside air through 
the stomata, and provide for a movement of gases through
out the leaf. 

FIG. 5G.- Portioll of lower c'p iderlllis relllov(,d frolll a g('ralli u lTl leaf (Pelar
gon£wn) , showing fo ur stomata scattered among the ord in a ry epidermal cell s, 
the latter having wavy ou tlines, X 500. Each stoma consists of a sli t -like 
opening bounded by a pair of gua rd cells. 

Each vein consists of a single vascular bundle in which 
the xylem occurs on the upper side, the phloem underneath. 
Around each bundle there is usually a sheath of parenchyma 
cells, its thickness being proportionate to the size of the 
vem. 



CHAPTE H VII 

METABOLISM IN PLANTS 

The term rnetabol£sm is applied to all processes in plants 
and animals which are concel'11ed either with the building 
up or with the breaking dmyn of protoplasm. In other 
words, it is the totality of physical and chemical changes 
by means of which the life of an organism is maintained. 
All processes in plants concerned with the manufacture 
and utilization of food, the release of energy, and the 
elimination of waste products are phases of metabolism. 
In general, we speak of any metabolic process as being 
either constructive or destructive, depending upon whether 
it contributes to the building up or breaking down of living 
matter. 

Independent and Dependent Plants.-It has already 
been pointed out that all green plants have the power of 
making food by photosynthesis, and that plants which 
lack chlorophyll are unable to carryon this important 
function (see Chap. III). Green plants are said to be 
independent because they nourish themselves, while depend
ent plants must absorb their food from some external 
source. All plants are independent except the fungi and 
a very few angiosperms, such as the dodder and mistletoes 
(see pp. 256- 258). Dependent plants which absorb food 
from dead organic matter are saprophytes, while those 
which subsist on other living organisms are parasites . 

Independent plants support themselves. They build 
up food within their own bodies from water, carbon dioxide, 
and mineral salts- inorganic substances which they absorb 
from their environment. These are not foods themselves, 
but raw materials from which foods are constructed in the 
plant body. Foods are organic substances which contain 
stored energy and which are thus capable of yielding 

75 
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nourishment to organisms. Inorganic substances cannot 
do this. Protoplasm, ,rhether plant or animal, can derive 
energy only from three classes of substances: carbohydrates 
(starch, sugars, etc.), fats, and proteins. These are 
organic substances; they alone yield nourishment; they . 
alone can sustain life. Thus, the food of all organisms is 
the same, the difference between green plants on the one 
hand, and animals and dependent plants on the other, 
arising from the manner in which they obtain their food. 
It is only green plants ,yhich can make food from inorganic 
materials. Animals and dependent plants must obtain it 
from an external source-food 'rhich was originally formed 
in the body of a green plant . Consequently, 'without 
green plants no other forms of life could exist, for they are 
the ultimate source of all nourishment. 

Absorption.-A green plant has two sources from ,,-hich 
it derives substances essential to its existence: the air amI. 
the soil. Through its shoot system, especially the leaves, 
it obtains oxygen and carbon dioxide. Through its root 
system it absorbs water with oxygen and small quantities 
of mineral salts dissolved in it. The oxygen is used in 
respiration, the other substances in food manufacture. 
Oxygen and carbon dioxide enter the leaves and young 
stems through the stomata; they enter the older stems 
through the lenticels. Water, with its dissolved substances, 
is taken into the roots through the root hairs. Oxygen, 
carbon dioxide, water, and mineral salts are the only 
substances which a green plant absorbs from its environ
ment. Organic matter in the soil, called humus, is not 
absorbed. That this contains nourishment is evidenced 
by the fact that such organisms as mushrooms and earth
worms can live on it, but it is not a source of food for green 
plants. After humus is completely decayed, it adds to the 
mineral content of the soiI. and thus enriches it for green 
plants, but while it is still in organic form it is not ~tilized. 

Diffusion.-All substances enter the plant by diffusion, 
a physical process which can be easily understood. When a 
crystal of copper sulphate is dropped into a glass of water, 
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minute particles of the salt, escape. as if': e,-idellced by the 
dark blue color aSi3umed by the water aro1lnd the ~rystal. 
Gradually the colored area hecornes larger and larger , 
until finally the ent ire liquid is uniformly light blue, 
indicating that a complete mixing of the two substances 
has taken place. This spontaneous intermingling of the 
particles of one substance ",ith those of another is called 
d1jj'usion (Fig. 57) . The direction of moyement is 
always from a region of higher to a region of lower concen
tration . Diffusion is exhibited only by soluble sub-

FIG. 5 i .- Diagram illustrating the diffusion of t he molecul!'s escaping from 
the surface of a soluble crystal placed in a vessel of water . (F rom Sin'HoLt , 
.. Botany; Principles and ProlJlcm.," .1IcGral(·-H iI! Bool, ( '()>nl'any, Inc., " ll 

perm.is.ion. ) 

stances. A lump of starch " 'ill not dissolve in water, and, 
consequently, there is no mo\'ement of its particles. If the 
liquid is shaken, a mechanical mixing occurs, but the 
starch soon settles to the bottom. 

Osmosis.-W'hen a salt solution is separated from pure 
water by a membrane through \yhich the particles of both 
substances can pass, the salt particles diffuse into the 
water as if no membrane were present. This movement 
continue~ until the concentration is the same on both 
sides of the membrane, that is, until there are approxi
mately the same number of salt particles per unit volume 
on one side as on the other. vVith respect to any given 
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substance, a mellJbrane is said to be pcnneable if t he 
substance can pa::;::-; through it , and 'impermeable if i t cannot.. 

~. 
~[ ,I h/ 
I " t.1 
I i 1 ~ 

FIG. [)I' .- D('monstra
tion of osmosis. A parch
ment membrane is t iNI 
over th~ low,," (,no of a 
thistle tube, tlw \ ubI' par
tially fill l'd wi th n strong 
salt so l u ti o n, and im
mersed in :1 b""kl'r of 
dis tilled water. Water 
passes in to the tube, caus
ing a d ilution of the s:ll t 
solution and r ise in i ts 
leveL 

The diffusion of a substance through a 
membrane is called osmosis. vYhile all 
osmotic mem.branes are permeable to 
\Yater, any gi\'en one is usually perme
able to Rome substances and imperme
able to others. Thus, a thin piece of 
parchment , placed betvveen a salt solu
tion and pure ,yat.er, while permeable to 
the water particles almost completely 
checks the free diffusion of the particles 
of .. alt. Under these conditions, prac
tically no salt passes t hrough the mem
brane, but a great deal of water moves 
ill the opposite dil'ection (Fig. 58) . 

An osmot.ic movement of water occurs 
whenever a strong solution is separated 
from a weakel' one by a membrane 
\vhich is impermeable to the dissolved 
substance, the direction of movement 
aLways being from the Less dense to the 
more dense solution. A familiar illus
tration is seen in the swelling of prunes 
or raisins when placed in ,,·ater. The 
skin of the fruit, if unbroken, is imper
meable to the sugar contained inside, 
and thus \yater enters, But if the 
swollen frui t is then put into a strong 
syrup or a strong salt solution, water is 
withdra\vn and it again shrinks. 

It is by osmosis that all substances 
enter and leave all living cells. The cell 
wall which surrounds most pl~nt cells 
is permeable to free gases, water, and 

dissolved substances, but the plasma membrane is perme
able to some substances and impermeable to others. Thus, 
sugar in a root hair cannot pass out of the cell, but any given 
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soil salt can enter as long as its concentration is greater in 
the soil water than in the cell sap. The entrance of water 
depends upon the total concentration of dissolved sub
stances on each side of the plasma membrane. If a cell 
is in 'contact with water or a weak solution, w'ater enters, 
but if placed in a strong salt solution, \mter passes out of 
the cell, and, as a consequence, the elastic pla5ma membrane 
shrinks away from the cell \YaH (Fig. 50). This behavior 
is known as plasmolysis. 

prasma membrane 

A B 
FIG. SIJ.-I>cIHollstrati{J1l of pla~mol:;s i s; "1. Il o rm al cd l f, f h'ar o f J~ lod((L 

X 250 ; B. the san, c a fte r i)- rHin. immersion ill a 2 PCI' cell t solutirJfl of sodium 
chloride, showiH g tbe con t raction of the pi:tsma membrane causell by a wilh
drawal or wa ter from the cell. 

Conduction and Transpiration.- The cell sap of the 
root hairs, containing various dissolyed substances, is 
relatively much more highly concentrated than t he soil 
,Yater, and thus \Yater enters in response to the law of 
osmosis. Dissolved substances also diffuse into the root if 
the plasma membrane is permeable to them. After 
entering the root hairs, the soil water passes through the 
living cells of t he cortex by osmosis. Upon reaching the 
vascular cylinder, i t moves up,,'al'd through the xylem 
tissue into the stem and out into the lea,'es. 'Nater 
travels yery rapidly through the vascular system , as xylem 
tissue, it will be recalled, consists almost ent irely of cells 
which have no protoplasm. They are greatly elongated, 
thick-walled tubes, and thus the ascending water (sap) 
moves through c3sit ie " in dead cells . 
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Upon reaching the leaves, nearly all of the water which 
has traveled up the stem is evaporated through the stomata 
(Fig. 60). 'Water vapor is constantly being given off into 
the air from leaves; in fact, the chief value of the \yater 
which a plant absorbs from the soil is to replace that \yhich 
is evaporated. If this were not constantly replaced , the 
plant would \\'ilt and e\'entually die. The giving off of 

F,G. GO. - - D em ons tmtion of transpiration. A geran.ium shoot , held in all 
inverted flask by meanS of a split cork, has its lower end in a bottle of water, 
The photo!-(raph to t he ri ght, taken an hour later, shows condensation on the 
inside of t he flask of water \' apnr giye n off b~' the sboot. 

water vapor from leaves is termed tTanspiration, but it is 
merely evaporation . through stomata. This water loss, 
always a danger to the plant, is unavoidable because the 
stomata must be kept open so that respiration and photo
synthesis may go on, 

The causes goveming the upward movement ~f water 
in the plant ha\'e been extensively investigated, but as 
yet a thoroughly satisfactory solution of the problem has 
not been reached. It is apparent that an enormous 



METABOLISM I N N_,.·I NTS 81 

amount, of energy i~ req llired to force OJ' lift l\'l-iter t,o t J w 
height of tall trees. The ~ource of this energy is 8t ill a 
very uncertain mat ter. One uf the must widely accepted 
theories seeks to explain the ascent of sap in terms of the 
lifting force of transpiration and the cohesive strength of 
water. Evaporation exerts a tremendous pull on the 
innumerable threads of \yater in the xylem tissue, and yet 
the particles of water in these threads seem to hold together. 

Photosynthesis.-'\Ve have seen that green plants make 
carbohydrate food from \yater and carbon dioxide. The 
latter is a gas present in the atmosphere in very minute 
quantities-ordinarily in the proportion of about 0.03 
per cent. It enters the leaves through the stomata, dif
fuses into the intercellular spaces, and is absorbed by the 
mesophyll cells. The chloroplasts have the power of 
combining carbon dioxide with water in such a way that 
a carbohydrate is formed and free oxygen is liberated. 
The process of photosynthesis is represented by the follow
ing equation: 1 

Carbon dioxide' Water Grape sLIgar Oxygen 

This means that six molecules of carbon dioxide combine 
with six molecules of water to produce one molecule of 
grape sugar and six of free oxygen (each molecule of oxygen 
being composed of two atoms). The primary product of 
photosynthesis is commonly a simple carbohydrate known 
as grape sugar. Most of the free oxygen passes out of the 
leaf through the stomata, although some may be immedi
ately used in respiration (Fig. 61). 

The manufacture of carbohydrate food is dependent upon 
two special factors : chlorophyll and light. Photosynthesis 
can go on only in green tissues-only under the influence of 

1 Actually, the process of photosynthesis is not as simple as this, the 
equation represent ing onl~' the end products of a series of intermediate 
changes which a re incompletely understood. It seems that the water and 
carbon dioxide are first deco mposed by the chloroplast, the ir constituent 
atoms then heing recomhin ed, first into one or more simp ler com pounds, and 
fin a lly into the rarhoh~·drate. 
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chlorophyll. While the mesophyll region of the leaves is 
the great center of photosynthetic activity, the process 
goes on in all green parts of the plant, as in the cortex of 
young stems. Carbohydrates can form in green cells only 
in the presence of light; at night photosynthesis ceases. 
Energy is absorbed from the sunlight and utilized by the 
chloroplasts to bring about the union of water and carbon 

FIG. Gl.-Experimcnt illustrating the release of oxygen in photosynthesis. 
Bubbles of oxygen arc arising from the cut end of the stem of the water plaut 
(Elodea), and arc gradually displacing the water in the test tube. The apparatus 
is standing in wcrtk sunlight. 

dioxide. This energy is stored in the carbohydrate just 
as energy is stored in a wound watch spring. The storage 
of energy is really the most significant phase of photo
synthesis, for it is the potential energy contained in all 
foods which makes them capable of sustaining life~ 

Sugar constitutes the chief food of plants. After being 
formed it may be immediately used by the leaf cells as a 
source of nourishment, or transported through the vascular 
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system to other parts of the plant and there utilized. 
Ordinarily, sugar is formed in a leaf more rapidly than it 
can be removed. The excess is then changed to starch, 
which temporarily accumulates. At night, after photo..; 
synthesis has ceased, the starch is reconverted to sugar 
and transported to other parts of the plant. It should 
be recalled that, for the most part, food is conducted 
through the phloem tissue. 

Formation of Fats and Proteins.-These are more com
plex foods than carbohydrates. They are not made by 
photosynthesis directly from inorganic substances, but 
are transformation products derived from carbohydrates. 
Fats contain only carbon, hydrogen, and oxygen, the same 
elements which are present in carbohydrates, but here they 
are combined in a different way. In carbohydrates the 
hydrogen and oxygen are combined in the same proportion 
as they occur in water, but in fats the proportion of oxygen 
to hydrogen is much less. Fats usually occur in liquid 
form in plants, that is, as oils. They can be formed in 
any part of the plant "here there are carbohydrates, not 
merely in green parts. 

All organisms require some protein food because proto
plasm itself is largely composed of proteins. Proteins 
are compounds of carbon, hydrogen, oxygen, and nitrogen, 
while most of them contain sulphur and some phosphorus 
as well. They are elaborated carbohyrrates to which new 
elements are added to form very complex compounds. 
The elements nitrogen, sulphur, and phosphorus enter 
the plant through its root system in the for.m of nitrates, 
sulphates, and phosphates, that is, as salts. Although 
approximately 78.2 per cent of the air consists of free 
nitrogen, green plants are unable to utilize atmospheric nitro
gen in the synthesis of proteins, and thus must depend upon 
nitrates in the soil for their supply. The manufacture of 
proteins ~may take place at any time and anywhere in the 
plant, as it is not dependent upon light or chlorophyll. 

In addition to nitrogen, sulphur, and phosphorus, all 
green plants require four other elements which occur in 
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the ~oil. The:-;e arc IJota:-;:-;illlll, nd('illJlJ , 11Iagllesilllll, awl 
Iron. They are not u:-;ed in protein :-;ynthe~is , but in other 
ways. Thus, there are ten essential elements which the 
plant must ha\"e in order to canyon its normal functions: 
carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus, 
potassium, calcium, magnesium, and iron. It should be 
realized that all except the first three enter as salts from 
the soil , but that by far the greater part of the plant is 
composed of carbon, hydrogen , and oxygen. 

Food Storage.- Food made by the plant and not immedi
ately used accumulates in various parts of the body. 
This reserve food , as it is called, most frequently is stored 
in the form of starch, although often sugars, fats, and 
proteins accumulate in varying amounts. It has already 
been seen that roots are common storage organs, while, in 
Inany plants, underground stems (rhizomes, tubers, or 
bulbs) serve as organs of food accumulation. All seeds 
contain reserve food, and, because they contain little water, 
the food is highly concentrated. The amount of food 
stored in fleshy fruits, leaves, and ordinary stems is usually 
small. Reserve food represents nourishment to be used 
at some future time, either by the plant itself or by its 
offspring. 

Digestion and Assimilation.- Before resen-e food can 
be utilized it must undergo d'igest'ion, a process which may 
go on in any living part of the plant. The conversion of 
~tarch to sugar is an example of a digesti\-e change. Diges
tion in organisms is accomplished through the action of 
substances called enzymes, of \\"hich there are many kinds. 
The commonest starch-digesting enzyme in plants is 
diastase. Resen-e foods are mostly in an insoluble condi
tion, that is, they cannot be dissoh-ed in water. The 
process of digestion is merely a means of rendering foods 
soluble, and this is necessary in order that they may pass 
by osmosis from cell to cell, and so that they" may be 
eventually made into living matter. Assimnation is the 
transformation of digested food into protoplasm; it repre
sents the final stage in constructiye metabolism. Thus. 
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sugar itself and all of the other kinds of foods made from 
' sugar contribute to the actual organic substance of the 
plant, which is constantly being built up . Growth can 
occur only through assimilation, which, in turn, is depend-
ent upon food manufacture. . 

Respiration.- Plants and animals are machines in the 
sense that they utilize energy in the performance of their 
functions. This energy is derived from the breaking down 
of their o,,"n living substance. If a green plant is kept in 
darkness so that photosynthesis cannot go on, its dry weight 
decreases because its protopla~m is slo\\"ly being destroyed. 
If a paramoecium is kept in \Yater containing no food, we 
can actually observe a gradual decrease in size until death 
finally ensues. All organisms are constantly consuming 
energy in carrying on their vital activities, and, as a conse
quence, living matter is always undergoing decomposition 
so that energy may be available. lTnless rene"'ed by the 
assimilation of additional food, there i~ a steady loss of 
weight. Protoplasm must be built up because it is constantly 
being broken dO\yn; the constructive phases of metabolism 
must counterbalance the destructive if the life of an 
organism is to be maintained. 

The ultimate source of all \"ital energy is the sunlight, for , 
as previously explained, solar energy is absorbed \yhen 
carbohydrates are made by photosynthesis. This energy 
becomes stored in the food, and when the food is assimilated 
it becomes incorporated in the protoplasm. The potential 
energy contained in living matter is liberated by respiration, 
which is essentially an oxidation process. '~Then oxygen 
combines "ith protoplasm, the latter break::; do\Yll into 
simpler products \yith an accompanying release of energy 
for use by the living machine . Thus we see why all organ
isms must haye constant access to oxygen in order to live. 
Ordinarily, most of the oxygen is absorbed from the air (of 
which it forms about 20.8 per cent), entering the plant 
through the stomata and lenticels, but some also diffuses 
into the roots from the ~oil water in which it is dissolved . 
It is carried to all of the living cells of the plant, diffusing 
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chiefly through the intercellular spaces. The chief products 
resulting from the decomposition of protoplasm through 
oxidation are water and carbon dioxide. The latter passes 
out of the plant through the stomata and lenticels into the 
air, and through the roots into the soil. 

Respiration goes on at all times-in all living cells- in 
all plants and animals. It involves the absorption of oxy
gen and the liberation of carbon dioxide. The fundamental 
feature of respiration, however, is not this gas exchange, 
but the destruction of organic matter within living cells in 
order that energy may be released for use in carrying on 
vital functions. Much misunderstanding often arises from 
failure to appreciate the significance of the gas exchanges 
which occur between green plants and the atmosphere. 
Therefore it should be understood that in photosynthesis; 
which proceeds only in the daytime, carbon dioxide is 
absorbed and oxygen is liberated, while in respiration, which 
goes on all the time, the gas exchange is just the reverse. 
At night only respiration is carried on; in the daytime both 
processes take place simultaneously. Under favorable 
conditions, however, When photosynthesis is active, there 
is much more oxygen given off than carbon dioxide; in 
fact, the latter may not even pass out of the plant but be 
immediately utilized in the manufacture of sugar. 

Photosynthesis and respiration may be contrasted as 
follows: 

PHOTOS YNTHESI S 

Orga nic ma tter is constructed 
H 20 a nd CO, a l'c raw ma terials 
Oxygen is liberatcd 
Energy is stored 
Occurs only in green tissues 
Occurs only in daytime 

llES PIRATlON 

Orgn.ni(·, mat tcr is destroyed 
H 20 and CO2 are wa s te products 
Oxrgen is absorbed 
Energy is liberated 
Occurs in a ll living tissues 
Occurs at a ll times 

Irritability.- In order that the various metabolic func
tions of the plant may be carried on most advantageously, 
it is necessary that all of the vegetative organs be brought 
into the most favorable relations to their environment. 
This is accomplished chiefly through the property of in'ita-
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bility. It has already been stated that the power of 
response to external influences, or stimuZ,i, is an inherent 
property of protoplasm, and hence is common to all organ
isms (see p. 11). In general, plants react to stimuli much 
more slowly than do animals, and the mechanism of 
response is much different; yet the response itself is just as 
definite. Young parts of plant s, such as root tips and 

FIG. 62.-Response to gravity. Three seedlings of scarlet rtllmer bpan placed 
in a horizon tal position and photographed 12 hours laler. T he root tips have 
developed a curvature in response to the stimulus of gmdty. 

elongating stems, are most sensitive to stimuli, but older 
parts often respond as well. Irritability in plants is mani
fested chiefly by the direction of gro'\Yth and orientation 
w~ch the various organs assume. Under ordinary condi
tions, the primary root grows downward, the main stem grows 
upward, while the branches and leaves are held in a more or 
less horizontal position. The chief stimuli which call forth 
these responses are gravity and light. 
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The action of gra \'it.y ( ~all he 1-\eell t.o ad \':1I1t age in :;;eedlin/!;,,: 
1 t is a ,,-ell-knoml fac t that , no matter in \yhat position a 

',_ 'h-: ~,, '~ ._ .... __ "" . 
~ M' a 

F IG , 63 ,-Responsc to gra vi ty , A seedling of sca rlet runner bean pho to
graphed under norm al conditions (a) and after hadllg been placed in a hori
zon tal posit ion for se \'cral hours (b), Note the response, both on eIle part of 
t. he leaves and of t he stem, 

seed is placed in the soil, when it sprouts the primary root 
always gro\Y~ dm\'l1ward, forcing its way through the soil, 
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while the stem pushes upward toward the light and air. 
If a seedling is placed in a horizontal position, however, the 
root tip soon begins to turn downward again and the stem 
in the opposite direction (Figs. 62 and (3) . The chief stimu
lus involved in these reactions is gravity. It is evident that 
the root and the stem respond to the same stimulus, but in 
an exactly contrary manner, the root grO\dng toward the 

A 

FIG. 64.-Response to ligh t . A y oung mallow plant (.Valva) which has been 
exposed to one-sided illumination for several days; A, side view ; B, face view. 

stimulus, the stem away from it. Leaves react to gravity 
also, becoming oriented in a horizontal plane, that is, at 
right angles to the direction in which the stimulus is 
acting (Fig. (3). 

The mechanism of response is important to understand. 
When an organ is placed in a different position from that 
in which it has been growing, so that the stimulus of 
gravity acts from a new direction, it responds by a curva
ture. This is brought about by an unequal acceleration 
of growth on opposite sides of the organ. Thus, in Fig. 
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63, the lower side of the stem is stimulated to grow faster, 
and in Fig. 62, the upper side of the root. The leaf is 
oriented by a growth curvature of the petiole, or a twisting 
of the base of the blade itself. If a plant is placed in a 
horizontal position and slowly rotated so that the stimulus 
of gravity can act upon it with equal intensity from all 
sides, there is no reaction. 

FIG. 65.-A mustard seedlin g growing with its root in water . The pl l.l llt, was 
at firs t illumin ated from a ll sides, bu t later from only one side (shuwn by direction 
of a rrows) . Note that the stem has hcnt toward t he light and the roo t away 
from i t . while the leaves have taken up a. posi t ion at right angles to the light. 
(From Sinnott, .. Botany, Principle, and Problems," lIfcGraw-Hill Book Company, 
I n c. , after ;:)trasb'uraer, by permission.) 

The response of the shoot to light is one of the most 
obvious expressions of irritability in plants. Under ordi
nary conditions, most leaves assume a horizontal position, 
their orientation manifestly being such that the rays of 
light strike the fiat surface of the blade at right angles 
(Fig. 42) . This permits them to absorb a maximum 
amount of solar energy for use in photosynthesis~ With 
a change in the direction of the light rays, the leaves 
assume a new position. This is apparent when a house 
plant is placed near a window, the stem tips tending to 
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grow toward the source of light, while the leaves bend so 
that the blades are perpendicular to the direction from 
which the light is coming (Fig. 64). Thus the growth 
direction of the stem and the orientation of the leaves 
represent a definite response both to the stimuli of gravity 
and of light, the latter being the stronger influence. If a 

FIG. 66.-Experimcut illustrating the respollsc o f roots to moistu re. The 
seedlings a re pirUled to the und~r8idc of " slopin~ board covered with wet paper . 
The stimuli of gravity and of moisture are acting from different directions, and 
the latter proves to be the strouger . 

plant exposed to one-tiided illumination is slowly rotated, 
there is no response to light, as the intensity of the stimulus 
is then equalized. 

Whil~, ordinarily, roots do not react to the stimulus of 
light, under appropriate conditions, and in some cases, 
they are seen to grow away from its source (Fig. 65). 
Roots are very sensitive, however, to the stimulus of 
moisture. While this is usually not apparent by reason 
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of the fact that commonly the stimuli of gravity and 
moisture act from the same direction, an experiment can 
be readily arranged in which the two act from different 
directions (Fig. (6) . Then it is seen that the influence of 
moisture is stronger than that of gravity. It is obviously 
an advantage to the plant for its roots to gro\\' from drier 
to more moist parts of the soil. 



CHAPTER VIII 

REPRODUCTION IN PLANTS 

It will be recalled that nutrition and reproduction are 
the two great functions of all organisms, the former 
maintaining the individual, the latter, the race. The 
root, stem, and leaf are concerned chiefly with the nutri
tion of the plant body; they provide for its growth and 
continued existence. The flower, fruit, and seed, on the 
other hand, are related to the work of reproduction. 
They have nothing to do with the welfare of the plant 
body of which they are a part; their functions are associ
ated with the coming into being of new individuals. 
Reproduction may be defined as the production of a new 
organism; it may occur either sexually or asexually. Just 
as vegetative structure sho"'s a progressive advance in 
passing from the lower to the higher plants, so do the 
parts associated with reproduction exhibit an increase in 
complexity. For this reason, we shall first consider 
reproduction in some of the algae and fungi, as here it is 
relatively simple. 

Fission.-The direct division of an organism to form 
two independent individuals is obviously the most primi
tive method of reproduction possible. In fact, it is the 
only method among many of the lon'est plants and animals 
(see Chap. III). In unicellular organisms, fission is 
merely reproduction by cell division. All cells divide, 
but among . multicellular organisms cell division results 
not in reproduction, but in growth. Because of this 
fact, reproduction can take place only by the separation 
of a cell or group of cells from the parent individual, the 
new organism developing from this fragment. A common 
way in which this process operates in plants is by the 
production of spores. 

93 
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Spore Reproduction.- A spore may be defined as a cell 
having the capacity of de,"eloping directly into a new plant. 
In many of the simpler algae, the content::; of anyone of the 
yegetative cell;,; of the body may give rise to one or more 
uninucleate swimming spores (Fig. 67) . These escape 

A 

\JP' ~ 
(9~ ' /\-

C 

E 

FIG. 67.-Spore reproduction in ["lothrix a nd Oedoooni um; A, port ion of a 
YegetatiYe fi lalll0nt of Ulothrix. E,wh ~ell conta ins a peripheml, band-like 
(' hloro plast whi (' h o!,s( 'llres the cen tral Jl ueicus. N umerous starch-forming 
hoJies ar c s,'e n O il the chloroplasts. B, fo rmation of spores inside t he cav ity of 
the vegetat iv0 (·(' ll s. C, free-swimming spo res of Ulothrix whi('h have esc:lIJed 
from t he ve!(eta t iv(' filamcll t. n a nd E, formation and escape of a swimming 
spore in Ocdouollill1l! . The spore in this a lga is provided with a (' rown of ('ilia. 
( D and E. r edraw/(. a/ II' r H i nt .) 

from the cell cavity as naked cells (lacking a cell wall), 
and swim through the water by means of cilia. 
Swimming spores resemble the flagellates, not only in 
being motile, but also in having a contractile vacuole and 
a pigment spot (:.;ee pp. 29 and 30). After coming to rest, 
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each spore gives rise to a new plant by cell division, this 
behavior being called germinat1;on. In some of the algae 
and many of the fungi, spores are produced in specialized 
structures called sporangia (singular, sporangium), which 
are formed for the sole purpose of spore production, a 
feature which becomes established in the higher plants 
(Fig. 68). It is only in the algae and a few of the fungi 

B 

FIG. 6S.-Spore TCpwtiU("I,io ll in g clocarpl!8, Sa prolevnia . a nd R hizopI<, ; A , 
sporangiuOl of E clocaT))/ls. a OIarinr alga , a ri ,i ll p; a s a hnw eh of the vege ta ti ve 
filament; alsu a single swimming SlJo re; B . spoI"aJJgiul11 o f fiapro/cynia. " wa ter 
mold, and several escaped swimming spores; C, spore forma t,ion in R hizojJu,s , th e 
common bread m old ; the sporangiulll contains a grea t llum ber of ae ria l spOJJCS. 

that swimming spores are produced. In most uf the fungi , 
and in all of the higher plants, except as noted below, the 
spores are shed into the air, and no swimming spores are 
formed (Figs. G8C, 73, and 74). Aerial spores have a cell 
wall, which prevents t heir drying up, and, of course, lack cilia. 
In a few pteridophytes and in all of the spermatophytes, 
there are two kinds of spores which differ in size: micro
spores (small) and megaspores (large) . Only t he microspores 
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are shed into the air, the megaspores being retained within 
their sporangia. 

Vegetative Multiplication.-In many plants reproduction 
takes place by the separation of , ... hole groups of cells, a 
method which occurs in all four of the great plant groups, 
but is most familiar in seed plants. Vegetative multipli
cation merely invoh'es the isolation of some vegetative 
portion of the plant. For example, in the strawberry 

FlG . (}g .-~t ra.wiJcrry, showin g vegetative Dlultipli('at ion hy lucanB of rUIlIlf'I"S, 
X 1,:1 . The dyin!,!; a way of t he runne rs isolates the ne w plant s \\'hi('h have a l'is{' n 
at. t he nodes. Note tha t o nly every other bud deyclops. the others remaining 
dormant . 

horizontal stem branches called ({ runners " are produced 
which send out roots and buds at the nodes, the older parts 
later dying away (Fig. 69). In this way many new plants 
arise. The formation of tubers in the common potato, 
of rhizomes in the iris and lily-of-the-yalley, and.of bulbs 
in the tulip and onion are all means by ,vhich vegetative 
multiplication is accomplished. The planting of ({ slips" 
or ({ cuttings" is a method of plant propagat ion extensively 
used by gardeners (Fig. 70) . A slight modification of 



rnwr?O{) U('TfO N I N PLA N TS 07 

this methoJ is Keen in the practice of bndding and ura/t·ing , 
whereby a detached bud or twig of one plant is inserted 
into another in such a way that the former continues to 
grow and produce the same kind of leave8! flowers! and 
seeds that it would had it not been remo\'ed. 

F IG. iO.-Cutt.ing of chrysanthemum , illus tratin g the form ation of roo!.s a t t h p 
lower end of an isohit.ed hraneh. 

Sexual Reproduction in Lower Plants.- Sexual repro
duction among the lower algae is a relatively simple 
process. Detached cells called gametes are formed which 
resemble swimming spores in appearance! but are usually 
smaller (Fig. 7lA). Although gametes arise in the same 
way that spores do! they are incapable of directly forming 
a new plant. Instead of germinating, they come together 
in pairs and fuse. The essential feature of sexual repro
duction in all organisms is the fusion of two gametes. 
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The pairing cells become one, and then their nuclei unite. 
The cell \y hich arises from the union of t \H) gametes is 

D 

A 

B 

FIG .• I.-Sexual reprodu~tion in some ~ommon fresh-water a lgae; A, Ulothrix , 
showing YPgC'tat i" e (·ell :; gi\'ing ri se to nUll1("rous fr('e -swim rn ing gametes which 
pa ir a nd fll se ; B, S1);7'00Yl"a, illus trating nn ullu"ua l form of sexual reproduction 
whl're the ('0 Il s of nuja('(, IH f1lnmellts put out tu !.es t.hrough which the contents 
of the (llle fll .. ,," ,,-j lh th os0 of t.he other ; C,,, ue\' elflp ing egg (below) and a heavy
wflll" d zygote (a ho\'(') of Oedooonium; D, g rou p of fou l' swimming i;po res pro
duced hy the zygot(' of O"dooonium; E, form a tion of sperm s in Oedooonium. 
(D, redrawn after J urallyi.) 

called a zygote. In the algae it usually secretes a heavy 
wall around itself and goes into a dormant condition. 
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It is only in the lower algae that both of the fusing 
gametes are alike in size and behavior. In most plants 
gametes are of two different kinds: one remains small and 
active, while the other becomes large and passive, being 
retained within the cell from which it arises (Figs. 71C and 
71E). The smaller gamete is called the sperm or male 
gamete; the larger one is called the egg or f emale gamete. 
The large size of the egg is due to the accumulation of 
reserve food in the cytoplasm, its motifity being sacrificed 
for an increased nutritive capacity. The sperm swims to 
the egg and fuses with it, this act being calledfertil·ization. 

In the algae and fungi the zygote is commonly a resting 
cell. Later it gives rise either to a new plant body directly 
or to spores which germinate (Fig. 71D). In the 
bryophytes and the two higher plant groups, the zygote 
does not rest, but divides soon after fertilization has 
occurred, producing a new plant body directly. Although, 
as stated above, no plants above the thallophyte level 
have swimming spores, motile sperms are retained through
out all of the bryophytes and pteridophytes. In fact, 
even some of the lower gymnosperms have ciliated male 
gametes-a most remarkable fact. 

The gametes of the lower algae, whether they are dif
ferentiated into sperms and eggs or not, arise directly 
from ordinary vegetative cells just as toe spores do (Fig. 
71). In the higher algae, however, and in bryophytes 
and pteridophytes, gametes are produced in specialized 
gametangia or sex organs (Figs. 73 and 76). In the sperma
tophytes, sex organs are not present, but reproduction is 
complicated by the development of other special features, 
and so a consideration of reproduction in the seed plants 
will be deferred. 

Alternation of Generations.-In a few thallophytes and 
in all of the higher plants, there exists a phenomenon 
known a~ alternation of generations. I t is seen to best 
advantage in the bryophytes and pteridophytes. Briefly 
stated, alternation of generations means that there are two 
kinds of ind~viduals involved in every life cycle----one 
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producing spores, the other gametes (Fig. 72). The 
zygote gives rise to a plant body which produces spores, 
and is thus known as the sporophyte. When a spore 
germinates, however, it produces a different kind of plant 
body which bears gametes, and so is called a gametophyte. 

/SPORE 

"" .. ,,"" ~ 
G"AMETOPHYTE 

ANTHE~ONIUM 
~ + SPERM EGG 

SPOROPHYTE 

ZYGOTE 

FIG. 72.-Diagram illust rating the general scheme of a l ternation of generations 
in a moss or a (ern. 

Life History of Moss.-An ordinary moss plant consists 
of a small leafy stem bearing filaments at its lower end, 
called rhizoids, through which water and mineral salts are 
obtained from the soil (Fig. 73). True roots, such as 
characterize the seed plants, are lacking. The stem does 
not have a vascular system, while the leaves consist 
mostly of just a single plate of cells. At the upper end of 
the stem, groups of complex sex organs are borne-one 
kind (antheridia) producing a great many sperms, the other 
(archegonia), each containing a single egg. Thus this 
plant body is a gametophyte. The sperms are discharged 
when the plants are wet, and swim by means ot a pair of 
cilia. They enter the female sex organs, and fertilization 
is accomplished when a single sperm penetrates the egg 
and their nuclei fuse. 
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The zygote does not escape from the female sex organ 
and pass into a resting stage, but germinates immediately. 

a 

FIG. 73.-Life history of a moss (mainly Polytriclwrn ); a , male plant bearing a 
cluster of antheridia at i~ upper end, Xl; b, longi tudina l section of a single m ale 
organ (an theridium) containing a great number of sperms, X 150 ; c, enlarged 
view of two moss sperms ; d, longitudinal section of a single female sox organ 
(archegonium) , X 150. Note the single egg a nd the long narrow passage down 
which the sperm must swim to effect fertilizat ion; c. female plant wit h a mature 
sporophy te arising from its tip, Xl; j, a sporangium from which the outer 
covering has been removed; g , enlarged vi ew of several spores; It, t he fil am entous 
protonema.~iving rise to a bud from which a n erect leafy shoot will be developed, 
. X 75. 

By repeated cell division, the zygote gives rise to a sporo
phyte which arises from the top of the gametophyte. It 
consists of a long _stalk bearing a terminal sporangium 

LIBRARY 
...... , A II r.fti ..... h~tnr. _ 3 
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(Figs. 29 and 73e) in which a great many thick-walled 
spores are produced. The spores are dispersed into the 
air, and, upon germination, give rise to a delicate, green, 
branching filament (the protonema) from which the erect 
leafy shoots arise (Fig. 73h). Thus, in the life history of a 
moss there are two distinct plant bodies involved which 
alternate with one another, one representing a sexual 
generation) the other an asexual generation. An important 
feature of the mosses is the fact that the gametophyte is an 
independent plant, but the sporophyte is not because it 
derives its nourishment from the gametophyte. 

Life History of Fem.- Alternation of generations in the 
ferns follows the same general scheme as in the mosses, 
but the structures involved are very different. An 
ordinary fern plant consists of a perennial underground 
stem (a rhizome) which sends out roots into the soil and 
leaves into the air (Fig. 74). As in the seed plants, a well
developed conducting system is present. A fern leaf is 
peculiar in that the blade is divided into a number of 
small leaflets; otherwise it has most of the structural fea-
tures of a typical leaf already studied. . 

On the back of the leaflets, small groups of sporangia are 
borne (Figs. 32, 74). Each sporangium contains a number 
of thick-walled spores which are discharged into the air. 
Thus the familial' fern plant is a sporophyte, although 
obviously very different from the moss sporophyte. When 
a spore falls upon moist earth, it gives rise to a flat, green, 
heart-shaped body about 6 millimeters (:>-4: inch) in diameter 
(Fig. 75). From the lower surface numerous rhizoids are 
put out into the soil. Sex organs are also borne on the 
lower side, the male organs (antheridia) being scattered 
among the rhizoids, the female organs (archegonia) 
occurring near the notch. Thus) this little green body is a 
gametophyte. The sperms, which are large, coiled, multi
ciliate cells, are discharged from the male organs and swim 
toward the eggs (Fig. 76). Fertilization occurs by the 
fusion of a single sperm with an egg. As in the mosses, 
the zygote does not escape) but germinates immediately, 
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c 

B 
FIG. 74.-Spore-bcaring structures in a fern (Aspidium ?nal·ginale); A, the 

sporophyte, consisting of an underground stem bearing large divided leaves, 
X H; E, portion of the under side of a leaflet enlarged to show the groups of 

sporangia, each group in this case covered by a membrane; C, a single sporangium 
and several spores, X 150. 
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FIG . 75.-The gametophyte of a fern . " iew of the lo wer surhce, showing 
rhizoids with male sex organs scattNed among them , and female Ol'gans nea r the 
not ch. (From Sinnott, "Botany; Principles and Pro/,l em, ," .1l cOraw- Hili B ook 
Company, Inc. , by permission ,) 

b 

FIG. 76.-Sex organs of a fern, X 350; a, longitudina l section of a female 
organ (archegonium) containi ng a single large egg; b, longit udina l section of a 
male organ (antherid ium) containing a n umber of sp('rms; also" single escaped 
"perm greatly enlarged . 
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forming a young sporophyte. The latter derives its 
nourishment from the gametophyte for a while, but soon 
develops a rhizome, roots, and a leaf, thus becoming inde
pendent (Fig. 77). 

It is apparent that the conspicuous difference between a 
moss and a fern is the presence of an independent sporophyte 
in the latter. In all of the bryophytes the gametophyte 
bears leaves and does practically all of 
the work of photosynthesis, the sporo
phyte being dependent upon it for 
nourishment. In the pteridophyt"es, 
on the other hand, by developing 
highly differentiated organs, the sporo
phyte attains independence and be
comes the dominan t generation. The 
fern gametophyte is consequently a 
greatly reduced structure concerned 
with the production of gametes and not 
primarily with the manufacture of food. 
In the spermatophytes the sporophyte 
is also the conspicuous generation, 
the gametophyte being , 'ery greatly 
reduced and obscure. 

FIG. 77. - Young fe rn 
sporophyte, d e v e l 0 p e d 
from" zygote, still attach
ed to the gametophyte. 

Seed and Fruit Formation.-Repl'oduction in the sperma
tophytes is complicated by the development of a number 
of special structures necessary to the formation of seeds, 
and for this reason is very different from reproduction in 
the lower groups. It has already been pointed out that 
there are two groups of spermatophytes-gymnosperms 
and angiosperms- and that the chief difference between 
them is whether-the seeds are exposed on a scale or enclosed 
in a fruit (Fig. 35) . The following account will deal with 
reproduction in angiosperms. 

The Flower.- Preparatory to the ultimate production of 
seeds is the appearance of the flower. A typical flower 
consists of a calyx, a corolla, stamens, and a pistil (Fig. 78). 
The calyx is composed of individual sepals- green leaf-like 
parts which form an outer covering £01' the young flower 
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bud. The corolla, occurring just inside the calyx, is made 
up of petals, which are usually either white or conspicuously 

FIG , i s,- FlowC'r and fruit of orange (Citrus s'incnsisl ; A, flowering shoot, 
X Y.!; B, unopened flo w"r hud, X 1; C, single flower wi t h two of the pe tals alld 

sm'eral st·a men s cut a wa y, X 2; D, cross-sec tion of the ovary, X ;l; E, pistil just 
after fertili zation has taken place , the petals and s tamens hadllg failen off, 
X l 7L F, G, fl , early stages in development of the fruit, X ] H ; p, pet a l; s, 

Bepal ; st, stamen; rrc , receptacle; ow, ovary wall ; 0, ovules; sti, stigma; sty, style; 
OV , ovary: nee, nectary. • 

colored. The petals, as well as the sepals, may be entirely 
separate and distinct from one another, or united to form a 
tube, as in the morning glory and petunia, The stamens, 
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situated inside the corolla, produce a yellow powder 
called pollen, which consists of minute grains. Each pollen 
grain is a single cell- really an aerial microspore. The 
pistil,I in the center of the flower, consist s of an enlarged 
basal portion called the ovary. Arising from the top of the 
ovary is a slender stalk-like style. A portion of the style, 
usually its tip, ordinarily is modi
fied in some ,yay for the recep
tion of pollen. This is termed 
the stigma. The ovary is a hollow 
vessel containing s mall bodies 
known as ovules, each one of which 
is an incipient seed. The number 
of ovules in an ovary varies among 
angiosperms from one to many. 

In order that ovules may become 
seeds, pollen must first be trans
ferred from a stamen to the pistil. 
This act of pollination , as it is 
called, is accomplished in various 
ways (see pp. 229- 232). The st a
mens and pistil are called the essen
tial organs of the flower because 

Generative nucleus 

Tube nucleus 

F IG. 79.-Section of a pol
l~ n gra in of a lily (L ii'imn) in 
the shedding condition . X 500. 
The generative nucleus is sur
r ounded by a small a moun t of 
c~·top l asm a nd a plasma mem
brane. l1.nd is t hus organized as 
" na ked cdl. T be t ube nucleus 
li es frce in the general cyto
plasm of t he spore. 

they are primarily involved in reproduction. The sepals 
and petals, on the other hand, are knmyn as accessory organs, 
because seeds may be produced ,,,hether they are present or 
not. At first, each pollen grain contains a single nucleus, 
but this soon gives rise to two: a tube nucleus and n, generatire 
nucleus (Fig. 79). After the pollen grains have come in con
tact with the stigma, they germinate. From each there is put 
out a long tubular extension called the pollen tube. This 
grows down the inside of the style and enters the cavity of 
the ovary, finally penetrating one of the ovules. Only one 
POllen hlbe enters each one of the ovules present in the 

1 In BOrne flowers, the pistil is simple, but in most cases it is compound, 
being made up of two or more simple pistils which arc more or less united. 
In other flowers there may be several simple pistils entirely separate from 
one another. 
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ovary. While the tube is developing, the generative 
nucleus gives rise to two male nuclei; these mayor may not 
be organized as naked cells. The tube nucleus soon 
degenerates. 

FIG. 80.- Longitudinal section of a lily ovule containing a mature embryo 
sac ready for fertilization, X 250. The egg is the middle one of the three lower 
cell s. In the center are the two nuclei with which one of the male nuclei will fuse 
to form t he primary endosperm nucleus. 

Wi thin the ovule is a structure called the embryo sac, 
which 'was originally developed from a megaspore. (Figs. 
80 and 81).1 The embryo sac is a relatively large c~ll which 

I In the angiosperms there are two kinds of gametophytes, both greatly 
reduced and entirl'i~' dependent upon the sporoph~'tc for nourishment. 
The contcnts of the polien tube, formed b.\' II lIlicrospore, represent the 
male garneto]Jhyte, while the embryo sac, developed from a megaspore, is 
really II f emale gamelo1Jhyte. 



REPRonUCTION IN PLINTS 10ft 

is organized ill a peeuliar \yay. .\t each end t.here are three 
small naked uninucleate cells, one of which is the egg, while in 
the middle are t,,·o nuclei in contact with each other. These 
eight nuclei have arisen by thl'ee successive divisions from 
the nucleus o(the megaspore. The pollen tube discharges the 
two male nuclei (or male cells, as the case may be) into 
the embryo sac; these are really sperms, but do not have 
cilia. One of them fuses with the egg to form the zygote, 
while the other unites with the two nuclei in the center of 
the embryo sac to form the pr'imm'y endosperm nucleus. 
The other cells in the embryo sac are functionless and soon 
disappear. 

The Seed.-The zygote immeuiately germinates without 
leaving the ovule, giving rise to a group of cells which finally 
forms a diminutive plant called the embryo (Fig. 81). At 
the same time, the primary endosperm nucleus gives rise 
to a tissue called endosperm. The embryo consists of three 
main parts: a very short stem, the hypocotyl; fI. minute bud 
arising from its upper end, the plumule; and one or two 
lateral leaf-like parts called cotyledons (Fig. 82). An 
interesting correlation is seen in the fact that angiosperms 
whose seeds have two cotyledons have exogenous stems, 
while those with one cotyledon have endogenous stems 
(see pp. 55-GO). 

The growth of the embryo proceeds only to a certain 
point, and then is checked. At the same time respiration 
and all other vital processes become almost entirely sus
pended, the embryo going into a dormant condition. This 
makes it possible for the seed to become separated from the 
parent plant, to be disseminated, and to endure conditions 
unfavorable for vegetative activity. Dormancy is brought 
about chiefly by the withdrawal of water, most ripe seeds 
containing only about 10 to 12 per cent of moisture. Seeds 
and fruits are commonly adapted to be distributed by some 
mechani~al means, as by animals or by currents of air or 
water (see pp. 226-229). 

Thus a seed is really a ripened ovule, consisting typically 
of three parts: an outer covering called the testa; a diminu-
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tive undeveloped plant in a dormant condition, the embryo; 
and a special region of food storage, the endosperm. All seeds 
have a testa and an embryo, but many lack endosperm, the 
reserve food then being stored in the cotyledons. In such 

o 
FIG. Sl.-Diagrams illustrating the formation of the fruit and seed. The 

calyx a nd corolla are shown in solid black ; the ovule, testa, and embryo dotted ; 
t he ovary wall and style lined . The ovary contains a single ovule; A, young 
bud, the ovule containing a single m('gaspore; B, bud ready to open. The mega
spore has produced a n em bry o sac with its egg cell below the two na ked nuclei 
in t he r,,,nte r; C, full y opened fl ower. The anthers have burs t and pollination 
h as taken plaec. Two poll en gra ins have germinated, and the pollen tube from 
on ~ of them hllS p(, lle t rated the oVl!le and discharged its two male nu clei into the 
embr yo S:1C . One male nllclt'us is shown uniting with the egg, the ot her with 
the two naked Ilucl(' i; D , ripe fruit. The calyx, corolla , a nd stamens have 
dropped ofT; t he OI'lLry wall has formed the wall of the fruit ; the outer portion of 
the o l' ule has formed th(' testa of the seed; the zygote has given rise to the 
embryo, t he cnclotiPprm nucl eus t o the abundaut endosperm t issue (shown in 
white) which surrounds t he embryo. (From Sinnott, .. Bo/,any; Pr·inciples and 
Problem s," .1(cGralt'-Hi ll Hook Company, Inc ., by pcrmi".ion .) 

seeds as the pea, navy bean, sunflower, and squash, the 
endosperm is entirely absorbed by the embryo d~lring its 
development, while in the corn, wheat, morning glory, 
buckwheat, and castor bean, it becomes a permanent 
food-storage region in the mature seed (Fig. 82). 
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After a longer or shorter period, the embryo resumes its 
growth and other vital activities, that is, the seed sprouts. 

Hypocotyl\ 

\. 

A 

:Plumule 

• ... ·Cotyledon 

\, 
-' Plumule 

'---Hypocotyl 

- - --Root tip 

}'w. 82.- Seed s tructuro ; A, " lima be"n la id open to show the three parts of 
the embryo; X 1. There is no endosperm, the food being stored in t he la rge 
cotyledons; B, longitudinal section of a grain of corn, showing a seed with 
endosperm and a monocoty ledonous embryo, X 5. The outer covering consists 
of the ovary wall fused with the t esta, and so the grain is really a one-seeded 
fruit. 

This happens, however, only if three external conditions 
are satisfied: there must be an adequate supply of oxygen, 
abundant moisture, and a favorable temperature. These 
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FIG. 83.-Rucc(,s8in~ stages in t.he development of a corn seedling, X J.; c, 
sheath (col eo pti le); pr, primary root; ST, secondary roots; "h, shoot deyelo\wd 
from plumule. The hypocotyl does not elongate, while the cotyledon remains 
within the seed, acting as an absorbing organ through which food passes frolll 
the endosperm to the devploping root and shoot systems. 
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conditions are neces~ary for the reuewal of respiration, 
digestion, food transfer, assimilation, and growth. When 

Flo. 84.-Successivc stages in the development of the seedling of navy bean, 
XI; t, testa; h., hypocot~' l ; r, primary root; c, eotyledons; p. plumule developing 

into shoot. B y the elongation of the hypocotyl the cotyledons a re pulled out of 
the soil, the development of t he plumule being delayed un t il this is accomplished. 

the seed sprouts, the hypocotyl forms a root at its lower 
end, the plumule gives rise to an erect leafy stem from 
which the entire shoot system of the plant develops, while 
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the cotyledon (or cotyledons) may either remain within 
the testa under the ground (Fig. 83) or be raised into the 
air by the elongation of the hypocotyl to form the first 
leaves of the young plant (Fig. 84) . Until the plant 
becomes independent of the food stored in the seed, it is 
called a seedling. 

The Fruit.-After pollination has taken place and the 
ovules are ripening into seeds, changes also occur in the 
ovary itself which result in the formation of a fruit (Figs. 
78 and 81). Thus a fruit consists essentially of a ripened 
ovary, but in some cases other floral parts, as well, become 
involved in its formation . At maturity fruits may be 
fleshy, as in the plum, or dry, as in the peanut. They 
may split open, as a bean or pea pod, or remain closed, 
like an acorn. Sometimes a group of fruits ripen together, 
becoming more or less consolidated, and thus forming an 
aggregate fruit, as in the blackberry and raspberry. 



CHAPTER IX 

STRUCTURE OF REPRESENTATIVE METAZOANS 

Only two animals have been dealt with thus far: Amoeba 
and Paramoecium. Both of these forms are protozoans. 
All animals which are not protozoans, that is, all multicellu
lar animals, are called metazoans. We shall now study in 
some detail three representative metazoans: a very simple 
one, the hydra; one of moderate complexity, the earthworm; 
and a complex metazoan, the frog. Each of these three 
animals represents a different degree of progress-a 
different stage in structural organization. 

THE HYDRA 

The hydra is one of the simplest of multicellular animals. 
There are two common species : the brown hydra (Hydra 
fusca) and the green hydra (H . viridis) . Both are found 
in fresh-water ponds and streams where they live attached 
to aquatic vegetation or to other objects in the water. 

Structure.- The body of a hydra consists of a cylindrical 
hollow stalk which bears five to ten slender finger-like 
tentacles at its unattached end (Fig. 85). The length of 
the brown hydra varies from 2 to nearly 20 millimeters 
(about H to % inch), this difference being due to its power 
of contracting and expanding itself. The green hydra is 
somewhat smaller. Because the parts extend outward in 
all directions from a common center, the body of the hydra 
is said to exhibit radial symmetry. Although attached, the 
animal can move from place to place by slowly gliding 
along on the base of the stalk. 

The tentacles surround a conical elevation (the hypo
stome) in the center of which is the mouth. This opens 
directly into a single large internal cavity, called the 

115 
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coelenteron, which not only fills the stalk but extends out 
into the tentacles as well (Fig. 86). Surrounding the cen
tral cavity is a body wall consisting of only two layers of 
cells, the outer layer being called the ectoderm and the 
inner one the endoderm. l Both layers are composed largely 

a 

Basal' b 

of epithelial cells, but these 
have the ability to contract 
and expand, and so also 
function as simple muscle 
cells. There are also pres
ent in both ectoderm and 
endoderm a few simple 
nerve cells. The ectoderm 
contains peculiar structures 
called slinging cells, each 
of \yhich discharges a long 
poisonous thread which can 
penetrate other animals. 
They are used both for 
defending the hydra and 
for capturing prey. 

The hydra feeds on small
er aquatIc animals which 
come in contact with the 
tentacles and are benumbed 
by the stinging cells. The 
tentacles then convey the 

FIG. 85 .- External view of a hyura ill ex- f d t th th D· 
panded (a) and contracted (b) conuitions. 00 a e lUau . Iges-

tion takes place within the 
coelenteric cavity into which digestive fluids are secreted by 
the cells which line it. The endodermal cells, however, by 
thrusting out pseudopodia, can engulf small solid particles of 
food, and so digestion occurs in two ways-both inside the 
coelenteron 'and within individual cells, the latter represent
ing the primitive protozoan method. The food digested 
within the coelenteric cavity is absorbed by the cells of 

1 Between the ectoderm and endoderm, however, is a thin gelatinous non· 
c~llular layer, cn lIPd the lII esog/oea., which, in jl' lly tisI1l's, hecomes very thick . 
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the body wall. Indigestible matter remains in the cavity, 
and is finally expelled through the mouth. Each cell of 
the body, being in contact with water, absorbs oxygen 
and gives off carbon dioxide, thus carrying on respiration 
directly . 

-- ----- ·8 

--'---"-'---9 

FlG. 86.- Longi t,udinal section of Hydra; 1, mouth; 2, tcntade; 3, bud ju,t, 
appearing; 4, old~r bud; 5, ectoderm; 6, endoderm ; 7, coele llteron; S, testis ; \), 
ovary . (From Linville and K elly, "A T ext-book in Geneml Zoology, " Ginn and 
Company, after Parker. By permission.) 

Reproduction.- The hydra reproduces both asexually 
and sexually. A bud may grow out from the stalk, develop 
a set of tentacles, and later become detached to form a new 
individual (Fig. 86). In the marine hydroids, animals 
related to the hydra, the new individuals produced by 
budding do not become separated, but remain permanently 
attached, and, as a result, a colony is formed (Fig. 87) . 
The hydra may also reproduce by fission, either longitudinal 
or transverse, but this method occurs rarely (see p. 158). 

Sexual reproduction in Hydra is a simple process. 
Sperms and eggs are borne on the same or on different 
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individuals, depending on the species. The male organs, 
called testes (or spermaries), arise in groups of two or three 
as conical elevations near the upper end of the stalk. They 
are ectodermal in origin. Each testis produces a great 
many sperms which are discharged into the water as free
swimming cells. The ovary is a knob-like organ formed 

FIG. 87.-Portion of a colony of Obelia , a marine hydroid; 1, ectoderm ; 2. 
endoderm ; 3, mouth; 4, coelenteron; 5, stalk of colony; 6, 7, 10, enveloping 
sheath; 8, reproductive branch; 9, bud which becomes detached and gives rise 
to a free-swimming individual (medusa). (From Shipley and 11[ acBridc, 
.. Zoology," Cambridge University Press , after Parker and Haswell; by permission.) 

in the ectoderm near the base of the stalk. It produces 
a single egg. One of the free-swimming sperms penetrates 
the ovary and fertilizes the egg. The zygote gives rise 
to an embryo which undergoes part of its development 
within the ovary, but soon becomes free and grows to the 
adult condition. 
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THE EARTHWORM 

The earthworm is a much more highly developed animal 
than the hydra. There are several common species, the 
one most often studied being called Lumbricus terrestris. 
It burrows in moist sandy soil, coming to the surface only 
at night or after a heavy rain. 

General Features.-The cylindrical body is pointed at 
either end and slightly flattened on the lower surface. 
Unlike the hydra, the earthworm exhibits bilateral sym
metry. This means that its longitudinal axis divides the 
animal into two approximately similar halves. Animals 
which are bilaterally symmetrical have an anterior (for
ward) and a posterior (rear) end, as well as a dorsal (upper) 
and a ventral (lower) surface. 

FIG. 88--External view of the anterior ha lf of an earthworm as seen from the 
side. X 1; p. upper li p (prostom.iu.m); m. mouth; sd. external openings of sperm 
ducts; c. clitellum. Every fifth metamere is numbered as far back as the 
clitellum. 

The body of the earthworm consists of a series of ring
like segments, called metameres, all of which are essentially 
alike (Fig. 88). Located about one-third of the length of 
the body from the anterior end is the cli tellum, a thickened 
band-like portion of the body wall comprising six or seven 
metameres. It functions in reproduction. Each meta
mere (except the first and last) bears four pairs of short 
bristles called setae. They form four double rows-two 
lateral and two ventral ones. The setae assist in locomo
tion by sticking into the earth as the animal contracts. 
The body wall of the earthworm is made up of many 
layers of cells organized into complex tissues, such as 
epithelium, muscle, nerve, connective tissue, etc., but the 
muscular tissues predominate. The body wall surrounds 
a large cavity called the coelom, which is divided by trans-
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verse partitions (septa), each one corresponding to a 
metamere. 

Digestive System.-Within the coelom and passing 
through the transverse partitions is a long digestive tube, 
or enteron, which extends the entire length of the body. 
It has an opening at either end, the anterior opening being 

sub. n. veS$ 

FIG. 89.-Cross-s('ction through the middle portion of t he body of an "art.h
worm; c·'tt , cuticle ; epid, epidermis; c-i,·c. "'''', circular muscle fibers; lona. !nus, 
longitudinal muscles; set, setae; coel, coelom ; dor.,. v, dorsal blood vessel; vent . 
v, ventral blood vessel; ,ub. n. veS8, subneural vessel; n. co, nerve cord: Iyph, 
t.yphlosole; hep, gland cells ; ent, enteron; neph, nephridium; ext. neph, external 
opening of nephridium; nephrost, internal opening of nephridium. (Front 
Pm'ker and Haswell, .. T extbook of Zoology ," 3rd ed., copyright 1921 by The Mac
tn'illan Company, after Marshall and Hurst; reprinted by permission.) 

the mouth and the posterior one the anus. Thus the body 
of the earthworm has two separate cavities, the coelom 
and the enteron, being built on the plan of a "tube within 
a tube" (Fig. 89) . This is an important feature carried 
on into all of the higher animal groups. 

The food of the earthworm consists of bits of dead vege
table and animal matter often mixed with soil. After 
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being taken in through the mouth, it passes through the 
various organs of the digestive system (Fig. 90). These 
are as follows : (1) the pharynx, a muscular sac which draws 
food through the mouth by suction; (2) the esophagus, a 
narrow tube leading backward from the pharynx ; (3) the 
crop, a thin-walled enlargement of the digestive tube in 
which food is temporarily stored; (4) the gizzard, a thick
walled muscular organ in which the food is ground up; (5) 

FIG. 90.- Dissection of t he an terior end of the earthworm (Lumbricus terrc~
tris) , side view ; I , V, X, X V, XX, number of metamere. Diges tive system 
includes t he mouth (m ), overhung by the prostomium or u pper li p (pr ), p hary nx 
(ph) with t hick m uscula r wall (phw) , esophagus (oes) , digestive glands (ca l to 
eg3), crop (cr) , gizzard (ai ) , and in testine (int). C irculatory sys tem includes 
aortic a rches (ht) , dorsal blood vessel (dbv) , ven t ra l blood vessel (sbv), subneura l 
vessel (snv) , and cer tain other vessels n ot h ere named . E xcretory sys tem includes 
nephridia (neph). Muscula r system includes circular muscles (em) a nd longi
tudinal muscles (lm ) . N ervous system incl udes supraphary ngeal ganglion (br) , 
ventral nerve cord (nc) , and other p arts not shown . Female reproductive sys
tem includes ovary (ov) , oviduct (ovd) , and seminal receptacles (sr , I sr'). M ale 
reproductive system includes seminal vesicles (~V l to sv') which en close testes 
not shown, and sperm ducts n ot sh own. (From Shull, LaRue, and Ruthucn , 
"Principles of A nimal B ioloay ," M cGraw-H i ll B ook Com pany, Inc., af ter L in ville 
and Kelly, reprinted by perm'ission.) 

the intestine, a long straight tube constituting most of the 
digestive system. It is in the intestine that most of the 
work of digestion t akes place; the cells forming the inner 
lining of the intestinal wall secrete digestive enzymes into 
the enteric cavity. The dorsal wall of the intestine is 
infolded so as to form a median ridge (the typhlosole), 
the purpose of which is to increase the digestive and 
absorptive surface (Fig. 89). Following digestion, the 
soluble food passes through the intestinal wall by osmosis 
and is absorbed by the blood. 
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Circulatory and Respiratory Systems.- In the hydra 
there is no need for a circulatory system because the digested 
food can easily reach all the cells of the body. In animals 
as complex as the earthworm, however, this is not possible 
without the aid of a special system of blood vessels and 
blood. The two chief blood vessels lie above and below 
the digestive tube; they are called, respectively, the dorsal 
and ventral blood vessel . These are connected near the 
anterior end by means of fiye pairs of aortic arches which 
pass around the esophagus (Fig. 90). Blood flows forward 
through the dorsal vessel, down through the arches, and 
backward through the ventral vessel, this movement being 
caused by pulsations set up both in the dorsal blood vessel 
and in the aortic arches. These principal vessels give rise 
to many smaller branches which go to all parts of the body. 
The blood from the various parts of the body is returned 

b 

to the dorsal vessel by means 
of a series of vessels encir
cling the body posteriorly, the 
parietal vessels. 

The blood carried to the 
moist outer skin takes up oxy
g(m from the air and gives 
off carbon dioxide. Thus the 
blood not only carries digested 
food, but also oxygen, and so 
permits respiration to go on. 
In addition to the blood, there 
is a colorless fluid in the coe
lom which also transports 
food. 

Excretory System.- Each 

FIG. 91-Diagram to show the main 
strnctural features of a nephridium of 
the earthworm, anterior end toward the 
right ; a, internal opening of nephrid
ium; b, externa l opening; c, network of 
capillaries about the coiled glandular 
portion . (From Woodruff, , . Founda
tions of BiolOGY," C01JYT1:yht 1022 by 
The Macmillan Company; reprinted by 
permission. ) 

metamere (except the first 
three and last one) has a pail' of excretory organs called 
nephridia. These are long coiled tubes which collect waste 
products from the coelom, and directly from the blood 
vessels by osmosis, and convey them outside the body. 
Each nephridium has a ciliated funnel-like opening in one 
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metamere, and passes through the transverse partition into 
the next metamere behind, where it opens to the ventral 
side of the body by means of a small pore (Figs. 90 and 91 ) . 
Excretion in the earthworm is also effected 
by the activity of small amoeboid cells 
(amoebocytes) which occur in the coelomic 
fluid. These engulf solid waste products 
and destroy them. 

Nervous System.-The nervous system 
of the earth-worm consists primarily of a 
fused double cord of nerve tissue extending 
the length of the body and located just 
beneath the ventral blood vessel (Fig. 92). 
An enlargement of this cord, called a 
ganglion, occurs in every metamere except 
the first two. From the ganglia small 
nerves pass to the body wall and to the 
principal organs. The largest ganglion 
(the suprapharyngeal ganglion) is a bilobed 
mass of nerve tissue located in the third 
metamere, just above the pharynx. Below 
the pharynx in the fourth metamere is a 
slightly smaller ganglion (the subpharyn
geal ganglion). These first two ganglia are 
connected with each other by means of a 
pair of nerve cords (the circumpharyngeal 
connectives), one of which passes around 
either side of the pharynx. 

Reproductive System.-The earthworm 
is hermaphroditic; that is, both male and 
female organs occur in the same individual 
(Fig. 90). The former consist of two pairs 
of testes located in the tenth and eleventh 
metameres. The sperms are carried to 
the surface of the body by means of a 

a---

Fw. 1)2.-Diagro.m 
of dorsal ,·iew of t he 
an teriOl' por tion of t he 
nervous system of the 
earthworm ; at supra
pharyngeal ganglion; 
b, circum pha r yngeal 
connectives ; c, sub
pharyngeal gangl ion ; 
d. gangliu of the ven
t ral nerye cord with 
11 crves c nl e rg i n g. 
(From lVoodruff, 
Fou.ndaLions of Biol
oUy, copyriuht 1922 by 
7' he 111 acm'illan Com
pany. R eprinLed by 
permission.) 

pair of sperm ducts. The female organs comprise a pair 
of ovaries in the thirteenth metamere. A pair of tubes 
called oviducts carries the eggs to the outer surface of the 
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body. There are also some accessory reproductive organs 
\\'hich need not be considered. Although the earthworm is 
hermaphroditic, it is not self-fertilizing. Two individuals 
come together and make an exchange of sperms, so that 
the eggs of one earthworm are fertilized by the sperms of the 
other, and vice versa. The embryos develop in the earth 
within a gelatinous capsule, the cocoon, formed by the 
clitellum. 

THE FROG 

The frog belongs to the highest group of metazoans, the 
vertebrates, animals which are characterized by the posses
sion of a vertebral column, or backbone. Like the earth
worm, it is bilaterally symmetrical and metameric, but 
there are no external evidences of metamerism in the adult 
stage of development. It also has both a coelom and an 
enteron. 

External Features.-The body of a typical vertebrate is 
divided into head, trunk, and tail, but the frog has a tail 
only in the tadpole stage (Fig. 93). Tqe head bears a pair 
of large eyes, a pair of nostrils, and a pair of eardrums. The 

1."1" . U;k - Thc b ullfro~ (Rana cate;biana) , X H. T he lW:Ld , trun k, limbs; 
mouth , nostrils, eyes, and car drums arc easily recognizable. 

nostrils open into the large mouth cavity. The body is 
covered with a moist smooth skin without scales. Two 
pairs of limbs are present, which in the typical vertebrate 
are pentadactyl- having five toes. The hind limbs of 
the frog have five toes, but the fore limbs have only four, the 
fifth being present in a very rudimentary condition, The 
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hind feet are webbed. The short fore legs merely support 
the body, but the hind legs are long and powerful, being 
used both in jumping and in swimming. 

Digestive System.- Teeth are borne only on the roof of 
the mouth and on the upper jaw. They are not used for 
chewing, but merely for holding food. The frog catches 
worms and insects by thrusting out its large fleshy tongue. 
The extensive mouth cavity leads into a short esophagus 

FIG. 94.-Digest.ive system of the frog. The st.omar:h has b('en mm'erl to the 
right. the t hree ioiJ(·s of the liver t urned baek. and the small intestine spread Otlt. 

to the left. 

which joins the thick-walled, sac-like stomach (Fig. 94). 
Then follows the long, coiled small intestine, and finally the 
short large intestine. The latter opens into a cavity termed 
the cloaca, where waste products accumulate. The cloaca 
communicates with the anus. It receives products from 
the kidneys and the reproductive organs, as n'ell as from 
the digestive tract. All of the vertebrates have a cloaca 
except some fi shes and most mammals. 
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The digestive system of the frog includes not only the 
digestive organs mentioned above, but also several digestive 
glands. The largest of these is the red three-lobed liver. 
Attached to the liver is the small green gall bladder which 
stores bile, a substance which the liver produces. The bile 
is carried from the gan bladder to the anterior end of the 
small intestine by a slender tube · called the bile duct. 
Another digestive gland is the pancreas, a white irregular 
body lying next to the stomach. It secretes a digestive fluid 
into the small intestine through the bile duct. A third gland 
should be mentioned, the spleen, a small red globular body 
located at the point where the small and large intestine 
Jom. It is not connected with the digestive system, how
ever; in fact, it has nothing to do with the work of digestion. 

Respiratory System.-The frog has a pair of lungs 
located in the anterior part of the coelom close to the 
dorsal body wall (Fig. 95). Air is inhaled through the 

nostrils into the mouth cavity. 
It then passes through a slit in 
the esophagus, called the glottis, 
to a pair of bronchial tubes, one of 
which goes to each lung. In the 
higher vertebrates a trachea, or 
windpipe, extends from the glottis 
to the bronchial tubes. In the 

FIG. 95.- Respiratory organs of lungs there is an elaborate net
the frog, comprising the lungs and work of small blood vessels by 
bron chial tubes. .. 

means of whICh oxygen IS taken 
up and carbon dioxide given off. A considerable amount 
of respiratory gas exchange also takes place through the 
moist skin, which is abundantly supplied with small blood 
vessels. This feature makes it possible for the frog to 
remain under water for a considerable length of time without 
using its lungs. 

Circulatory System.-The circulatory system of a verte
brate consists of a heart, and of arteries, veins, and capil
laries. Blood is carried away from the heart by the 
arteries, the larger ones giving rise to smaller and smaller 
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branches which finally end in capillaries. These transfer 
nourishment and oxygen to the living tissues and remove 
waste products from them. The capillaries are connected 
with the veins, through which the blood returns to the 
heart. Vertebrates which breathe with lungs have a 
more complicated circulatory system than the more 
primitive gill-breathing forms. For this reason we shall 
first consider the circulation of blood in a fish. 

The heart of a fish consists of two chambers: an auricle 
and a ventricle (Fig. 96). Impure blood from all regions 
of the body is carried to the heart by the veins and poured 
into the auricle. After passing into the ventricle it is 

_ To tail 

1 
'3 Liver ancreas Spleen 
S· Stomach 

F IG. 96.-Diagram of the circula tory system of the dogfish . The ca pilla ries 
and finer a rteries and veins are omitted . (From S hull, LaRue, and Rttthven, 
" P rinciples of A nimal B iology," ~McGraw-Hili Book Com lJany, I nc., aft er Parker 
and Haswell; by permission .) 

forced forward through the ventral aorta which gives off 
branches to the gills. There it absorbs oxygen from the 
water and gives up carbon dioxide. From the gills the 
pure blood passes into the dorsal am'ta, which gives off 
branches to all of the principal organs of the body, After 
passing into the capillaries, it then returns to the heart 
through the veins. The most important feature of circu-: · 
lati(:m in the fishes is that the heart pumps only impure 
blood, and consequently the blood makes a 3i:ggle cirguit 
in going from the heart to the various organs and back 
agam. 

The frog's heart is three chambered, there being a left 
auricle, a right auricle, and a ventricle (Fig. 97 A). The 
venous system collects impure blood from all parts of the 
body and empties it into the right auricle. Pure blood 
coming from the lungs enters the left auricle. Both 
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l:Lmicles force blood into the ventricle at the same time, 
which then contracts before much mixing of pure and 
impure blood is possible. Because the arterial system 
arises from the right side of the ventricle, the first blood 
to leave the heart is largely impure. It goes to the lungs 
and ~in to be aerated. The rest of the blood which is 
largely pure, goes to other parts of the body. The frog 

A 

From \Oen(lUS 
system 

"" To lungs To arterial system 

B 
Fw. !li .- lliagram of heart of frog (A) and of m ammal (B); RA, right 

auricle; LA, left auricle; V, ventricle; RI ' , right ventricle; LV, left vel1tri ~le . 
The arrows indicate the direction of the blood. (B, redrawn after Shull. LaRue. 
and Ruthven.) 

has a double circulation; that is, the blood, after leaving 
the various organs, goes to the heart, then to the lungs, 
then back to the heart, and finally to the various organs 
again. Thus it makes two complete circuits. 

In the highest group of vertebrates, the mammals, the 
heart is four chambered, there being two auricles and two 
ventricles (Fig. 97 B). The impure blood, poured into 
the right auricle from the venous system, goes into the right 
ventricle and then to the lungs to be ner:tted. Returning 
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to the heart, the pure blood enters the left auricle, passes 
into the left ventricle, and thence out through the dorsal 
aorta into the arterial system and to all parts of the body. 
It is evident that the mammals have a more perfect 
scheme of circulation than the frog. Because the right 
and left halves of the heart are entirely separate from 
each other, there are two distinct circulations with no 
mixing of pure and impure blood in the heart. Thus the 
circulatory system of the frog is intermediate between 
that of the fish and the mammal. 

Excretory System.-A pair of oval, dark-red kidneys 
lies in the coelom close to the dorsal body wall (Fig. 101) . 
In the frog some of the veins, in going to the heart, pass 
through the kidneys and give up waste products to them. 
The kidneys are connected with the cloaca by means of [1, 

pair of tubes called ureters . The bladder is a sac which 
stores the liquid wastes. In the frog it is a lateral out
growth from the cloaca, but in the higher vertebrates it is 
a very different organ. 

Skeletal System.-The body of the frog is supported by 
an internal framework of bones and cartilages (Fig. 98), 
as in all vertebrates except the lowest fishes (the cyclo
stornes and the sharks and rays) where it is entirely 
cartilaginous. The skeleton of the frog consists of an 
axial portion and an appendicular portion; the former 
includes the skull and vertebral column, the latter the 
limbs and limb girdles. The fore limb consists of an upper 
arm, fore arm, wrist, and hand, the latter having four 
digits. The hind limb is made up of a thigh, shank, ankle, 
and a foot with five digits. There are two limb girdles: 
the pectoral (shoulder) ,i1nd pelvic (hip). The frog does 
not have true ribs, but nearly all of:the higher vertebrates 

, ' j ' ''.' .,' " do. . .,"_, ' ·' .., .c·· · 

Nervous System.-As cdn;:pared with the lower animals, 
nIl vertebrates have very compih brains. The brain has 
certain highly specialized parts, the chief ones being a . 
pair of olfactory lobes, a pair of cerebrdi· Kemispheres, a"pair' 
of optic lobes, a cerebellum, and a medulla, ·oplongata. While 

~,,: . . 
. . ..... 
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FIG . 98.-Skeleton of frog, dorsa l view, with right limbs removed; 1, skull; 
2, vertebra l column ; 3, urostyle: 4 , shoulder blade; 5, upper arm; 6, forearm; 7, 
wrist; 8,9, hand ; 10. pelvic girdle ; 11, thigh; 12, shank ; 13, a nkle ; 14, 15, foot. 
(From Linville aILd K elly . . , A T ext-book in General Zoology," Ginn and Company . 
after Dlloes; by perm isilion.) 
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these parts are present in all vertebrates, each group 
exhibjts differences in their degree of development. Thus, 
in the frog (Fig. 99) the cerebral hemispheres and cere
bellum . are relatively small, while in the mammals these 
parts are very large. Vertebrates also have a spinal 
cord, a tube of nerve tissue extending backward from the 
brain and enclosed by the vertebral column (Fig. 100). 
The location of the nerve cord above the enteron is in 

A B 
FIG. 99.-Brain of frog; A. dorsal aspect; E, ventral aspect. I to X, crania l 

nerves. (Drawn f rom J e''''l' ll model .) 

striking contrast to its position in the earthworm. The 
brain of the frog gives rise to ten pairs of cranial nerves 
which go to the sense organs and other important parts of 
the body, while the spinal cord gives rise to a number of 
pairs of spinal nerves. All of the principal nerves have 
many branches. Vertebrates also have [l, sympathetic 
nervous system, consisting of a chain of ganglia on each 
side of the spinal cord and connected. with branches of the 
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FIG. lOO.-Nervous system of the frog, showing cranial and spinal nerves and 
sympathetic system, ventral view. I to X, cranial neryes ; ccr, cerebrum; L opt. 
optic lobe; n. nasal sac; s, sympathetic system; ,pc, spinal cord. (From Shull, 
LaRu.e. and Ruthven, .. Principles of Animal Biolo(JY," McGraw-Hill Book Com
pany. Inc., after Wiedersheim: by permission.) 
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spinal nerves. From these ganglia, nerves extend to 
the various internal organs, chiefly the organs of digestion 
and circulation, controlling their activities . 
. Reproductive System.-In the male frog a pair of small 

yellow ovaJ testes lie beneath the kidneys and are con
nected with them by means of a number of slender sperm 
ducts (Fig. 101). Through th~se, the sperms pass, leaving 
the body by way of the ureters and the cloaca. In the 

F lU. LOl.-Excretory and m ale rep roductive sys tem s of t he frog. 

higher vertebrates the excretory and reproductive ducts 
are separate, and consequently the sperms do not pass 
through the kidneys and ureters. The female frog has a 
pair of sac-like irregular ovaries which nearly fill the coelom 
\,·hen they are full of ripe eggs (Fig. 102). The pair of 
long, coiled oviducts through which the eggs leave the body 
are not connected with the ovaries, but open into the 
coelom. The eggs are liberated by a rupturing of the 
ovary wall. Passing into the coelom, they find their way 
to the open ends of the oviducts Vv"hich are funnel-like 
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and ciliated. l The lower end of the oviduct IS dilated 
to form a uterus where the eggs are temporarily stored. 
As the eggs leave the body through the cloaca, they are 
fertilized by the male frog. Thus the embryos develop 
entirely outside the body. 

FlU. l02.- F!'male reprouuctive system of t he frog. (Ucrirau'n aft pr Pfurt
scheller wall chart.) 

In both sexes finger-like fat bodies are attached to the 
anterior end of the sex organs. Their exact functions have 
not been accurately determined. They contain a great 
amount of fat and always decrease in size during the 
breeding season; for this reason, it is thought that they 
contribute nourishment to the reproductive organs. 

1 In most of the higher vertebrates, the oviducts, simila rly, have no direct 
connection with t he ovary, but because the mouth of the oviduct lies very 
close to it, the eggs do not remain in the coelom. 
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Development.-The eggs of the frog are always laid in 
water. They occur in gelatinous masses, each mass 
containing thousands of eggs. In about a week or 10 
days after fertilization the embryo becomes a tadpole 
(Fig. 103). When first hatched, the eyes, mouth, and 
gills have not yet fully developed, but these soon become 
visible. The first gills are external, but these later disap
pear and are replaced by internal gills. The tadpole not 

ti 

f 

FlU. 103.-Stagf's in the la t er development of t he frog. (Redra wn afler L ell clart
Nitsch, lI>aU chart. ) 

only has gills, but a typical fish-like circulatory system 
with a two-chambered heart. A long tail is the organ of 
locomotion. Limbs are not developed until the tadpole 
has reached its full size. Gradually the hind limbs make 
their appearance, then the fore limbs, and as both grow 
the tail is absorbed by the body. To complete the meta
morphosis, the gills are replaced by lungs, the heart 
becomes three chambered, the intestine shortens, the 
mouth cavity enlarges, and other changes take place 
which result in the transformation of the tadpole into a frog. 



CH APTER X 

THE CHIEF GROUPS OF ANIMALS 

The animal kingdom includes about 600,000 named and 
described species. Like the plant kingdom, it is di,"ided 
into a number of major groups, the members of each group 
having certain fundamental structural features in common. 

rIG . 104.- .-\ si mple 
sponge (Syeo,, ), X 2. 
(F rom llhnch'in , in 
Jjankester's ,. 'l'reatis p. 
on Z ooloGY," A. «; 
C. Black, Ltd ., by 
l )l'Tm iB.ion .) 

These animal groups represent different 
stages in complexity and will be con
sidered in an ascending sequence. 

Protozoans.- These constitute the sim
plest and probably the oldest group of 
animals. They number over 10,000 spe
cies l living in the soil, in fresh water, in 
the ocean, and as parasites. All of them 
are unicellular and most are microscopic 
in size. Some are colonial. 

Sponges (Porifera).- The sponges com
prise the simplest group of metazoans 
(Fig. 104). They are mostly marine in 
distribution, but a few occur in fresh 
\Yater. The group numbers about. 2,500 
species. Sponges grow permanent ly at
tached to objects in the water; they may 
be solitary or form colonies. The body 

\vall, consisting of only two layers of cells (separated by a 
non-cellular mesogloea), is perforated by many minute 
pores, and is usually supported by a framework of lime, 
silica, or organic material. The body wall encloses a si.ngle 
cavity. Sponges have simple tissues but there is litt le 
cooperation between the cells of the body, and there are no 

I Sta tements of Ilu lllbr' r of specics in this cha pte r refer to described 
species. The actual Ilumber, which includes undiscovered species, is very 
Ill uch greater in some phyla, as in protozoans, roundworms, and arthropods. 

136 
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definite organs. As in the protozoans, each cell engulfs 
food particles and carries on its own digestion. Sponges 
are radially symmetrical animals. 

Coelenterates.-This group includes the hydroids, jelly
fishes, corals, sea anemones, etc. (Fig. 105). There are 
about 4,500 species, mostly marine, the fresh-water hydra 
being one exception. orne of the coelenterates are 
attached, others are free-s\\"imming; some are solitary , 
others colonial. As in the sponges, the body wall has only 

a 

b 
1'1(;. l 05 .- Ueprcscntuti,·c coelenterates; a, a h~'droZc)llll jC'llyfish (GolI:iune

mils) ; b, a co ral (OcuFna ); c, a Sea anemone (:lf etrid·iwn). (a, from Wa.shbnrn, 
. , The Animal Mind," copyriuht 190:': by Th e :I[acmillan Com pany, after H araill , 
reprinted by permission; L, from S edowick, .. A Student's 1'e.dbook of ZooloOY," 
by kind permission of the publishers, Georae Allen &; Unwin, Ltd., London; The 
.lIacm illan Company, N ew Y ork; e, from Emerton,) 

two cell layers (but with a mesogloea between them) . 
The single body cavity has just one opening- the mouth. 
The tissues of the body are simple, but are more highly 
developed than those of the sponges. Organs are present, 
but there are no systems. Digestion takes place not only 
within the single central cavity, but also inside individual 
cells. All of the coelenterates exhibit radial symmetry. 

Flatworms (Platyhelminthes).- There are about 5,000 
species of flatworms living in fresh \Yater , in the ocean, 
and as parasites (Fig. 106). Two well-known parasitic 
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forms are the liver fluke and the tapeworms. Thetissuesand 
organs are more complex than those 
of the coelenterates, and definite 
systems are present, as in all of the 
higher animals. Like the coelenter
ates, the body has a single cavity 
with just one opening, but the cavity 
is usually highly branched. The 
body wall is many cells thick, and 
this feature persists in all of the 
higher animals. The flatworms are 
the simplest animals with bilateral 
symmetry. As the name implies, 

2. the body is flat. 
Round worms (N ema thelmin

thes).-The roundworms comprise 
over 1,500 species of fresh-water, 
marine, soil, and parasitic forms, 
the trichina and hookworm being 
as well known as any. They are 

FIG. 10G.-Two species of 
fresh-wa ter flatworms ; 1, D en
drococl am lacteum; 2, Planaria 
maculata . (From Davenport, 
.. Elem ents of Zoology. " copy
right 1015 by the Macmillan 
C01n1)any , after n'oodworth 
reprinted by l)ermis,ion .) 

similar to the flatworms except in 
two important respects : (1) both a coelom and an enteron 

FIG . 107.- A nematode worm (Xiphinema) which li" es on the roots of pla nts. 
Greatly m agnified. (From Cobb, in Yearbook [". S . D epartment of A gri
culture, 1914.) 

are present; (2) the enteron has two openings-mouth and 
anus. These two features are characterist ic of all of the 
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higher groups. The form of the body is mostly thread-like 
or cylindrical (Fig. 107). 

Echinoderms.- This is a peculiar group of marine 
animals numbering about 4,000 species. It includes the 
starfishes, sea urchins, brittle stars, sea cucumbers, etc. 
(Fig. 108). The echinoderms are a highly developed 
group of radially symmetrical animals having a number 
of special features: a spiny skin, the occurrence of the organs 
in fives, a peculiar system of locomotor organs, etc. The 
organs and systems are more highly developed than in the 
lower groups. 

B 
FlO. lUS.-Two COlllmon echinoderlll s. X H ; A . a starfish (Pisaster); B . a sea 

urchin (8tronvylocentrotus). 

Annelids.- These animals are known as "segmented 
worms," a group to which belong the earthworms, sand
worms, leeches, etc. (Fig. 109). There are about 4,000 
species. The annelids are like the roundworms in being 
bilaterally symmetrical and in having both a coelom and 
an enteron, but they make a great advance in having a 
metameric body. The organs and systems show a still 
higher degree of complexity than those of the preceding 
groups. 

Arthropods.-This is by far the largest group in the 
animal kingdom, including over 500,000 species. Arthro
pods are closely related to the annelids, but are much more 
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highly developed, differing from them in three important 
respects: (1) The metameric body bears appendages 

b 

FIG. 109.-~egm(>nted " 'orms; a. the sandn'"rm (Y crr';'<) , no marine an nelid ; 
b, a leech (Hirtl.do). (From Shi pley and .I fac Bridc, "ZooloGY," Cambridue 
L'niversity Press , a, aft er Oersted; by perm·ission.) 

(such as feelers, legs, mouth parts, etc.) which are jointed. 
(2) The segments are more or less specialized and grouped 
into body regions; there is always a head, but the rest of 

a 

FlU, ll() ,-T~'pirtll ('r ll staceall s; a, a shrimp (Palaeomonetcs) ; {J, t he blue cra b 
(Callinectes ). (a, from Davenport, "Elements of Zoolo{ly, " copyriuht 1915 by The 
j).Jacmillan Company, repr inted by 1,ermission; b, from Pan/mi"r, after Rathbnn.) 

the body mayor may not be differentiated into a thorax 
and abdomen, while in some cases the head and thorax 
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are fused . (3) A hard outer covering is present. In other 
respects, the group resembles the annelids. The four 
chief classes of arthropods are as follows: 

1. Crustaceans.-Mainly an aquatic group, numbering 
about 16,000 species, and including crabs, lobsters, cray
fishes , shrimps, barnacles, etc. (Fig. 110). Most of the 
other arthropods are terrestrial. In many crustaceans 
the head and thorax are fused to form a cephalothorax. 

2. Myriapods .- A small group of about 1,000 species, 
comprising the centipeds and millipeds (Fig. Ill). These 

a. 

FIG. 1l1.- l\Iyriapods; a, a centiped (L ithobius);' b, a milliped (Jubts). (a, 
Jrom. Sedgwick, ,. it S t·u.dellt' ., TextllOok oj Zoology, " after Koch , iJy kind p ermission 
of til e 1)11.bl1:.,II,,>, Georae A.ll"n & Unwin, Ltd. , London: The Macm i llan Company, 
.Vew York, b. f ro'//2 Shipl<y fwd Jlw'Bride, "ZvoiolJlJ," L'a'lll.bridve ~'"h'e,·.>·':ty P"C8S, 
(lflPl' K och , by lJCI~n'i»ion.) 

forms are more worm-like than the other arthropods, 
having a head but no differentiation betnreen the thorax 
and the abdomen. They have one or two pairs of legs on 
each metamere. 

3. Insects .- The insects, numbering over 450,000 species, 
cons.titute the largest group of arthropods, and include 
the locusts, dragon flies, bugs, beetles, butterflies, moths, 
flies, mosquitoes, wasps, ants, bees, and many others 
(Fig. l12). The body is di\"ided into a distinct head, 
thorax, and abdomen. Insects have six legs and two pairs 
of wings. 
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B 

D 

E 

FIG , 112,- R!'I)fCSf'nt.a tive insects; A, katydid (Jficroccntr'1lm); B, dragonfly 
(Li bell'1lla ); C , cabbage butterfly (Pieris ); D, chinf'h b<lg (Bli,su s); E, house fly 
(Musca); F, potato bee tl e (L eptinotarsa), (From /lj el.l"lI!an, "Outlines of General 
Zoology," cOPlJ r'ight, 192-1 by Th e 11facmi llan ('o,,' panlJ , aft er various authors; 
reprinted by permiss ion, ) 
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4. Arachnids. - A group including about 20,000 species 
of spiders, scorpions, mites, and ticks (Fig. 113). The 
head and thorax are fused to form a cephalothorax, as in 
some of the crustaceans. Arachnids have eight legs and 
no wmgs. 

Fw . ll:!.- T y pi ("ul ar achnids: /1. u srorpion (B uth,,",); 13, jumping spider 
(.·lU u.,); C , catt le ti ck (13onphiiu,) . (A .. f rom "Cambridge .I'/at/l. rai H istory," 
copyright 19()9 by Th c M acmillan COm1Jany , aft cr Kraepclin; reprinted by pcr
mis>ion; 13, from Emerton; C, f rom Packard. ) 

Mollusks.- There are about 60,000 species of mollusks 
living in fresh water, in the ocean, and on land. They are 
represented by such familiar forms as oysters, clams, 
mussels, snails, slugs, squids, cuttlefish, and octopi (Fig. 
114). Mollusks constitute a highly developed group of 
non-metameric animals ''lith soft bodies which are usually 
encased in a shell. All of them have a characteristic 
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organ, the joot, which is variously modified. They are 
bilaterally symmetrical. 

FIG. 114.- R epresentative mollusks; A, a la nd snail (H elix) , X H; E, an 
octopus (Polypus) , X % ; C, fresh-water mussel, X ~1. (C, redrawn after 
Linville and KellY, "A T ext-book in General ZOO/oilY," Ginn and Company: by 
permission.) 

Chordates.- This is the highest group of animals, 
numbering about 38,000 species. They resemble the 
annelids and arthropods in being bilaterally symmetrical 
and metameric, but in most cases there are no external 
evidences of metamerism in the adult stage of development. 
The three distinctive features of chordates are as follows: 
(1) All chordates have at some stage of growth a rod of 
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supporting tissue called a notochord. In the lower forms 
(the Provertebrates) this persists throughout life, but in 
most chordates (the Vertebrates) it is replaced in the adult 
by a series of vertebrae forming the vertebral column. 
No animals other than chordates have a notochord. (2) 
All chordates have paired gill slits at some stage of growth. 
These are clefts in the wall of the pharynx. In the lower 
aquatic forms they persist throughout life, permitting the 
outward passage of water from the mouth cavity over the 
gills. In the air-breathing chordates, however, the gill 
slits disappear before the adult stage is reached, being 
solely embryonic or larval structures. (3) The nerve cord 
is hollow (in reality a tube) and invariably dorsal to the 
enteron, never ventral as in the annelids and arthropods. 
The five chief classes of vertebrates are as follows: 

1. Fishes.-These are cold-blooded, 1 aquatic vertebrates 
having functional gills throughout life (Fig. 115). There 

FIG. 11.'i.- Thc yellow pprch (P erca jlavescens) , n. typical fish. (Ji'rrn/l. DPrln . 
aftm' Goode.) 

are no limbs, movement through the water being accom
plished by fins. The skin is covered with scales. The 
heart is two chambered. There are about 15,000 species. 

2. Amphibians.-This class includes about 1,500 species 
of salamanders, newts, frogs, and toads (Fig. 116). They 
are all cold-blooded vertebrates with functional gills in 
early life; in most amphibians these are later replaced by 

1 In cold-blooded animals the body temperature varies with the sur
roundings; in warm-blooded animals it is constant alld relatively high, in 
man being about 37° C. (98.G.o F.), 
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lungs. Nearly all have four limbs, the toes being without 
claws. The skin is smooth and entirely without scales. 
The heart is three chambered. 

FIG . llG.- A salamander (TritliTliS torosus). a typical amphibia n. X 7'2. 

3. Reptiles.- To this class belong the lizards, snakes, 
turtles, tortoises, crocodiles, and alligators (Fig. 117). 
There are about 3,500 species. Like the two lower verte
brate groups, reptiles are cold blooded, but are entirely 
without functional gills at any stage of development. 
Some li\'e in the water, but all reptiles have lung. Nearly 

FIG . 117.-Reptil l's: A. a lizard (Gerrhonotus 8cincicanda) . X ),~ ; B. desert 
tortoise (Testudo aaassizi) . X H. 

all have four limbs (snakes being a notable exception), the 
toes ending in claws. The skin is covered with scales, 
hard plates, or both. The heart is three cham.bered, but 
the ventricle is incompletely divided. In the crocodiles 
and alligatorg, however, the heart is four chambered. 

4. Birds .- The 13,000 species of birdi:l form a very dis
tinct class of \'ertebrates (Fig. 118). Like the reptiles, 
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they lack functional gills, but are warm blooded. There 
are two pairs of limbs, but the fore limbs are modified to 
form wings. The skin is covered with feathers , scales 

FIG. 11S.- ("row (Corvus urachyrhynchos) . X H . 

occurring only on the feet. The heart is completely four 
chambered. 

5. Mamrnals. - The highest class of vertebrates numbers 
about 3,500 species and includes such well-known forms as 

FIG. ll!J.-Grollnd squirrel (Cit rllu s brecheyi) . 

man, apes, monkeys, cattle, sheep, horses, dogs, cats, 
seals, rats, mice, squirrels, moles, bats, whales, and many 
others (Fig. 119). Like the birds, mammals are warm 
blooded and lack functional gills. Two pairs of limbs are 
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present in nearly all cases. The skin is covered with hair. 
The heart is completely four chambered. A distinctive 
feature of all mammals is the fact that the young are 
nourished by milk produced by the mammary glands of 
the female. The development of the brain far surpasses 
that seen in any of the lower animals. 



CHAPTEH XI 

METABOLISM IN ANIMALS 

Through our study of plants, we have become acquainted 
with a number of aspects of metabolism which are funda
mental to all living things (see Chap. VII). We have learned 
what food is, and how it is formed in green plants. We 
have seen that all organisms use the same kinds of foods
carbohydrates, fats, and proteins- and that these are 
utilized by both plants and animals in exactly the same 
ways, viz ., in the building up of body substance (both 
protoplasm 'and its derivatives) and as a source of energy. 
I t has been seen that the processes of digestion, assimila
tion, respiration, and their accompanying energy relations, 
are essentially similar in both plants and animals. There
fore our present interest is not so much in the nature of 
these metabolic processes as in the ways in which they are 
carried on in animal bodies. 

In contrast to plants, animals are active; their functions 
are performed in a more accelerated manner. Having a 
higher rate of metabolism, therefore, they require a much 
greater amount of energy, and this necessitates a corre
spondingly larger consumption of nourishment. In fact, 
most of the activities of animals are concerned primarily 
with procuring food. 

Digestion.-It has previously been pointed out that the 
ingestion of solid food is a distinctive feature of animal 
nutrition. Some of the food taken into the animal body, 
such as simple sugars, can be directly absorbed without 
undergoing chemical change, but most nutritive substances 
must be digested before they can be utilized by the living 
tissues. Complex foods must be broken down into simpler 
forms which can pass into solution. As in plants, digestion 
in animals is accomplished by enzymes, substances of 

149 
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unknown chemical composition which the organism itself 
produces. In the protozoans and sponges, and to a cer
tain extent in the coelenterates, as already stated, digestion 
is intracellular; that is, it is carried on inside of indiddual 
cells, each cell engulfing its own food. In all other animals, 
however, digestion is extracellular, the food entering and being 
digested ,Yithin a distinct digestive ca\'ity. Enzymes are 
secreted into the cavity either by the surrounding cell:::; or 
by accessory digestive gland:::; which are connected with it 
by ducts. 

For an understanding of the way in which the digestive 
processes are carried on in the higher animals, in a very 
general way the more important aspects of human digestion 
will be considered. Contrary to those animals whose diet 
is more or less restricted, man is omnivorous, using foods 
which come from a great variety of sources. Food is 
broken up in the mouth and mixed with saliva, a secretion 
from the salivary glands. Saliva contains an enzyme 
called ptyalin which acts upon starch, bilt little digestion 

·occurs in the mouth because food remains there only a 
short time. The principal value of chewing is to reduce the 
size of the pieces of food so that fluids in the stomach and 
intestine can reach them quickly. 

The stomach is n muscular sac in which food is .tempo
rarily stored, reduced to a semifluid consistency, thoroughly 
mixed, and partially digested (Fig. 120). The stomach 
secretion, called gastric juice, contains about 0.4 per cent 
of hydrochloric acid and an enzyme called pepsin. The 
acid plays no direct part in the work of digestion; it merely 
serves to activate the pepsin, as this enzyme can do its 
work only in an acid medium. Pepsin acts upon some of the 
proteins, changing them to peptones. The gastric juice 
also contains the enzyme rennin, the sole function of which is 
to coagulate milk. There is no starch digestion in the stom
ach except from the saliva mixed with the food, but as ptya
lin acts only in an alkaline medium, this soon ceases in the 
presence of the hydrochloric acid. There is also little or 
no digestion of fats in the stomach. 
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Upon entering the small intestine, the partially digested 
food is acted upon by other enzymes, the chief ones being 
in the pancreatic fluid. These are three in number : amylop
sin, which converts starch to sugar; trypsin, which changes 
proteins to peptones and simpler products; steapsin, which 
breaks down fats into glycerin and fatty acids. In man the 
pancreatic duct joins the bile duct, near its lower end, 
the latter thus discharging both bile and pancreatic fluid 
into the upper portion of the sm[Lll .intestine. As the food 

FIG. 120.- Diagram of the human diges ti ve system ; 0, end of esophagus; S, 
stomach ; D, duodenum (beginning of small intestine); S 1, small intestinE' ; V A . 
vernlifo rm appendix; C, ctteCUD1; SF, sigmoid _flexure; R, recturn ; L. liycr; GB, 
gall bladder; RD, bile duc t; P, pancreas. (From W ieman , "General Z oolO(JY," 
,llc{!raw-Hill Book Compan y, I n c., by permission.) 

leaves the stomach it is acid, but is soon neutralized by the 
pancreatic fluid and bile, both of which are alkaline. This 
is necessary because the intestinal enzymes act only in a 
neu tral or alkaline medium. Bile, the secretion from the 
liver, containE; no enzymes, but its presence makes condi
tions favorable for the action of the pancreatic fluid, espe
cially in its tligestion of fats. As the food passes through the 
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small intestine, it is also acted upon by several enzymes 
contained in the intestinal juice, one of which, called erepsin, 
supplements the action of trypsin in the digestion of 
proteins. 

There are no enzymes in the large intestine. Nearly all 
of the work of digestion is carried on in the small intestine, 
the other p arts of the digestive tract doing comparatively 
little. Certain portions of the material eaten, such as the 
cellulose of vegetable food and the fiber of meat, are not 
capable of digestion in the human body. Hence, the large 
intestine acts chiefly as a reservoir for the accumulation of 
this indigestible matter. Because of the presence of large 
numbers of bacteria in the lower end of the large intestine, 
the indigestible residue undergoes partial decomposition 
before leaving the body. 

Absorption.- With the exception of sugars and a few 
other substances, most of the foods taken into the digestive 
tract are incapable of being dissolved in water. Foods like 
starch and proteins, for example, cannot pass through an 
osmotic membrane, while sugars and other soluble sub
stances can. The real purpose of digestion is to render food 
substances diffusable by changing them from an insoluble 
to a soluble form that they may thus pass by osmosis 
through t he layers of cells which compose the intestinal 
\yall. The absorption of food takes place almost entirely 
in the small intestine, very little going on in the stomach or 
large intestine. 

Assimilation.- The digested food is taken up by the blood 
and carried to all parts of the body to be assimilated. It 
should be recalled that assimilation is simply the trans
formation of food into protoplasm. Some of the sugar 
carried by the blood is taken to the liver, converted to an 
insoluble carbohydrate called glycogen , and temporarily 
stored in this form. Chemically, glycogen is very similar 
to starch; in fact, it is often referred to as " animal starch. " 
When a great excess of food is habitually eaten, much of it 
is stored permanently as fat in what then becomes adipose 
tissue. Fat accumulates in thick layers beneath the skin 
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and around such organs as the heart, liver, kidneys, and 
intestines, often interfering ""ith their normal activities. 

Respiration.- The breaking down of organic matter in 
the body to liberate energy has been adequately discussed 
in connection with plants (see Chap. VII). "Ye have seen 
that respiration is essentially the same process in all 
organisms. In the lower animals 
oxygen is absorbed by all the cells 

. of the body directly from the sur
rounding medium, the ,Yater or the 
atmosphere, as the case may be. 
In the higher forms, howeyer, this 
is obviously not possible, and so 
oxygen must be transported to the 
tissues in some way. In the in
sects, air is brought directly to the 
cells through a system of highly 
branched, delicate tubes (tracheae) 
'which communicates with the at
mosphere by means of small open
ings in the body ,vall (spiracles), 
no oxygen or carbon dioxide being 
carried by the blood (Fig. 121). FIG. 1 21.- Rcspirator~· O.\ S

In the higher groups of animals, tem of t he honeybee. (From 
Snodg ra ss, ".1 na tomy of tlte 

however, air does not COlne in Honeybee." J[cGraw-Hill Book 

direct contact with the tissues. Company, I nc., by permission.) 

Instead, oxygen is brought to them by the blood from 
definite aerating organs , such as gills or lungs, or in some 
cases from the moist outer skin. 

Circulation.- The blood of vertebrates consists chiefly 
of two kinds of cells- red and white corpuscles-suspended 
in a colorless liquid called t he plasma. The plasma carries 
most of the dissolved food to the tissues and removes wastes 
from them. The red corpuscles are oval or circular, disk
like cells which owe their color to the presence of a sub
stance known as haemoglobin with which oxygen readily 
combines. In the earthworm and many other inverte
brates this substance is dissolved in the plasma, all of the 
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corpuscles being colorless. In the mammals the red cor
puscles lose their nuclei, but in all other vertebrates they 
remain nucleated (Figs. 21B and 122). The white cor
puscles are slightly larger than the red ones, but are only 
about one five-hundredth as numerous (in man), and never 
contain haemoglobin. They are often amoeboid in form, 
moving by pseudopodia, and contain one or several nuclei. 
A peculiar feature of the white corpuscles is their ability to 

FIG. l ~~.-Hum(tn blood cor
puscles. drnwn from a sta.in cd 
preparation . X 750. Three 
white corpuscles a rc shown. t he 
smaller Olle wi th a single large 
n ucleus. the larger OIlCS with 
severa l smaller nuclei. The red 
corpuscles lack Iluclei . 

pass through the walls of capil
laries into the surrounding tissues. 
Their function consists partly in 
engulfing small solid particles, such 
as bacteria, waste particles, and 
\Yomout cells, which they destroy 
by digesting them. They abo aid 
in the transportation of fats to 
different parts of the body. 

In addition to the blood, verte
brates have a colorless fluid called 
lymph which circulates through 
the body in delicate vessels called 
lymphat'ics; these eventually con
nect with the closed system of 

blood vessels. Lymph contains mainly plasma and white 
corpuscles ,yhich have escaped from the blood vessels. It 
supplements the \York of the blood, especially in the trans
portation of nourishment. 

Excretion.-The breaking down of protoplasm results 
in the formation of carbon dioxide, water, and other waste 
products. These are collected by the blood stream and 
eliminated through the aerating organs, the skin, and the 
excretory organs. In mammals most of the carbon dioxide 
is given off through the lungs- the water, from the lungs, 
skin, and kidneys. When proteins are decomposed, a 
nitrogenous substance called urea always results. In the 
higher animals it is formed chiefly in the liver, -and is then 
carried by the blood to the kidneys ,,,here it accumulates. 
The urea, with a smaller quantity of other waste products, 
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is dissolved in water to form a fluid called urine. This 
passes from the kidneys through the pair of ureters to the 
bladder \\-here it is stored before passing out of the body. 
In most mammals the skin contains innumerable small 
sweat glands which give off large quantities of water and 
leave a residue of solid waste matter on the skin. 

Nerve Control.- W e have already considered in plan ts the 
general fact of irritability and have seen that the capacity 
to react to stimuli ~s universal among living things. While 
response in animals is no more definite than it is in plants, 
ordinarily it is far more rapid and is brought about by a 
very different mechanism- chiefly through the cooperation 
of nerves and muscles. In the two lowest groups of animals 
- protozoans and sponges- the cells which react to external 
influences are stimulated directly, there being no nerve 
cells. In all of the higher animal groups, however, this 
is not the case; here differentiated cells are present whose 
sole function is to receive and conduct stimuli and thus 
to bring about responses in other tissues which, for the 
most part, are themselves incapable of receiving stimuli 
directly. In the coelenterates, simple nerve cells are 
present, but they are not aggregated to form ganglia. In 
the higher animals, however, the nervo.us tissue constitutes 
an elaborate system of nerves and ganglia, the organiza
tion of which has already been considered in the earth\vorm 
and the frog. 

The nerYous system, in controlling the responses of an 
animal to external influences, makes it possible for various 
groups of tissues to act together as a unit. In other words, 
it directs and coordinates all vital functions. Without 
the controlling influence of the nervous system, there 
could be no bodily activities. It is important to under
stand how the nervous system brings about activity in 
other tissues. 

It will be recalled that a nerve cell, or neuron, consists 
of a central nucleated portion (the cell body) and of a num
ber of extremely fine cytoplasmic extensions, called nerve 
fibers, which conduct impulses (Fig. 20A) . E ach neuron 
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has two kinds of nerve fibers: commonly a number of 
short, branched dendrites, and a single long axon which 
usually is branched only at its tip. The former carry 
impulses to the body of the neuron, the latter carries them 
away from the neuron. A nerve cell, as a whole, can carry 
impulses only in one direction-sensory neurons from a 
point of stimulation to a nerve center (as the brain or 
t;pinal cord), motor neurons from a nerve center to a tissue 
in which a response is to be induced (as a muscle or gland) . 

ven[ra] ganglion 
motor cel l body 

sensory nerve fiber 

epidermis 

circular muscles 
Fw. 12:l.-Diagralllrnatic c ros~-,eC'(in ll of t Ii (' \ ' (,11 t ral 1I (' ry e ('o rd a nd sur

rounding s t.rll ctures "f a n ea r t hwo rlll. (From P arklT. 'ill POjJlIlar .science .lIon/My, 
after Hrtzius.) 

Ganglia are merely aggregations of neurons, ,yhile nerves 
are bundles of nerve fibers usually enclosed by a sheath of 
connecti ve tissue. A sensory nerve consists of the fibers of 
many sensory neurons, a motor nerve of the fibers of many 
motor neurons. M ixed nerves, on the other hand, are 
composed of both kinds of fibers, and so are both sensory 
and motor in function. 

A simple illustra tion of the way in which a response to a 
stimulus manifests itself may be seen by touching the skin 
of an earthworm. The mechanism of this reaction may 
be understood by reference to Fig. 123. Lying in the skin 
are a number of sensory neurons, the dendrites of which 
receive stimuli acting upon the surface. The axon of 
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each of these neurons passes inward to one of the ganglia 
of the central nervous system, where its end comes in 
contact (although not in organic union) ,,"ith the dendrites 
of one of the many motor neurons of which the ganglion is 
composed. The axons of certain of these motor neurons 
pass outward to the muscles of the body wall. Stimula
tion of the skin causes an impulse to be sent over one or 
more sensory nerve fibers to the central nervous system. 
There it is transmitted by one or more motor nerve fibers 
to a group of muscles which are thereby stimulated to 
contract. This behavior is called reflex action because the 
impulse is reflected from the nerve center somewhat as 
light is reflected by a mirror. Many of the bodily activities 
in the higher animals are brought :-l. hout by reflex [lctions. 



CHAPTER XII 

REPRODUCTION AND DEVELOPMENT IN ANIMALS 

In connection with plants, certain fundamental facts 
and principles regarding reproduction in general h[we been 
considered which need not be repeated here (see Chap. 
VIII) . In the present chapter our interest will center 
chiefly on such phases of reproduction and development 
[ts are illustrated by animals. 

Asexual ~eproduction.-We have seen that among 
unicellular organisms the prevailing method of reproduc

. . tion is fission-[tn equal di,"i-
•• . sion of the body into hvo ne\\" 

~::.} . parts \yhich separate and take 
~ ::. ~.: .. 
:- .. " up an independent existence. 

A B 

Occasionally, this happens 
even among some of the lower 
metazoans, as in H ydra and 
the flatworm Planaria (Fig. 
124). Rpore reproduction, 
al though characteristic of 
nearly all plants, is very rare 
among animals, occurring 
only in certain protozoans (see 
pp. 25-26and 258-260). Other 
methods of asexual reproduc-

FIG. 124.-Fission in metazoans; 
A, in Hydra; B, in Planaria. (F" om 
Wieman, .. Gen('rctl ZooloOY," J[ cGraw
Hill Book Company , I nc., A, a/tel' 
Koelitz; B, a/tel' Ch;ld.) 

tion are found in animals, 
however, particularly li/flong the lower groups of metazoans. 
For example, attention has already been called to the 
formation of buds in Hydra (see p. 117), bteral outgrowths 
from the body wall which become detached and give rise 
to new indiviuuals. This is a method of reproduction 
comparable to "vegetative multiplication " among plants. 
Budding is common in the sponges, coelenterates, and 
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flntworms, often giving rise to multicellular colonies, as 
previously explained (see p. 117). Among the higher 
animals, asexual reproduction is rare; in fact in the verte
brates it does not occur at all. 

Sexual Reproduction.-Nearly all animals reproduce by 
the sexual method. In fact, in most cases, it is the only 
way in which new individuals :1rise, but even where asexual 
methods have been developed (as in 
Hydra), sexual rep rod uction is also pres
ent,. Even many of the protozoans ex
hibit a form of sexual reproduction, 
although the rapid increase in number of 
individuals is brought about chiefly by 
fission . In Pararnoecium, for example, 
under certain circumstances, a behavior 
known as conjugation takes place (Fig. 
125). Two individuals come in contact 
with each other, complex nuclear trans 
formations occur, and, after an exchange 
of nuclear material, the two cells separate. leIG.125.-Conjugatiull 

Because no new indi vidual is formed, how- in Paramoeci'U1n. 

ever, strictly speaking, this behavior is not reproduction. 
The significance of conjugation has been variously inter
preted, but is still somewhat uncertain. It is only in a 
relatively few protozoans that gametes are formed and a 
permanent union t akes place between them. 

In the growth of a metazoan from the fertilized egg, as we 
shall soon see, most of its cells become specialized to form 
muscle, nerve, blood, and other tissues which are primarily 
concerned with metabolic activities-,yith the maintenance 
of the individual of which they are a part. These are called 
somatic tissues, or collectively the soma, and are comparable 
to ·what we have termed "vegetative tissues" in plants. 
Of all the cells ,yhich arise from the fertilized egg, however, 
a relatively few remain unspecialized, t aking no part in 
general bodily functions . During the development of the 
individual, these germ cells, as they are ca lled , undergo a 
period of multiplication within the body, but are incapable 
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of functioning as reproductive cells until the animal 
reaches maturity. Then they undergo certain complex 
changes (to be described in the next chapter) , and thereby 
become transformed into gametes. 

In the sponges, germ cells are scattered throughout the 
body, but in all other metazoans they are confined to 

B 
FIG. 126.- .-\ n('arl.l· ripp hum an ol'um in the li"ing condition. Th(' ovum 

is surrounded b.v follicle cells (FC) inside of which is the clear membrane (.lfemb) 
and within this is the ovum proper containing yolk granul('s (Y) and a nucleus 
(N) imbedded in a clear mass of cytoplasm, X 500; B , t wo human sp('rmatozoa 
drawn to about the same scale of magnification as the egg. (From Conklin , 
.. Heredi.ty and Environment," Princeton University Pres" , after H ertwio; B, afl.cr 
Retzi,,>; by pcrmi>sion.) 

definite sex organs: testes or ovaries. The male gametes of 
animals, called sperms (or spermatozoa) are of various forms, 
but are always very small, and ordinarily consist of little 
more than a nucleus (Fig. 126B). In most cases, they 
swim actively by means of a flagellum or tail. The female 
gametes, called eggs (or ova), are generally spherical in 
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shape, a great deal larger than the sperms but much less 
numerous, and are nearly always non-motile (Fig. 12G). 
The human egg cell is approximately 0.2 millimeter (71 25 
inch) in diameter, but other eggs are much smaller than 
this and some a great deal la rger. In addition to the 
nucleus, :111 eggs have a relatively large amount of cytoplasm 
containing reserve food which constitutes the yolk. In 
some animals the yolk is uniformly distributed throughout 
the egg, while in others it accumulates at one end. In many 
cases part of the reserve food is stored in accessory layers 
which surround the egg. Thus the white portion of a 
bird's " egg," called albumen, is merely accessory food 
material surrounding the yellow portion, the latter consti
tuting the ovum or real egg enormously enlarged by the 
accumulation of yolk. The eggs of many animals are 
surrounded by a special protective envelope or shell , 
particularly in such forms as reptiles and birds, which lay 
their eggs on land. Its chief purpose is to prevent 
evaporation. 

Fertilization.- Among animals, as among plants, the 
essential feature of sexual reproduction is the fusion of a 
sperm with an egg, a new indiyidual arising from the zygote 
by repeated cell division. All other features associated 
with reproduction are incidental; they merely aid in bring
ing about this gametic union or in providing a means for 
the new individual to develop. The sperm swims to the 
egg and penetrates its outer membrane; its nucleus then 
gradually increases in size as it approaches the egg nucleus, 
and \yhen the male and female nuclei fuse they may be 
approximately equal in size (Fig. 127). The egg is now 
said to be fertilized. Although an egg may be surrounded 
by millions of sperms, only one normally succeeds in fusing 
with the egg nucleus. It is important to realize that the 
fertilized egg or zygote gives rise to all of the cells of the 
adult individual. This means t hat every metazoan begins 
its existence as a single undifferentiated cell. The zygote 
marks the beginning of the next generation; in fact, it is 
actually the new individual itself! 
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In order that the sperms may reach the eggs, there must 
be a liquid medium through which they can swim. In 
aquatic animals this is provided by the water in which they 
live. Most of the groups of invertebrates are aquatic, and, 
consequently, to them fertilization presents no difficulties. 
For example, in the starfish, where the sexes are separate, 
both the sperms and eggs are discharged into the water 

and there fertilization takes place. 
Among the vertebrates it is only in the 
fishes and amphibians that a similar 
condition exists. The eggs pass down 
through the oviducts and out of the 
body before being fertilized, and the 
sperms are discharged directly into the 
water, usually over the eggs just after 
they have been laid, as in most fi shes, 
or as they are leaving the body, as in 

FIG.127.-Fer t iliza tion the frog. 
in one of t he roundworms 
(Ascaris m eaalocephala) , In animals which do not live in the 
t he male and fem ale nuclei 
in contact wi t hin t he cyto
plasm of the egg, X 1,000; 
pb , pola r bodies. 

water, the means by which the gametes 
are brought together must necessarily 
be modified. Here the eggs are ferti

lized before they are laid. The sperms are introduced into 
the body of the female and swim to the eggs through fluids 
which are secreted for the purpose. Internal fertilization 
occurs in the insects and in a few other invertebrate groups, 
in a few fishes and amphibians, and in all reptiles, birds, and 
mammals. In some invertebrates the eggs are fertilized 
while still in the ovaries, but in the vertebrates fertilization 
occurs in the oviducts. 

Parthenogenesis.-While, in the great majority of ani
mals, an egg will not develop unless a sperm has united 
with it, in some animals, mainly invertebrates, an unferti
lized egg may give rise to a new individual directly. This 
phenomenon is known as parthenogenesis . It occurs, for 
example, in a group of microscopic aquatic forms called 
rotifers, in certain small crustaceans, and in such insects as 
plant lice or aphids, and among ants, bees, and wasps (Fig. 
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128). Sometimes no males are produced for many genera
tions, and in some cases there are apparently no males at all. 
In the bees and related insects (Fig. 129) the female lays 

FIG. 128.-Part hpnogpnC'ti p. animals; A , arotif0r; B, a n aphid; C, a c rllst:\CNlll 
(From Sh'ull, "Heredity," .lfc(!ra,w-H·ill Baak ('vmpafl.!/. I nc., A, after Harrina: fj 

a/I eI' W ebster; C, a/II'" Storch; I,y 7)(Tmi""iol!.) 

",,'orker Queen Drone 
FIG. 129.-Honl'ybec, X 2. (From Phillips , [T. 8. DepaTlme7l / of ~1aricult1lTe 

Farmer's Bulloti n 447.) 

both fertilized and unfertilized eggs, the former always 
developing into queens (fertile females) and workers 
(sterile females), the latter into drones (males). 

.-
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Early Embryonic Stages.- In the development of the 
embryo from the zygote, we find that the early stages are 

J K 

FIG. 130.-Successive stages in cleavage and gastrulation of Amphioxu.s; A, 
one cell ; B, two cells; C and D , four cells; E , eight cells; F, sixteen cells; G, 
hlastula stage of about ninety-six cells; H, section through same showing the 
cleavage cavi ty (blastocoele) ; I, blastula seen from the left side, showing three 
zones of cells , viz., an upper clear zone of ectoderm, a middle (faintly shaded) 
zone of mesoderm, and a lower (deeply shaded) zone of endoderm cells; J, 
section t hrough same showing these three types of cells; K and L, successive 
s t.ages in the in fo ldin g of t he endoderm. a, anterior ; p, posterior ; v, ventral ; d, 
dorsal ; lie , blas tocoele ; {}C , gastrocoele. (From eonid'in, "Heredity and Enviroll.
menl," I'rill c('to1! Cn i'v«rsily Press, A -H, afler H alschek; by permi.sion.) 

essentially similar in all metazoans, the differences which 
occur being mostly in details. This development we shall 
follow in a "ery general way, using as an illustration the 
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lancelet (Amphioxus), a very primitive chordate (Fig. 130). 
Very shortly after fertilization has taken place, the zygote 
divides to form two cells which remain together. Each of 
these then undergoes a division in a plane at right angles to 
the first one, and four cells are formed. Then each cell 
divides in the third plane, resulting in the formation of 
eight cells. These early stages in the development of an 
individual are called cleavage stages. The process of cell 
division continues until a small spherical mass of cells i:> 
built up, and at the same time a 
central cavity appears which is 
termed the cleavage cavity (or blast
ocoele). The embryo is now said 
to be in the blastula stage, a blastula 
being merely a hollow sphere con
sisting of a single layer of cells 
surrounding a cavity. 

The above account applies 
especially to the development of 
eggs in which the yolk is evenly 
distributed. In ' cases where a 
large amount of yolk is massed at 
one end of the egg, the cleavage 
divisions do not extend the entire 
length of the embryo, but the 
portion with the yolk remains 
undivided (Fig. 131). 

FIG. l3t.-Cleavage in the 
egg of the gar pike (l,cpidos
te·u.,). about 5 hours after ferti
lization. The yolk-laden half 
of the egg remains undivided. 
(From Shu ll. LaRue, and Ruth
"e n. "Principles of Animal 
Biolouy." McGraw-Hill Boole 
Company. Ine ... a/ter Eyeleschy
m er; by perrnisst'on.) 

Gastrulation.-Following the formation of the blastula, 
a very important phase of development occurs (Fig. 130). 
The cells on one side of the embryo, 'which ordinarily are 
slightly larger than the others, begin to bulge inward, or 
im'aginate, and this process continues until the lower 
and upper cells are in contact and the cleavage cavity is 
obliterated. The embryo is now called a gastrula. The 
new cavity formed by the process of gastrulation is known 
as the archenteron (or gastrocoele), while the opening at 
one end of the embryo is the blastopore. The outer layer 
of cells comprises the ectoderm, the inner layer the endoderm. 
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At; our study of the hydra has clearly shown, some flni
mals go no brther in their development than the gastrula 
stage. Both the sponges and coelenterates have only two 
layers of cells surrounding a single cavity ,,-hich communi
cates with the outside by one opening. Of course, many 
minor modifications in this fundamental plan arise, such 
as the development of tentacles in the hydra, but these 
are special features related to the life habits of the animal 
and which enable it to carryon an independent existence. 
The most important fact to remember concerning the two 
lowest groups of metazoans is that they remain perma
nently in the gastrula stage of development. 

In the higher animal groups, the gastrula now elongates 
somewhat, and further changes take place. The most 
important of these are concerned \vith the formation of the 
mesoderm and coelom. 

Mesoderm and Coelom Formation.-In all metazoans, 
except the sponges and coelenterates, there now arises 
bet\veen the two primary layers of cells a third layer 
called the mesoderm, which may be derived from the ecto
derm, endoderm, or both. Another important feature of 
embryonic development is the differentiation of the archen
teron into a coelom and an enteron, the former developing 
outside of the latter. As has been seen, a coelom is 
characteristic of all metazoans except the sponges, coelen
terates, and flatworms. The methods of mesoderm and 
coelom formation vary greatly among the different groups 
of metazoans, but these details are not important. A com
mon method is shown in Fig. 132. Here the mesoderm 
is seen to arise from the endoderm by the formation of a 
pair of lateral pouches ,,-hich becomes cut off, the archen
teron thus giving rise to the coelom (surrounded by 
mesoderm) and the enteron (surrounded by endoderm) . 

The embryo of the lancelet at this stage of development 
also sho\\'s the way in which the central nervous system 
of the chordates arises, viz., as a dorsal infolding of the 
ectoderm, the edges of which unite to form a tube. The 
notochord is seen to arise as a dorsal outgrowth from 
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the endoderm. This structure, it will be recalled, appears in 
the embryogeny of all chordates, but is persistent throughout 
life only in thelowestmembersofthegroup (seepp.144-145). 
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FIG. 132.-Cross-sections of older embryos of Ampll1:o2:lIs in successi\"(· stages 
of development. showing the form ation of coelom nnd m esoderm ; ect, ectoderm; 
ent, endoderm; mes , mesoderm ; n}>, neural plate, n t, ncural tube; ch, noto(!hord; 
oc, gastrocoele; coel, coelom ; ac, enteron or alimentary canal. (From Con klin, 
.. H eredity and En'vironment ," Princeton University P re,.; by lJCrmi"ion.) 

Later Development.-The further growth of the embryo 
is complex and subject to great variation among the higher 
metazoan groups. Up to this point there is little or no 
differentiation between the cells of the embryo, no speci
alized tissues being formed as yet. In the subsequent 
development, however, each of the three primary cell 
layers gives rise to certain definite sets of tissues. These 
are, in part, as follows: The ectoderm gives rise to the 
outer part of the skin, to certain superficial appendages 
(such as scales, hair, feathers, nails, etc.), and to the entire 
nervous system. The endoderm forms the lining of the 
digestive and respiratory trncts. The mesoderm gives rise 
to the muscles, connective and supporting tissues, blood 
vessels, the blood itself, and most of the other tissues of 
the body. Nearly all of the organs of the adult animal 
are composed of cells derived from more than one of the 
primary cell layers of the embryo. 
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It is a remarkable fact that animals so diverse in their 
adult stages as an earthworm, starfish, frog, and mammal 
should begin their development in essentially the same way 
and follow a similar sequence of stages. Minor variations 
are many, especially beyond the earliest stages, but the 
main features of development are constunt. It is only 
in the later course of embryogeny-in the formation of 
organs-that a great deal of diversity arises. 

Oviparity and Viviparity.-In animals with external 
fertilization, the embryo necessarily develops outside the 

B 
FIG . l:J:l.-E~J.(-l:1ying mammals ; A , Dllckbill (Ornithorhyncllll s) ; B, Rpiny ant 

"ater (Echidna) . 

body. Where fertilization is internal, however, the embryo 
may develop within the body, as in mammals, or outside, 
as in birds and most reptiles. In the two latter groups 
fertilization occurs before the shell is formed, and so when 
the "egg" is laid, the embryo has already started to 
develop. The brge amount of reserve food present is 
entirely consumed by the embryo during the course of its 
development. Animals in which the embryo develops 
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whether fertilization is external or internal. Except in 
a very few cases, the invertebrates, fishes, amphibians, and 
reptiles are oviparous, while the birds are oviparous with
out exception. N early all of the mammals, on the other 
hand, are viviparous, which means that the embryo develop8 
within the body, deriving its nourishment by direct absorp
tion from the maternal tissues. There are only two egg
laying mammals kno wn: the duckbill or platypus 
(Ornithorhynchus) and the spiny n,nteater (Echidna), both 
natives of Australia (Fig. 133). These forms are the m08t 
primitive mammals in existence, for not only are they 
oviparous, but they have a cloaca, an organ characteristic 
of amphibians, reptiles, and birds, but absent in all othel' 
mammals, 

The following table is a convenient summary of the 
relations discussed above, 

Croup 

Invrrtenrntrs . . .. . , , . , . . . . . 
Fishes . . ..... ... . . . .... . 
Amphibians .. 

i 

Fertilizatio n ex tl'r- i 
n:11 or in ternal 

Mostly ex terna l 
l\lostly extern al 
Mostly external 
In t ernal in a ll cas( ~s R eptiles . 

Birds . 
Ma.mmals . 

. . . . . . . . . . .. Internal in all cases 
·1 In ternal in all cases 

Ovipa rous or 
viviparous 

Mostly oviparous 
Mostly oviparous 
Mostly oviparous 
Mostly oviparous 
Ovipa'rous in all ca::;es 
:'\Iostl .~· viviparous 

Intrauterine Development.- The nourishment of t he 
mammalian embryo is a matter which deserves further 
consideration. The general features of the female repro
ductive system of vertebrates have been illustrated by the 
frog, and it has been learned(that the ripe eggs escape from 
the pair of ovaries, enter the open ends of the oviducts, and 
pass downward to the uteri where they are temporarily 
8tored (see pp. 133-134) . In mammals the uterus is simi
larly an enlargement of the oviduct. There may be either 
two separate uteri (as in most rodents) , the uteri may be 
fused only at their lower ends (as in carnivores and many 
ungulates), or the fusion may be complete, resulting in a 
single undivided uterus (as in man and other primates). 
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Fertilization occurs in the oviduct, the zygote passing 
down into the uterus where the embryo undergoes its 
development. At first the embryo uses up the food pre
viously stored in the egg, but soon another source of 
nourishmei1t becomes necessary. This is obtained from 
the mother by means of an organic attachment between the 
embryo and the uterus (Fig. 134). There is formed a 

h 
FIG. 134.-Diagrammatic section of hum a n uterus wit h yo ung e mbryo; a, 

dorsal waU of uterus ; b, !>lacen ta ; c, fluid-fill ed cavity surrounding e mbryo ; d. 
lower en cis o f oviciucts ( Fa llopia n t ubes) ; e, embryonic m embra nes; f . uterine 
tissue; {/, ute rin e cavity; ft , erubryo ; i , umhilical co rd wit h blood vessels. (From 
W oodruff, "Foundation; of B ioloIlY," copuriaht 1922 by The Jlacmillan Company; 
reprinted by llermi;,ion.) 

disk-shaped organ, called the placenta, vvhich consists of 
both maternal and embryonic tissues. It is firmly attached 
to the wall of the uterus and connected ,Yith the embryo by 
means of the umbilical cord. Food and oxygen are brought 
to the placenta by the maternal blood vessels, and pass to 
the embryonic tissues by osmosis. The blood vessels of 
the embryo extend the length of the umbilical cord and 
into the placenta. They not only absorb nourishment 
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and oxygen from the maternal circulation, but give back 
carbon dioxide and other waste products. 

The above facts make it clear that the embryo is essen
tially a parasite in the body of the mother. It should be 
distinctly understood, however, that the blood vessels of 
the mother and of the embryo are entirely ::;eparate from 
each other, and consequently no blood passes between 
them. All the blood cells of the embryo, like all of its 
other tissues, have been derived directly from the zygote. 
There is merely an osmotic movement through the placenta 
of food and oxygen from mother to embryo and of waste 
products in the opposite direction. There are abo no 
nerve connections and, consequently, there is no way ill 
which the mental state of the mother- her thought:-; , 
desires, or fears- can influence the unborn offspring. 

Larval Stages.- Until the individual becomes inde
pendent of the mother or of the nourishment contained 
in the egg, it is an embryo. When it is born or hatched , 
as the case may be, it may be fairly well developed and thus 
show a general resemblance to the adult parents, or it may 
be very immature and very unlike the parents. For exam
ple, when a grasshopper's egg hatches, the young individua l 
is unmistakably a little grasshopper, but a butterfly'::; egg 
hatches into a worm-like caterpillar, an individual which 
bears practically no resemblance to the adult insec,t (Fig. 
135). In all cases similar to the latter, the young il; 
called a larva. Many other insects pass through a lan 'al 
stage. In the butterflies and moths the young are called 
caterpi llars; in the beetles, grubs; and in the flies, bees, wasps, 
and ants, maggots. These insects live for a relat i\'ely long 
time in the larval stage, and usually consume large quanti
ties of food during this period. Then they go into a re:; ting 
condition, called the pupa stage, in which further de\'elop
ment takes place. Finally they emerge as full-fledged, 
active adults. 

Among vertebrates it is only the amphibians which 
exhibit a larval stage in development. A tadpole is really 
a larva, leading an independent existence as it gradually 
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develops toward the adult condition. Some of the sala
manders do not go beyond the larval stage, but remain 
aquatic throughout life. The transformation of a larva 
into an adult is known as a metamorphosis. 

FIG. 135.-M etamorphosis of the monarch butterfly (Anosia plex ippu s) ; 
a , egg; b, larva; c, pupa; d, adult. (From Jordan and K e/.lo{Jg, •. E volution and 
Animal L1je," D. Appleton &; Company, New Y ork; by permii8ion .) 

Parental Care.-In most invertebrates and in nearly all 
vertebrates belonging to the three lower groups-fishes, 
amphibians, and reptiles-the eggs are laid without any 
further attention being given them by the parents. When 
the young are hatched they must shift for themselves. As 
might be expected, great numbers of eggs and young are 
eaten by other animals or destroyed by other deleterious 
external agents. Consequently, in the lower groups, it is 
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necessary that enormous numbers of eggs be produced, 
because few offspring reach maturity. In most of the 
birds and mammals, on the other hand, relatively few 
young are produced, but they are so protected that a much 
greater proportion survives. 

In most birds the eggs are incubated by one or both of the 
parents, the heat of the body being essential to the growth 
of the embryo, and, of course, in the mammals the relation of 

FIG. 136.-Nest of ruffed grouse. 

the mother to the unborn young is much more intimate. 
The young of most birds and mammals are very helpless 
at birth, and cannot live without parental care. Thus, in 
all of our common songbirds the young are born blind, 
without feathers, and unable to walk or fly. They have 
to be raised in a nest of elaborate construction, 
and be fed and protected by the parents. In such birds 
as gulls, snipe, ducks, grouse, quail, domestic fowls, etc., 
prenatal development goes much farther and when hatched 
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the young are provided with a covering of down, have eyes, 
can walk, and need little or no parental care. Some of 
these birds make no pretense at nest building, merely 
depositing their eggs on the ground (Fig. 136); others 
build a very crude nest which serves only to hold the eggs. 
A few birds do not even incubate their eggs, reiying for 
heat upon some external source. ' 

The young of mammals simjlarly exhibit various degrees 
of dependence upon the parents. For example, mice are 
born in a very helpless condition, while new-born guinea 
pigs are much more mature and are soon independent of 
paren tal care. In all mammals the fact that the young 
are nourished by the mother's milk brings about a relation 
between parent and offspring which is absent in the lower 
groups. In fact, the long period of dependence of the 
human young upon the mother, both before and after 
birth, is regarded as having been a very potent factor in 
the evolution of the higher mental faculties and of social , 
organization. 



CHAPTER XIII 

PHYSICAL BASIS OF HEREDITY 

All of the characteristics of an organism, both structural 
and functional, arise from the interaction of two influences: 
heredity and environment. Their relation to each other, 
and the relative importance of each in the development of 
an individual, are problems of great interest, especially in 
their application to man. For the present, however, we 
shall confine our attention to the great internal influence
heredity-reserving for subsequent chapters a considera
tion of the part which external factors play in determining 
the individual and racial constitution of organisms. 

The fact .that characters are transmitted through suc
cessive generations is self-evident. When a comparison is 
made between an individual and its parents, in a great 
many respects a marked similarity may be seen. This 
resemblance is not accidental, but due to the direct trans
mission from one generation to the next of a material sub
stance (chromatin) containing the possibilities for directing 
the development of the individual along certain definite 
lines. Thus the characters which an organism comes to 
have are largely predetermined by its ancestry, and the 
reappearance of parental characters in the progeny is due 
to an actual organic continuity between successive 
generations. 

While offspring tend to develop characters like those of 
their parents, there are always a number of differences 
between them. In general, " like begets like," but likeness 
is never complete. Every individual is unique, especially 
with respect to details. Fundamental similarity is the 
rule among organisms related by descent, but individual 
variability is everywhere apparent. Some of the differ
ences between parents and their offspring are due to 
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environmental influences, but usually most of them, like 
most of the resemblances, are due to heredity. Certain 
hereditary variations may represent new combinations of 
parental characters, while others may be due to the 
reappearance of ancestral characters which were latent in 
the parents. Thus an individual may differ from both of 
its parents in a given particular, but resemble one or more 
of its grandparents or even a more remote ancestor. These 
facts make it clear that differences, as well as resemblances, 
may be inherited, and that a parent may transmit charac
ters which he himself does not manifest, but, due to his 
inheritance, possesses in a latent condition. 

The biological science of genetics, one of the most interest
ing fields of modern scientific study, deals with the resem
blances and differences exhibited by organisms which are 
related by descent. It is concerned not only with the 
known facts and principles of heredity, but seeks to arrive 
at an ultimate understanding, so far as is possible, of all 
problems concerned with hereditary transmission. Like 
other fundamental scientific generalizations, the laws of 
heredity are essentially the same in all living things, and 
so what is learned from a study of one kind of organism 
may be applied to others. 

Uniparental Inheritance.-Where reproduction is asex
ual, or where it is sexual but either self-fertilization orparthe
nogenesis regularly occurs, it is evident that an individual 
has only one parent. In such cases there is always practi
cally complete resemblance between the parent and its 
offspring. For example, if a cutting taken from a grape 
vine is planted, it will produce exactly the same kind of 
grapes as if it had been left to grow as part of the orig
inal vine. Here the offspring is merely a detached por
tion of the parent, composed of precisely the same kind of 
protoplasm, and thus the complete hereditary resemblance 
between them is explained. The slight amount of vari
ability which does occur among related individuals which 
are propagated asexually, or by repeated self-fertilization, 
arises for the most part under the influence of the environ-
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ment. The above facts make it clear that where inherit
ance is uniparental, an individual transmits all of its 
hereditary characters to all of its offspring, and conse
quently the latter show not only almost perfect resemblance 
to the parent, but to one another. 

Biparental Inheritance.- In all cases where sexual repro
duction involving two different individuals occurs, 
a very different situation prevails from that described 
above. Here every individual is strictly biparental in 
orlgm. It arises as a cell formed by the fusion of two 
gametes, each coming from a different parent. Even 
though the egg ordinarily is immensely larger than the 
sperm, both parents are equally potent in transmitting 
hereditary characters.! In biparental inheritance an indi
vidual inherits some of its peculiarities from one parent 
and some from the other, but neither parent transmits all 
of its hereditary characteristics to anyone of its offspring. 
Consequently, biparental inheritance results in a much 
greater degree of variability among offspring of the same 
parents than does uniparental inheritance, for each of the 
progeny represents a different · combination of ancestral 
characteristics. 2 Thus, from the standpoint of heredity, 
an individual must be regarded, not as a unit, but as an 
aggregation of innumerable independently heritable char
acters which happened to have been brought together 
when the individual came into existence as a zygote, and 
which will later become separated and redistributed in 
various ways to its own offspring. 

The Hereditary Bridge.-Since the only material con
tribution which each parent makes to it.s offspring is a 
gamete, it necessarily follows that this single cell carries the 
parent's entire hereditary c.ontribution. This means that 
the zygote, formed through the act of fertilization, must 

1 This is because the ph ysical basis of heredity is contained in the nucleus, 
liS will be seen later. 

2 The only exception occurs in the special case of identical twins, but here 
the two individuals a re prod\lced by fission from a single zygote, and so have 
the same inheritance. Thus their resemblance, amo unting to practica l 
identi ty, is explained (see also p. 190). 
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contain all of the potentialities for the complete develop
ment of the ne\, individual. All of the organism's inherent 
capacities are present in the zygote, ha"ing been brought 
together by the fusion of the two gametes. It is apparent, 
therefore, that because the gametes are the sole means of 
maintaining; organic continuity between successi ,'e gener
ations, they are the conveyors of the heritage, 

It should be kept in mind that an organism's inherit
ance is the sum of its innate capacities. When it is said 
that characteristics or traits are inherited, we are speaking 
figurati,'ely. It is obvious that a child cannot inherit 
any of its parents' actual peculiarities, as these belong to 
the parents. 'What it does inherit is something present 
in the gametes which 1'epTesents characters. It inherits 
potentialities- capacities for developing a.long some pre
determined line. 

Vegetative or Somatic Mitosis.-The phenomena of hered
itary transmission are closely associated with the process 
of cell division. When a cell gives rise to two new cells, 
t hey derive from it not only their living substance, but 
also their inheritance, that is, their capacity to develop in 
a definite ,yay. Thus it is necessary to consider briefly, 
first the mechanism of cell division, and then certain 
matters closely associated with it .. 

In all multicellular organisms, growth takes place by 
the formation of new cells from those a.ll'eady present. 
In geneml, growth presents three overbpping phases, a.s 
follo"s: (1) A multiplication of cells occurs by cell division; 
(2) this is followed by a limited amount of cell enlarge
ment; (3) finally, cell dijJerent'iation takes place, a particular 
kind of tissue being formed. We shall be concerned here 
only with the first phase of growth. Cell division in 
plants is confined largely to root tips, buds, and to the 
cambium of roots and stems. In animals it is most 
active in embryos, but continues in all parts 'of the body 
until the adult stage is reached. Then it is limited prin
cipally to groups of unspecialized cells found in most 
tissues which replenish \\'omout 01' injured cells. 
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Except in a few rare cases, cells divide by a complex 
process called mitosis in which the nucleus is conspicuously 
involved. It is essentially similar in both plants and 
animals. Figure 137 shows a series of st ages in vegetative 

a c 

?-~ ./~: -••. , -~\. 

d e f 
Fro. 137.-Successive stages in cell d iv ision as spen in a root t ip of onion 

(A llium cepa) , X 1,400 . (For cclls in the resting cond it ion, see F ig. 3); a , 
organ izatio n of chromatin in to a t h read ; b, form ation of chromosomes a nd 
appea rancc of spin d le fibers; c, b ipola r spind ll' organized and chromosom es 
a rra nged at eq uator, each "hromosome being longi t ud inally spli t ; d, separation 
of daugh t.er ch romosomes; e, a rri val of daugh ter chrom osomes a t poles of spind le 
an d beginni ll g of cell-wall form at ion; f, organization of daughter n uclei a nd 
('om pl C't iulI of cell-wall formation . 

mI tosis drawn from a root tip; these should be carefully 
s tudied in connection with the following account. 

'When a cell is about to divide, the chromatin of its 
nucleus condenses to form a long, slender, coiled thread , 
which, aft er becoming shorter and thicker, segments trans
versely into a defini te number of rod-like pieces called 
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chromosomes. l Two groups of delicate fibers now appear 
in the cytoplasm at opposite poles of the nucleus, each 
group radiating inward from its own common center. 
Meanwhile, the nuclear membrane and the nucleolus 
gradually disappear, and the fibers meet to form a bipolar 
spindle. At the equator of the spindle the chromosomes 
become arranged in a plane perpendicular to it::; long axis. 

a c 

''''' ''; 

b 
Fw. 1:l8.-Fertilizcd egg of a roundworm '(Ascaris m egalocephala) undergoing 

(" leavage. X 1.000; a, billolar spindle with spli t ("hrom<.)some· arranged at equator 
(note the ("onspieuolls "entrosonl(>S with l"adiatiolls extendin~ fr?m them); b. 
pola r view of same sta!(c. shoWIng four "hromosome~ t lW .. JplOld number ; c. 
spparation of t he two groups of daughte r chromos8'n1'es ' and cleavage of the 
"ytoplasm; d, completion of cell-d i v!sioL~""" 

By this time each chromosome has become longitudinally 
split into t,,·o equal parts. Some of the spindle fibers are 
attached to the chromosomes, while others extend from pole 
to pole. The halves of each split chromosome are no\" 
dra\m to opposite poles of the spindle, apparently by a 
shortening of the spindle fibers which are attached to them. 
Upon reaching the poles, each group of chromosomes 
becomes organized to form a new nucleus. At the same 

LIn ma11Y C[l.SCS, th e (·hro111080111('S are distillct from the beginning, no 
t Ill',,"d lH'ing fOI"lIlPd. 
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time, a new cell ,yall forms on the spindle midway between 
the two daughter nuclei, thus dividing the cell into two 
parts. 

In animal cells, and in some of the lower plants, there are 
usually a pair of minute spherical bodies called centrosomes 
which are concerned with the formation of the spindle (Fig. 
138). From these bodies fiber-like radiations extend in 
all directions, some of ,,·hich form the bipolar spindle. 
Another conspicuous difference between most plant and 
animals cells is that in the latter the cytoplasm divides by 
a simple constriction rather than by the formation of a 
cell wall. 

Mitosis represents an elaborate mechanism for securing 
an exactly equal distribution of chromatin to each daughter 
nucleus, and thus for preserving a constant number of 
chromosomes throughout all the body cells of the organism. 
'With few exceptions, the number of chrom.osomes is definite 
and constant for each I:5pecies of plant and animal, as the 
foilowing examples show: 

PLANTS 

Garden IWU, 14 
Onion , 16 
Indian earn, 20 
Lil~' , 24 
Tobacco, 48 
Cattail , 56 
~hielJ fern , IH 

ANDIALS 

H~' dra , 12 
Domestic fo\\"I, 18 

\ Frog, 26 
Earthworlll, 32 
I\fnll,48 
Horse, 48 
Cra~rlish , 200 

Significance of Fertilization.- vVhen two gametes unite, 
the zygote recei,'es t\yO complete sets of chromosomes, one 
from the sperm and the other from the egg. Then when 
the zygote undergoes its first division, each chromosome 
splits longitudinally, as in an ordinary mitosis, the halves 
passing to opposite poles of the spindle. As a result, each 
of the daughter nuclei has a double set of chromosomes, 
half of which are paternal, half maternal (Figs. 138 and 
139). Because this behavior is repeated with each subse
quent somatic cell division, the double chromosome number 
is transmitted to all of the cells of the embryo and eventu-
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ally to all of the somatic (or vegetative) cells of the adult 
organism. Thus, each body cell contains a descendant of 
every chromosome which was present in the zygote; that is, 
it contains a definite number of pail's of chromosomes, one 
member of each pair being paternal in origin, the other 
maternal. For this reason, the members of each pair are 
said to be homologous. The body cells, having a double set 
of chromosomes, are designated as di ploid, the gametes, 
with a single set, as haploid. It is important to under-

Fw. 13\) .- Diagr:lI1l of fcrtiliz ft t.i OIl alld ('ka ,·al!c. E ach o f t h e dallghter rella 
ari sill g frolll the zy go t.e bas a douhle se L of rJlI'o mosomes. o ll e set ha ,oing bpe n 
contributed by the sperm, t he othe r by t he egg. (F'1'Om "'ha rp , " i ntrodllct1'on to 
Cytolo(JY ," .1IcGra w-H·ill Book Company , Inc. , by lJerm·is.·;on .) 

stand how this reduction in chromosome number is brought 
about. 

Reduction of Chromosomes.-I t has already been stated 
that sperms and eggs in animals are derived from un special
ized cells, called germ cells, and not from differentiated 
somatic tissues (see pp.159-160). In some cases, it is possible 
to identify in a very early stage of embryonic development a 
primordial germ cell from which all of the germ cells will be 
derived (Fig. 140). All of the other cells of the embryo 
become specialized to form sOJIlatic tissues and take no part 
in reproduction. As development pro.ceeds, the germ cells 
undergo a period of multiplication, dividing by the regular 
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mitotic process. When the animal has reached maturity, 
some of them ripen, and this ripening process, called matura
tion, in most cases continues 

. throughout t.he lifetime of the 
individual. l 

Reduction in the number of 
chromosomes takes place in 
animals directly in connection 
with the formation of gametes 
(Fig. 141). Maturation of 
the germ cells involves two 
cell divisions; that is, each 
unripe germ cell produces four 
potential gametes. Like all 
of the somatic cells, the un
ripe germ cells are diploid. 
At the time of the first cell 
division, the chromosomes, 
after being formed from the 
chromatin of the resting nu
cleus, come together in pairs 

FIG. 140.- AI1 earl y stage in the 
and remain in contact until ucveloplll ent of the embryo of the fl y 

the bipolar spindle is formed . Miastor, showing the somatic cells (cl) 
at the periphery and the germ cells (gc) 

This uni.que pairing of the at the posterior ('nd , the la tter having 

I h · h k arisen from II sin gle primordial germ 
C lrOmOSOmes, \Y lC ta 'es ('ell . The yolk ( y ) is in the center. 
place at no other time in the (From ShlLll, LaRne, and Ruthven, 

"Principles of Animal BioIO{1Y," M c
life history, is called synapsis. ·Craw-Hill Book Company, Inc., after 

It is apparent that there are H eaner.) 

half as many chromosome pairs as there were separate 
chromosomes in the unripe germ cell. Now, unlike what 
takes place in an ordinary mitosis, the chromosomes do 

1 In the human male, the germ cells continue to mUltiply during child
hood, but in the fema le the period of multiplication ends before birth. 
During childhood the female germ cells in crease in size and accumulate 
reserve food, but otherwise remain dorm ant. The liberation of ripe eggs 
from the ovaries, mdled omi.lul·ion, norma lly takes place on ly between the 
ages of thirteen and forty-five, and it is supposed tha t one or two eggs are 
extruded ever,' 28 days. It is at th e time of ovulation that the germ cells 
undergo Ill:! t.ur:ttioll . 
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not split longitudinally, but, instead, the members of each 
pair merely separate, one going to one pole and one to the 
other. As a consequence, the two daughter nuclei have 
half as many chromosomes as the parent cell. Then 

1st, Mat. Div .. 
Chromosomes re
du~o haplo'id 
number 

FertJli7ohon Cleovage 

FIG. 14l.-Diul{r::1I11 showing the behavior of the chromosom es in the multi
plieution and maturation of the germ cells, in fertilization, and in cleavage. 
During the multiplica tion period, the primordial germ cells, by an indefini te 
Hlimber of cell di"isions (on ly t.wo of which are shown in th e' diagram), gin' rise 
to a la rge number o f unripe' germ cells (called . pfrmnto(Jonia in the male and 
oO(Jonia in the female), a ll of which arc diploid. (From W ieman, "C;wneral 
Zoo/aU!!," .II cGrau;-Hili Book Company, Inc., by 1Jermis.ion,) 

follows a second cell division, but this time a regular 
mitosis occms, involving a longitudinal splitting of each 
chromosome, so that four haploid cells are formed, It 
should be borne in mind that each of these four cells con-
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tains descendants of only one member of each pair of 
chromosomes II"hich II'ere present in the unripe germ cell. 

While the essential features of maturation, as outlined 
above, are the same in both sexes, a slight difference occurs 
in the result. In the male, each of the four cells derived 
from the unripe germ cell becomes transformed into a 
functional sperm. In the female, however, the first 
division results in two cells which are very unequal in 
size, and \"hen the larger one divides a 8econd time the 
same thing occurs. Thus each unripe female germ cell 
gives rise to one large cell and three very small ones. 
The large cell, \\"hich is the egg, alone is functional, while 
the three small polar bodies, as they are called, soon degener
ate. In this way, one cell gets all the yolk which otherwise 
would be equally di\·ided among four. 

Grouping of Chromosomes in Gametes.- Two very 
important details concerning the process of reduction 
remain to be considered. (1) At synapsis the pairing of 
chromosomes is not promiscuous, but involves homologous 
chromosomes; that is, each pair consists of one paternal 
and one maternal chromosome. In other words, one which 
originally came from the sperm of the preceding generation 
pairs \\"ith one contributed by the egg. (2) When separa
tion occurs, it is entirely a matter of chance to which pole 
either member of a pair of homologous chromosomes 
passes, since this depends upon the position in which each 
chromosome happens to lie, with reference to its mate, 
when they are lined up on the equator of the spindle 
preparatory to separation. Consequently, there are vari
ous possible assortments of paternal and maternal chromo
somes in each gamete, but only one member of each 
pair of hO!Ilologous chromosomes can be present. 

To illustrate, in an animal where the diploid number of 
chromosomes is six, the paternal chromosomes may be 
designated as A, B, and C, the maternal ones as a, b, and 
c (Fig. 142). All of the somatic cells and unripe germ cells 
contain three kinds of chromosomes and two chromosomes 
of each kind, one paternal and the other maternal. In 
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synapsis, A pairs with a, B with b, and C with c. Since 
the gametes can have only one member of each pair of 
homologous chromosomes, it follows that there can be 
eight possible kinds of gametes formed in approximately 
equal numbers. In other words, there are eight different 
ways in which the three kinds of chromosomes may be 
grouped: ABC, ABc, AbC, Abc, aBC, aBc, abC, and abc. 

Gametes of parents 

Zygote and all 
som.tie cells of 
offspring 

Kinds of gametes 
offspring produces 

FIt; . 142.-Diagra m illustratinl! the distribution of paternal and mat~rn al 
chromosomes to t he gametes formed by the offspring. The number of different 
kinds of gametes depends upon the number of chromosomes. 

That the number of possible kinds of g~metes formed 
depends on the number of chromosomes is shown below: 

Pairs of chromosomes in unripe germ cell~. 2 3 4 5 6 
Number of possible kinds of gametes .... 4 8 16 32 64, e tc. 

In the case of man, where the number of chromosome 
pairs is 24, the possible number of different kinds of gametes 
is 16,777,216. It is evident that the chances of any two 
gametes carrying the same assortment of chromosomes is 
exceedingly small. 

Significance of Alternating Generations.-Alternation 
of generations in plants involves more than the production 
of two kinds of plant bodies in the life history (see pp. 99-
100). It introduces definite haploid and diploid individu
als, the gametophyte representing the former and the 
sporophyte the latter. The zygote, formed by the fusion 
of two gametes, is the first cell to have the diploid number of 
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chromosomes. This number is then transmitted to all 
of the cells of the sporophyte. When spores are formed, 
however, the reduction of chromosomes takes place, so 
that each spore is haploid. When the spore germinates, 
the haploId number is carried over to all of the cells of the 
gametophyte, including the gametes. In animals, reduc
tion of chromosomes always occurs directly in connection 
with the formation of gametes, but in the higher plants (in 
some of the thallophytes and in all of the three higher 
groups) it takes place when spores are produced, the 
spores always being formed in groups of four. 

Summary.- Because the number of chromosomes i~ 

doubled in fertilization, a reduction must occur before 01' 

when gametes are formed in order that the number of 
chromosomes can remain constant through successive 
generations of diploid individuals. Assuming that the 
chromosomes are the bearers of hereditary elements, the 
association of paternal and maternal chromosom~s in 
fertilization and their subsequent separation at the time of 
reduction according to the law of chance, explain four 
things:. (1) why inheritance in all organisms which repro
duce by sex is biparental (except in cases of self-fertiliza
tion and parthenogenesis); (2) why the male and female 
are equally potent in transmitting their hereditary charac
tel's; (3) ,;vhy the same combination of paternal and maternal 
chromosomes do not enter into the formatiQn of every 
gamete which an individual produces; (4) why fertilization 
effects innumerable new combinations of ancestral 
characters. 

Determination of Sex.- In the fruit fly (Drosophila 
melanogaster), an insect which has been extensively studied 
by geneticists, each of the body cells has eight chromosomes 
(Figs. 143 and 144). There are two pairs of large curved 
chromosomes, one pail' of very small ones, and one pair 
of straight chromosomes about two-thirds as long as the 
curved ones. A slight visible difference exists between the 
sexes in that, in the male, the end of one of the straight 
chromosomes is slightly hooked. This is known as the 



188 FUNDAMENTALS OF BIOLOGY 

y-chromosome, while the straight ones, of which the male 
has one and the female two, are called x-chromosomes. 

Since all of the body cells and unripe germ cells of the 
female have a pair of x-chromosomes, it follows that , in the 
formation of gametes, each egg will contain a single 

Ft<; . 143.- Male a nd female fruit flies (Dr080ph,:la m elanooaster) . (From .\l or
(Jan, "Physical Basis of H eredity," J. B. Lippincott Company , by permission.) 

MALE 

-1J..~ 
I( 
X Y 

FEMALE 

~.~ 

" X X 
FI G. 144 .- Diagram showing the chrom osomes whieh OCClIr in a ll of the 

somatic cells of the fruit fly (Drowphila melanogaster ) . In the male an X- and a 
}'-chromosorne correspond to the pair of X-chromosomes of the female. (A ft er 
M oroan.) 

x-chromosome. The male, on the other hand, will form two 
kinds of sperms: half of them will have an x-chromosome 
and half a y-chromosome. If an egg is fertilized by a 
sperm of the first type, the result is an xx-zygote; if ferti
lized by the other kind of sperm an xy-zygote is formed 
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(Fig. 145). The former deyelops into a female, the latter 
into a male. Because the two kinds of sperms are equally 
numerous, random mating of gametes will produce as 
many xx- as xV-zygotes, and thus the number of male and 
female offspring will tend to be equally numerous. 

There are a great many other kinds of animals in which [l

y-chromosome has been identified in the male. In some 
cases it differs from its mate in size rather than shape, 01' 

there may not be any apparent difference at all. Occa
sionally, the y-chromosome is absent, the x-chromosome 
Il1 the body cells of the male then being unpaired. FOl' 

/\ 
®® 

'/\ 
®® 

Parents 

Gametes of 
parents 

Offspring 

Fw. 145.- Diagram showing the mechanism of sex determination in the 
fruit fly. The spPrms are of two kinds. the eggs all a like. The sex of anyone of 
the offspring d<,pends upon the kind of sperm which entered into the formation 
of thl' zygote frolll which it has developed. 

example, in the squash bug (Anasa tristis) , the female has 
22 chromosomes, the male only 21, the missing one being 
the y-chromosome. Consequently, all of the eggs and half 
of the sperms have 11 (10 plus an x-chromosome), the rest 
of the sperms having only 10. For , this reason (and fol' 
others), it seems probable that it is not the presence of the 
?I-chromosome in the zygote which causes it to develop 
into a male individual, but the presence of only a single 
x-chromosome. 

In the case of man there has been a diversity of opinion 
in regard to the total number of chromosomes and to the 
difference between the male and female sets. It now seems 
certain, ho\\"e\'er, as a result of very careful recent investi-
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gations, that both sexes have 48 as the diploid number, 
but in the male the y-chromosome is very small. 

While most cases of sex determination follow the same 
scheme as that described above, in a few animals the 
situation is slightly different. For example, in birds aml 
in moths it has been found that it is the female which 
produces two kinds of gametes, those of the male being all 
alike. Consequently, here sex is determined by the 
chromosome equipment of the egg, but the mechanism 
is exactly the same as where the male is heterogametic. 

In only a few plants where male and female individuals 
are differentiated has a visible chromosome difference been 
discovered. There 1S reason to believe, however, that 
future research \Yill show that the causes underlying sex 
determination in plants and animals are practically the 
same. 

That the sex of an individual is determined at the time 
of fertilization is substantiated by the fact that identical 
t"'ins are al,,'ays of the same sex. Human twins are of two 
sorts: those coming from two different zygotes (fraternal 
twins), and those which arise from the splitting of an 
embryo in an early stage of cleavage (identical twins). 
The former mayor may not be of the same sex, and are 
no more alike in their hereditary characters than ordinary 
brothers and sisters born at different times. The latter, 
however, are invariably of the same sex and are alike in 
regard to all of their other hereditary characters. This is 
bec[Luse they have exactly the same chromosome equip
ment, both individuals having arisen from the same 
zygote. 



CHAPTER XIV 

MENDELIAN LAWS OF HEREDITY 

The foundation for our present knowledge of heredity 
was laid by the work of Gregor Mendel (1822- 1884, Fig. 
146), an Austrian monk. He crossed certain "arieties of 
garden peas, and discovered that their differentiating 
characters are inherited in accordance with definite 
mathematical laws. Mendel published his results in 1866, 

\ 

FIG. go.- Gregor Mendel, 1 :';:1Z- 1 8~H . 

but, unfortunately, they were not appreciated by the 
scientific \yorld until 1900, \"hen they ,,,ere rediscovered 
and announced. Other biologists have since found thnt 
the laws of here<1ity " 'hich Mendel discovered apply to all 
other organisms, including man, and are thus of funda
mental importance. 

191 
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Two plants are crossed by taking pollen from one and 
applying it to the pistils of the other. In most cases, the 
unripe stamens of the second flower must first be removed 
so that self-pollination cannot occur. The seeds produced 
as a result of a cross, when planted, give rise to hybrids. A. 
hybrid is simply an organism whose parents represent two 
distinctly different types of individuals. They may belong 
to the same species or to different species, but, ordinarily, 

Parents 

Gametes of 
parents 

Offspring 

FIG. 147.- DiagranJ of a cross between a red-flowered alld lL whi te-flu wered 
four-o'clock (.\J irahilis ) , showing the history of the chromosomes carrying the 
factors for red (R ) and for white (r) flower color. The hybrids arc intermediate 
between the parents. 

individuals which are not rather closely related cannot be 
crossed; that is, no offspring will result. As an illustration 
of Mendel 's first law, for the sake of simplicity, we shall \ 
choose a different kind of plant than the one with which 
he experimented. 

Principle of Segregation.-A four-o 'clock (Mirabilis 
Jalapa) having red flowers is crossed with a white-flowered 
plant. When the seeds are planted they give rise to hybrids 
with pink flowers (Fig. 147). If the reciprocal cross is 
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made, that is, white with red (pollen being taken from the 
former instead of the latter), the result is exactly the same. 
In either case, the hybrid plants are intermediate between 
the parents. When these hybrids are allowed to pollinate 
themselves, however, the resulting seeds give rise to three 
kinds of individuals in the ratio of 1: 2: 1; that is, approxi
mately 25 per cent of the plants 'will have red flowers, 50 
per cent pink, and 25 per cent white (Fig. 148). 

~ 
~ 

Parents 

Gametes of 
parents 

Offspring 

Ratio 

FIG. 148.- The principle of segrega tion. Diagram illustrating the results 
qf interbreeding pink-flowered four-a'cLocks. The 1: 2: 1 rat io a rises (rom the 
fact that the hybrid parents produce two kinds of gametes. 

The red-flowered plants derived from the pink parents 
(/ breed true," that is, when self-pollinated they produce 
only plants with red flowers. Similarly the white-flowered 
plants give rise only to white-flowered progeny. The pink
flowered individuals, however, always produce offspring in 
the ratio of 1 red: 2 pink: 1 white. Thus pink-flowered 
four-o'clocks are always hybrids, and 50 per cent of their 
offspring are likewise hybrids. 
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A similar case among animals is seen in Andalusian poul
try. There are three kinds of Andalusian fowls: black, 
white, and speckled (called II blue") . Blacks crossed with 
whites, or vice versa, always give rise to blue offspring, 
but when blue fo\\"ls are interbred, the result is 1 black: 2 
blue: 1 white, on the average. Blue Andalusians are 
hybrids exactly comparable in their behavior to pink
flowered four-o' clocks. 

Hereditary Elements.- The explanation of }\:1endel's 
principle of segregation is seen in the behavior of the 
chromosomes during fertilization and reduction (Fig. 147). 
Hereditary characters are represented in all of the cells of 
an organism by invisible units or elements called factors (or 
genes). For instance, all of the gametes produced by a red 
four-o'clock carry a factor for red flower color on one of 
their chromosomes. This factor may be designated as R. 
When an egg and a sperm unite, each carrying an R factor, 
the zygote recei ves two R factors and all of the vegetative 
cells derived from it the same. Hence the plant, designated 
RR, will have red flmvers. Similarly, all of the gametes of 
the white four-o'clock have a factor for ,,-hite flower color 
(or lack the red factor, which amounts to the same thing), 
and so t he plant is represented by the formula rr. 

vfhen a red four-o'clock is crossed \vith a white one, the 
zygote receives from one gamete a chromosome bearing an 
R factor, from the other a homologous chromosome having 
an r factor (Fig. 147). Thus the pink hybrid is designated 
Rr because all of its vegetati\'e cells contain one factor for 
red (R) and one for \vhite (1') flower color. Because homolo
gous chromosomes always separate at reduction, the mem
bers of the pair of alternative factors must also separate 
and go to different cells. As a result, there are two differ
ent kinds of gametes (both eggs and sperms) formed by the 
hybrid in approximately equal numbers : half of them have 
only the R factor, half only the r. In other words, since a 
gamete can have only one member of each pair of homolo
gous chromosomes, it can carry a factor for only one mem
ber of each pair of factors. This is the essential feature of 
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Mendel's first principle. "The units contributed by each 
parent separate in the germ-cells of the offspring without 
having had any influence on each other" (Morgan) . 

In regard to any given character, if both members of a 
pair of factors are the same, as in the red (RR) and white 
(rr) four-o'clocks, the individual is said to be homozygous 
for the character in question. But if the two factors in each 
body cell are different; that is, if they are contrasted or alter
native in ' their relation to each other, as in the pink (Rr) 
four-o'clock, the individual is termed heterozygous. 

Factor Combinations.- Pink-flO\vered four-o'clocks pro
duce two kinds of sperms and two kinds of eggs, as stated 
above! 'Vhen two pink plants are crossed, or self-pollina
tion occurs, the gametes pair according to the law of chance; 
that is, there is a random mating of two kinds of sperms (R 
and r) with two kinds of eggs (R and r) (Fig. 148). This 
results in four possible combinations (R with R, R with r, 
r with R, and r with r) which occur in the same frequency; 
one is likely to occur as often as any other. Of these four 
possible gametic unions, two (R with rand r with R) gi,'e 
rise to the same kind of zygote (Rr), and thus the 1: 2: 1 
ra60 is explained. A careful study of Fig. 148 should 
make these points clear. 

The situation just described is comparable to the simul
taneous tossing of two coins. Referring to the two sides of 
the coin as head (H) and tail (h), out of 100 trials we would 
get approximately 25HH, 50Hh, and 25hh, because these 
combinations are governed entirely by the law of proba
bility. It is evident that the 1: 2: 1 ratio is more closely 
approximated the greater the number of trials. 

Back-crosses.-With red, white, and pink four-o'clocks, 
six different matings are possible, as follows: 

Red (RR ) X red (RR) -t 100 per cent red (RR) 
White (1T) X white (TT) -t 100 per eent white (1'1') 
Red (RR) X whitt· (1'1') -t 100 per cent pink (R1') 
Pink (RT) X pink (R1') -t 25 per cent red (RR), 50 ppr cpnt pink (R1') , 25 

per cent white (tT) 
Pink (Rt) X red (RR) -t 50 per cent red (RR), !i0 per cent pink (R1') 
Pink (Rr) X white (1'1') -t 50 per cent pink (Rr ), 50 ppr cent I" hite (TT) 
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All of the above crosses have been considered except the 
last two, namely , those involving a pure (homozygous) and 
a hybrid (heterozygous) individual. These are called 
back-crosses. The gametes of the pure individual are all 
alike, but those of the hybrid are of two different kinds. 
Thus there are only two kinds of zygotes which can possibly 
be formed, and these must occur 1Il the same frequency. 
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FIG. 149 .- The back-cross. Diagram illustrating the resul ts of crossing a 
pink-flowered with a whi te-flowered four-o'clock. Only one of the pa ren ts 
produces t wo kinds of ga m etes, thus resul ting in a 1 : I ' ra t io am ong the p rogl'ny . 

That half of the offspring resemble one parent and half the 
other can be easily understood by reference to Fig. 149. 

Dominant and Recessive Characters.-We are now ready 
to consider one of Mendel's own experiments with garden 
peas. If t all peas are crossed with dwarf peas, or vice 
versa, the resulting hybrids are all t all, not intermediate, 
but no shorter than the tall parent (Fig. 150). While 
factors for both characters are present in all of the plants 
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FIG. 150.- Dominant and recessive characters. Diagram of a cross hetween 
a tall and a dwarf pea, showing the history of the chromosomes carrying the 
factors for tallness (T) and for dwarfness (t). Because the hybrids are sim ilar 
to the dominant parent, a 3: 1 ratio results when they are interbred. 
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of the hybrid generation, one manifests itself to the total 
suppression of the other. In other words, one factor for 
tallness produces the same effect as though two factors 
were present. Mendel designated tallness the dominant 
character and dwarfness the Tecessive. Now ,,,hen the 
tall hybrids are interbred (or allowed to self-pollinate), 
among the resulting progeny there are approximately 
three tall plants to every dwarf. Because the hybrids 
are visibly indistinguishable from the dominant parent, 
however, this 3: 1 ratio is really only a modification of the 
1: 2: 1 ratio, as Fig. 150 clearly shows. 
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Fw. 15 1.-The back-cross whert· dominance occurs. BC'rausc tll<' par011t 
showing tbe dominant cbaracter is hcterozygu us, half of the offspring a re 
rC'ccssi , 'es. 

Thus, there are two kinds of tall individuals: pure 
(homozygous) tall (TT), and hybrid (heterozygous) tall (Tt), 
while the dwarfs (tt) necessarily are alway::; pure. Although 
the pure and hybrid tall plants are similiar to each 
other on the basis of outward appearance, they do not 
have the same breeding possibilities, Where dominance 
occurs, it is always possible to tell whether an organism 
is homozygous or heterozygous for a given chamcter by 
back-crossing it to an individual shmying the contrasted 
recessive character. If homozygous, all of the offspring 
will exhibit the dominant character, but if heterozygous, 
only half of them will (Fig. 151). 

Mendel experimented with other characters in peas, 
and found that purple flowers are dominant over white, 
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yellow seeds over green, smooth seeds over wrinkled, etc. 
The phenomenon of dominance applies to the characters 
studied by Mendel and to many characters in other organ
isms, but probably does not apply to most hereditary 
characters. The principle of segregation, hmye"er, is 
fundamental and always holds true. The follmying list 
contains , a few characters exhibiting dominance chosen 
from many which are known. It also shows how widely 
applicable are the laws of heredity discovered by Mendel: 

Organism 

Indian corn .. 

Tomato ... ... . . 

Garden pea ... , .... . . . 

Summer squash . . . .. . 

Fruit fly . 

Guinea pig . 

Domestic fo\\'l . 

Sheep ... 

Cattle . 

Dominaut character 

Starchy endosperm 
Blltck enclospprm 
YellowendospPfIl1 
Rpd fruit 
'J\vo-chamberpd fruit 
Tall vine 
Colored flowers 
Green pods 
Yellow sepds 
Smooth sepds 
White fruit 
Disk fruit-shape 
Red eyes 
Gray body 
Long wings 
Bar eye 
Rough coat 
Black coat 
SllOrt hair 
Pea comb 
Rose comb 
Feathel'pd legs 
White coat 

{
Polled 
Black coat 

Reccssiyc charactel' 

Swcrt endosp('rm 
Whi te ('ndospf'flll 
White endospf'1'1ll 
Yellow fruit 
Many-C'ha lllbef!'d fruit 
Dwarf vin e 
" 'hite flo\\'( 'l's 
Yellow pods 
Grecn seeds 
Wrinklpd s('Nls 
Yellow fruit 
, pbere fruit-Rh ape 
White eyes 
Black body 
" estigial wi1lgs 
Normal eye 
Smooth roat 
White CO:lt 

Long hail' 
Single comb 
Single comb 
Smooth legs 
Black cout 
Horn ed 
Yellow COlLt 

Principle of Free Assortment.- The cases of inheritance 
which thus far have been considered are comparatiyely 
simple, for in all of them the parents differ in regard to 
just one pair of contrasted characters. When crossed, 
they give rise to monohybrids. Mendel also crossed peas 
differing \\'jth respect to two pairs of contrasted characters, 
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thus obtaining dihybrids, and as a result he discovered a 
second important principle. If a pea having yellow smooth 
seeds (YYSS) is crossed with one having green wrinkled 
seeds (yyss), all of the hybrids will have yellow smooth seeds 
(Y ySs) because both of these characters are dominant (Fig. 
152). When these hybrids are interbred, however, four 
different kinds of individuals appear in approximately 

o 
Parents 

Gametes of 
parents 

Offspring 

Gametes of 
offspring 

Fro. 152.-Principle of free assortment. Diagram of a cross between a 
yellow smooth and a green wrinkled pea. The two pairs of contrasted char
acters are represented by factors borne 011 two pairs of homologous chromosomes. 
The hybrid produces four different kinds of gametes. 

the following proportions: 9 yellow smooth: 3 yellow 
wrinkled: 3 green smooth: 1 green wrinkled (Fig. 153). 
The fact that two of these combinations are new shows that 
the four characters are inherited independently of one 
another. 

In order to understand how this ratio arises, each pair 
of characters must be considered separately. It is evident 
that the ratio of yellow peas to green ones must be 3: 1 and 
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of smooth peas to wrinkled ones the same. Therefore the 
number of peas which are both smooth and wrinkled is 
determined by multiplying the number of yellow peas by 
the number of smooth ones (3 X 3). Similarly, the number 
of yellow wrinkled is 3 X 1, of green smooth 3 X 1, and 
of green wrinkled 1 X 1. 

By referring to Fig. 152, it can be seen that the factors Y 
(for yellow seeds) and y (for green seeds) are associated with 
one pair of homologous chromo~omes in all of the vegeta-
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SMOOTH SMOOTH SMOOTH SMOOTH 

0 0 0 0 
YYSS YYSs r ySS YySs 
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0 0 0 @ 
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0 
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0 0 0 (:I 
YySS "YySs yySS y)'S3 

~. 
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0 G - 8 
Y)'Ss Yyss yySs yj'SS 

FlU. 153.-Thc dihybrid ratio . Diagram showing the \16 gametic uniOlls 
resul t ing from random mating of four kinds of sperms with ' four kinds of eggs,. 
gi ving rise to the phenotype ratio of !J: 3: 3: 1. 

tive cells of the hybrids, while the factors S (for smooth 
seeds) and s (for wrinkled seeds) are associated with another 
pair. Since, at the time of reduction, paternal and mater
nal chromosomes are distributed to the game'tes independ
ently of one another, there must also be free assortment of 
factors carried on different chromosome pairs. Conse
quently, the dihybrid peas produce four different kinds of 
gametes in approximately equal numbers, and each 
carries a different assortment of factors , as follows: YS, Ys, 
yS, and ys. When two dihybrids are crossed, random 
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mating of gametes results in 16 possible unions, which, 
on the basis of outward appearance, fall into four classes 
(Fig. 153). While each class includes individuals which 
look alike, all do not have the same breeding possibilities. 
Thus there are four kinds of yellow smooth individuals, 
two kinds of yellow wrinkled, two kinds of green smooth, 
but just one green wrinkled. Individuals with the 
same hereditary formula are said to belong to the same 
genotype, while those which look alike, regardless of whether 
they have the same hereditary formula, belong to the same 
phenotype. Thus, from the dihybrid cross there are nine 
distinct genotypes, but only four phenotypes. These are 
given below. It should be noted that only 4 individuals 
out of the 16 are homozygous for both characters and, 
consequently, these alone will breed true. 

Number of 
individuals 

1 
2 
2 
4 

2 
1 

2 
1 

I 

Total 16 

Genotype 

YYSS 
}-YSs 

l'IJoS 
YySs 

}' ?ISS 
Y}'S8 

!/!J0s 
Y!JSS 

yYSS 

!) 

) 

} 

} 

Number of 
individuals 

!) 

3 

3 

1 

16 

Phenotype 

Yellow smooth 

Yellow wrinkled 

Green smooth 

Grccn wrinkled 

4 

The principle of free assortment may be illustrated 
among animals by an example chosen from the heredity of 
guinea pigs. These animals, like many other domesticated 
forms, may have either colored or white fur. White 
animals are called albinos. If a black guinea pig derived 
from a pure stock is mated with an albino, all of the off
spring will be black, as colored fur is dominant to white. 
If the parents are alike in other respects, the simple mono-
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hybrid ratio of 3: 1 arises "'hen the hybrids are interbred; 
but if the parents differ in another way, such as in regard 
to smoothness of coat, the offspring, ,,"hen interbred, 
exhibit the dihybrid ratio. A rough or rosetted coat is 

9 3 

3 

FIG. 154.-Rcsults of crossing lL smooth black wi th a rough white guinea pig. 
The h y brids (F1) a rc rough blapk. a nd when interbred produce offspring in the 
ratio of 9 rough black: 3 smooth blar k: 3 rough wbi t!': 1 smooth whi te. (From 
Baur • .. EinJiihrnna in die e:r perimentelle V crc~bltl'a"lehre ," Gebriider Borntrae(J er. 
Berlin. after Castle; by permission.) 

dominant to the ordinary smooth coat. Thus, when a 
smooth black guinea pig (rrBB) is crossed with a rough 
albino (RRbb) , the hybrid offspring will be rough black 
(RrBb) , as each parent contributes one dominant and one 
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recessive character. When these are interbred, four types 
appear among the progeny, approximately in the ratio of 
9 rough black: 3 smooth black: 3 rough albino: 1 smooth 
albino (Fig. 154). The relations of these to one another are 
precisely the same as those of the four classes of peas shown 
in Fig. 153. 

When there are three different pairs of contrasted char
acters, all showing dominance, and their factors are borne 
on three different sets of chromosomes, the resulting trihybrid 
produces eight different kinds of gametes. When two 
trihybrids are crossed, there are 64 different gametic 
unions possible, giving rise to the phenotype ratio of 
27: 9: 9: 9: 3: 3: 3: 1. In the case of 10 pairs of differentiating 
characters, the number of possible combinations is 1,048,-
576. This gives some idea of the complexity of the 
hereditary mechanism. Furthermore, when it is realized 
that most individuals are heterozygous for many characters, 
we can appreciate why there is so much diversity among 
individuals of the same species, even among those as closely 
related as brother and sister. 

Linkage.-Free assortment occurs where different sets 
of factors are associated with different chromosome pairs. 

FIG. 155.- Some of the heritable yariations which havt' arisen in the fruit fly 
(Dro8ophila melanooa8ter); .4, normal wing; B, beaded wing; C, notch wing; D, 
yestigial wing; E, miniature wing ; F, club wing; G, rudimentary wing; H, trun
cate wing; I, normal red eye; J, bar eye; K, eyeless; L, white eye. (From Shull, 
LaRue, and Rut.hven, after " [oryan, ct al.J 

There is a great deal of evidence, however, indicating that 
each chromosome bears not one, but many factors. This 
condition is called linkage. For example, in the fruit fly 
about 400 different characters have been studied, and yet 
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the animal has only four pairs of chromosomes (Figs. 144 
and 155). Where two factors are linked, that is, borne on 

I II m 'N 
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F ro. 156.- C hromosome map of Drosophila melano{Jaster, showing the location 
of some of t he factors which have been studied. T hese fa ll into four grou ps, I , 
II , III , and I V, corresponding to the fou r pairs of chromosomes. T he names 
indicate the characters in t he fly with which these factors a re associated; t he 
numbers represent t he d istance of t he locus of each factor from one end of t he 
chro mosome. (From Morgan , "Evolution and Genetics," Princeton University 
Press, by permission.) 

the same chromosome, there is no free assortment, and so 
the monohybrid ratio results. Thus, in peas, if t he factors 
yellow and smooth were borne on one chromosome, and 
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green and wrinkled on another, under ordinary conditions' 
there could be no new combinations of characters, such as 
yellow \\Tinkled and green smooth. All yellow peas would 
be smooth and all green ones wrinkled. 

Thus linked characters tend to be inherited together 
because their factors are carried by the same pair of 
chromosomes. It has been found, that in the fruit fly, all 
of the factors which have been studied fall into four 
groups corresponding to the four pairs of chromosomes 
(Fig. 156). While the factors in different groups show 
independent assortment, those in the same group show 
linkage. Moreover, there is considerable evidence indicat
ing that the factors on each chromosome are arranged in a 
linear series. In fact, in the fruit fly it has even been pos
sible to determine through hereditary behavior the relative 
position of the factors on each chromosome with reference 
to one another, as indicated in Fig. 156. This has been 
one of the outstanding accomplishments of the science of 
genetics. 

Sex-linked Inheritance.-In many animals there are 
hereditary characters which are transmitted in a unique 
way. This is due to the fact that their factors are carried 
by the x-chromosomes. Such characters are termed sex 
l'inked. The inheritance of white eye color in the fruit fly 
is a well-known example. 

When a male fruit fly with white eyes is mated with a red
eyed female, all of the offspring are red eyed, showing that 
red is the dominant character. When these individuals are 
interbred, however, all of the female progeny have red eyes, 
while half of the male are red eyed and half white eyed 
(Fig. 157). The typical monohybrid ratio of 3:1 appears, 
but invariably the white-eyed individuals are males. 
These ·results are easily understood if it is assumed that the 
factor for red eye color is carried by the x-chromosomes, and 
that the y-chromosome does not carry any factors. 

1 Due to a peculiarity in the behnvior of the chromosomes at t he time of 
red uction, called "crossing over, " linked factors often become separated 
from one another. 
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When the reciprocal cross is made, that is, a red-eyed 
male mated with a white-eyed fem ale, all of the sons have 
white eyes and all of the daughters red eyes (Fig. 158). 
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Flu_ J57.- DiagralU of a pruss between a white-0.\' od male and" rl"d-eyed 
fon. a lo fruit fly, ill us trating sex-linked inheritan ce. The factors for eye color are 
associated with the x-chromosomes. (Ada.pted from .lIoraa.n. ) 

But when these hybrids are interbred, their offspring fall 
into the following classes : 1 red-eyed female: 1 white-eyed 
female: 1 red-eyed male: 1 white-eyed male. 
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The type of sex linkage described above occurs in many 
other insects, in certain fishes and aInphibians, in sheep, 
cats, man, and probably in most mammals. In butterflies 
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FlU, 158.- '\ reo-eyed male crossed with a white-eyed female fruit fly , the 
reciprocal of the cross shown in Fig. 157. (Adapted from -lforllan.) 

and moths, in birds, and in some fishes , the inheritance 
of sex-linked characters is exactly the reverse, because here 
the male has two x-chromosomes, the female only one (see 
p, HlO) . 
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Color blindness in man is a sex-linked character which 
follows the same scheme of inheritance as white eye color in 
the fruit fly . Color blindness is recessive to its contrasted 

Parents 

Gameleso! 
parenU 

Offspring 

FIG. 159.-Diagram of the inheritance of human color blindness through the 
male. The offspring are all phenotypically normal. but the daughters !ire 
he terozygous for the defect. 

character, normal vision. A color-blind man, mated to a 
normal woman, transmits a factor for the defect to all of 
his daughters, but to none of his sons (Fig. 159). Since the 

Parents 

Gametes of 
parents 

Offspring 

FIG. J60.-Diagram of the inheritance of human color blindness t hrough the 
female. A color-blind woman has color-blind sons and normal daughters. but 
the latter arc heterozygous for the defect. 

character is recessive, none of the daughters are themselves 
color blind, but are merely h~terozygous, having but one 
factor for the defect. Such women are called" carriers." 
A color-blind woman, on the other hand, mated to a normal 
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man, transmits the defect to all of her sons (Fig. 160). 
Because the factor for color blindness is carred by the x
chromosome (the y-chromosome being not involved at all), 
males are either normal or actually color-blind, while 
females may be either normal, color blind, or heterozygous 
for the character. Color blindness in women is very rare, 
because it depends upon the mating of a color-blind man to 
a woman who is either herself color blind (homozygous) or 
a carrier for the defect (heterozygous), and this seldom 
happens. 



,CHAPTER XV 

APPLICATION OF HEREDITARY PRINCIPLES 

With the rediscovery of Mendel 's laws in 1900, a great 
impetus was given to the study of heredity, and, as a result, 
a large mass of facts has been accumulating ever since. 
The mechanism of hereditary transmission has been studied 
in a great many organisms, and it has been found that the 
fundamental features of Mendelism are practically univer
sal in their application. It should be understood, however, 
that heredity is a much more complex matter than our 
elementary consideration of it has indicated. For example, 
many characters are determined by several or many factors 
which interact wit!y/me another to produce a given result, 
while in other ca~s one factor may control the develop
ment of several characters. Another complication arises 
from the fact that the mode of expression of characters is 
often subject to environmental influences. Consequently, 
in an elementary course it is not possible to present more 
than a very general background of information pertaining to 
heredity, as has been done, or to touch upon its application 
to human interests except in a very superficial way. 

PLANT AND ANIMAL BREEDING 

The improvement of plants and animals must haye 
started soon after primitive man began to raise crops and 
to bring wild animals under domestication. But although 
the art of breeding has been practiced from time immemo
rial, it has been on a scientific basis only since our modern 
knowledge of genetics has developed. Plant and animal 
breeding is an extensive subject which can be discussed here 
only in its barest outline, giving attention chiefly to the 
methods which modern scientific breeders use in developing 
improved races. 

211 
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Variation.-Common observation demonstrates that all 
kinds of organisms show considerable diversity among 
themselves; in fact, no two individuals of any species are 
exactly alike in all respects. It is by reason of this fact 
of universal variability that it is possible for plants and 
animals to be improved under man's guidance. The 
differences between individuals are called variations. 
While it may seem that all variations are capable of being 
transmitted from parent to offspring, such is not the 
case, and consequently the existence of both heritable and 
non-heritable variations is recognized. To the latter 
class belong most differences \yhich arise through the 
direct action of environmental influences and through use 
and disuse. While such induced changes may be pro
found, there is practically no evidence that they are 
transmitted to subsequent generations (see pp. 310- 314). 
On the other hand, variations \yhich are inherent- which 
are determined by the germinal constitution of the organ
ism- are of course transmissible. It is only heritable 
"ariations which are important to the breeder, as they 
alone make racial improvement possible. Of the great 
host of characters in cultivated plants and domesticated 
animals which are determined largely by heredity, the fol
lowing may be mentioned: vigor and rate of growth, yield, 
size and shape of parts, hardiness, color of flowers, quality 
of fruits, disease resistance, drought resistance, milk 
production in cattle, and egg production in poultry. 

The multitudinous races of plants and animals which sen'e 
human needs have been developed by selection, hybridiza
tion, or a combination of the two. There are two methods 
of selection in common use: mass culture and pedigree culture. 

Mass Culture.- This is a method of selection used only 
with plants. It is the oldest method of plant breeding, 
and, while it has been more or less replaced by other 
methods, it is still of considerable value. Mass culture 
involves breeding from a selected group of individuals, a 
group which varies in some desirable direction, such as 
greater yield, larger fruits, brighter flowers, etc. Seed is 
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collected from these superior individuals and sowed en 
masse. The selection process is continued ,yith each 
generation until an improved race of plants is developed. 
Mass culture has been widely used in the breeding of corn 
and cotton, and also of many other crop plants. ·While 
mass culture has certain advantages, its limitations should 
be kept in mind. These are as follows : 

1. In most cases it is necessary to continue the process 
of selection indefinitely; otherwise the improved strain 
deteriora tes. 

2. Mass culture cannot produ<;e new characters, but 
merely improves such characters as already exist. 

3. It does not isolate the best individuals, but merely 
raises the average quality of a large group. 

4. Selection is made entirely on the basis of out\Yard 
appearance, which, in heterozygous individuals, is often 
deceptive, as has been seen. 

5. The selected individuals, in many cases, owe their 
superior qualities to environmental fac tors, and such 
variations have no permanent value. 

6. Mass culture is a slo\\' method, the progress made in 
each generation being slight. 

Pedigree Culture.- This method of breeding has long 
been applied t o animals, but only rather recently to plants. 
It im"olves the selection of single plants, each of which is 
made the basis of a separate race. Seeds from each 
selected individual are planted in an isolated plot in order 
to prevent intercrossing. An exact record, or pedigree, 
is kept of the progeny of each selected individual, and 
after several generations the best strain is preserved and 
made the basis of an improved ,"al'iety, the others being 
discarded. Thus selection is made on the basis of heredi
tary behavior, not merely on outward appearance. 

The pedigree method of breeding results in a much 
greater degree of uniformity among the members of the 
improved race than where mass culture has been used. In 
fact in many cases the offspring of the originally selected 
individual show so little variability that further selection 
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is unnecessary. All that is required is to prevent the 
plants of the improved race from crossing with inferior 
stock. The new variety will breed true if the plant \yhich 
was originally isolated is homozygous for the superior 
characteristic or quality which it is desired to preserve; 
othenyise not all of the progeny will be superior. 

Pedigree culture is valuable as a means of preserving 
mutants or "sports." This term is applied to indi dduals 
strikingly different from the others- individuals which 
appear spontaneously. In nearly all cases they breed 
true for their peculiarities if isolated. Examples of 
mutants are plants bearing seedless fruits (which must be 
propagated vegetatively), double fiO'i'iers, purple leaves, 
etc., and animals \yithout tails, without horns, with loss 
of pigment (albinos), etc. Many new varieties of plants 
and animals have arisen as "sports." 

Pedigree culture is best adapted to plants which are 
normally self-pollinated, and has been used very success
fully with such plants as wheat, oats, peas, beans, tobacco, 
potatoes, etc. With corn and certain other cross-pollinated 
plants the isolation of individuals and the development of 
homozygous strains result in a marked loss of vigor, and 
hence the pedigree method is not applicable to such cases. 

It is apparent that in animal breeding two individuals 
must necessarily be selected as the basis for an improved 
strain, and both must have the superior character. Knowl
edge of the hereditary constitution of the selected individuals 
is available in their recorded pedigree. While it is not al ways 
advisable to mate the offspring of a single pair of parents, 
much inbreeding is necessary as a means of preserving a par
ticular set of characters. Consequently, all members of an 
improved stock are usually more or less closely related. 

The older method of breeding was to judge an animal 
entirely on the basis of appearance or performance; the 
newer method is to consider its relatives as well. Its 
appearance mayor may not be an index of its breeding 
possibilities. Thus the value of an animal for breeding 
purposes depends on its pedigree. 
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Hybridization.-The method of hybridization is used 
extensively in both plant and animal breeding. A 
hybrid has been defined as an organism whose parents 
represent two distinctly different types of individuals. 
While, as a rule, only closely related organisms can be 
crossed, many hybrids have been produced by crossing 
individuals belonging to distinct species or even to different 
genera. In some cases, however, the progeny resulting from 
a wide cross are sterile, the best-known example being the 
mule, produced by mating a jackass with a mare. 

The chief value of hybridization is that it brings together 
characters to form combinations which did not occur 
previously. Because a desirable combination depends 
upon chance, usually a great many crosses of the same 
kind have to be made. Hybridization is particularly 
useful as a method of plant breeding where vegetative 
multiplication is possible, as then the hybrid can be propa
gated without using seeds. The advantage is obvious, 
for without sex reproduction there can be no segregation of 
factors. Hence the characters of the hybrid can be pre
served indefinitely. Where sex reproduction is necessary, 
as in many plants and in all domesticated animals, the 
situation is far more difficult. Because segregation occurs 
when the hybrids are interbred, the members of the next 
generation are exceedingly diverse and represent all kinds 
of new character combinations. If some of these represent 
what is desired, they may be isolated and raised under 
pedigree culture, selection being continued until a pure
breeding race is obtained. 

Another value of hybridization is to' increase vigor. 
Many hybrids are more vigorous than either of the parents. 
Hybrid vigor may express itself in more rapid growth, in 
larger parts, in greater resistance to adverse conditions, 01' 

in other ways. For example, Burbank's" royal walnut," 
a cross between the California walnut (Juglans caliJornica) 
and . the black walnut of New England (Juglans nigra), 
grows twice as rapidly as either parent and greatly exceeds 
them in height. In corn, hybrids may yield as much as 
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50 per cent more grain than the average yield of their 
parents. Among animals, hybridization results in greater 
vigor in hogs, cattle, horses, sheep, dogs, and probably 
many others. 

EUGENICS 

The science of eugenics ,,'as foumled by Francis Galton 
(1822-1911 ), [md was defined by him as "the study of 
agencies under social control that may improve or impair 
the racial qualities of future generations, either physicnJly 
or mentally." It is an attempt to apply to man the same 
principles of scientific breeding ,,,hich have been so effect
ively used in the improvement of plants and animals. In 
other words, eugenics is an effort to control human evolu
tion by selective mating. Most of the agencies concerned 
with the improvement of man--education, religion, medi
cine, philanthropy, etc.-deal primarily with environ
mental factors; they seek to improve the surroundings. 
While these influences are indispensable, it should be 
realized that they affect only the individual, not the race. 
Man cannot be improved racially by improving the environ
ment any more than a farmer can create prize 'winners from 
scrub stock by giving them the best of food and care. 

Heredity and Environment.- The relative importance 
of heredity and environment in the development of an 
individual has long been a matter of controversy. Until 
recent years it has been rather generally assumed that 
environmental influences are of the greater importance, and 
many people still have this opinion. That all men are born 
equal and that the nature of the surroundings determines the 
characteristics an individual comes to have are old ideas. 

Modern biology teaches that the more powerful influence 
in determining the constitution of an organism is heredity, 
but that environment has an important part to play in the 
final expression of adult characteristics and qualities. 
Our innate capacities and tendencies are fixed by heredity. 
The environment merely determines how they shall 
develop, that is, what we shall do with om natural gifts. 
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Thus, for the most part, the environment is a guiding 
influence, not a creative one. Capacities for improvement 
are inherited, but improvement itself depends upon the 
presence of favorable circumstances. Environment merely 
gives an inherent tendency an opportunity to develop 
along lines predetermined by heredity. One may inherit 
exceptional musical ability, but, in the absence of an oppor
tunity for sound training, it may ne\'er express itself. 
On the other hand, no amount of training can create a 
musician from a person with no natural aptitude in this 
direction. 

The study of twins furnishes strong evidence as to the 
greater importance of heredity in development. As Galton 
first showed, and others have later substantiated, ,,,hen 
identical twins (see p. 190) are separated in early life and 
each is brought up under a different set of surroundings, 
their resemblances in both mind and body persist. On the 
other hand, when fraternal twins, which always have a 
different set of hereditary characters, are brought up under 
exactly the same set of environmental influences, the 
dissimilarity between them does not diminish but usually 
increases as time goes on. 

Hereditary Characters in Man.-The study of human 
heredity presents a number of difficulties, and the results 
are less certain than those obtained with the lower animals. 
There are several reasons for this. (1) Man is more com
plex, especially mentally, than any of the lower animals, 
and subject to a much greater set of environmental influ
ences. (2) Experimental breeding is not possible, and con
sequently we must rely for information upon family 
records and other vital statistics. (3) Such data are often 
incomplete and unreliable, and even at best shO\y only 
average conditions. (4) Every individual represents a 
complex mixture of many hereditary lines. (5) The pro
duction of relatively few offspring makes it difficult to 
obtain ratios indicating the chances involved, and to 
determine what all the hereditary possibilities may be in 
any given mating. 
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While many human characters are known to be heritable, 
much uncertainty exists regarding their mode of transmis
sion, and those concerning which we have the greatest 
amount of information are mostly abnormal or defective 
characters. A brief list is given below of some of the 
hereditary characters in man: 

DO~Ul\"ANT 

Dark hai r Blonde hair 
Brown eyes' Blue f'yes 
H ereditary cataract l'\ormal eyes 
Normal pigm pn tat ion Albinism 
Brachydactyly (short digits) l'\ormal digits 
Polydactyly (extra digits) Norma l digits 
Syndactyly (fused digits) Normal digits 
Normal Hered ita ry fCl'ble-mindeclness 
Normal Heredita ry epilepsy 
Normal Hereditary insanity 
Normal Congenita l deaf-mutism 
Normal Left-handedness 
Normal Haemophilia (profuse bleeding)3 
Normal Color blindness' 
Normal Night blindness' 

1 In a few of the cases listed here it is a slight overstatement to say thnt 
one of the characters is recessive. The case is not qui te so simple. 

2 Including green, haze l, and all other shades but pure blue. 
3 Sex-linked (sec pp. 206-210). 

The following characters are blending in their inheritance, 
and in most cases arise from the action of several independ
ently inheritable factors: general body size, stature, 
" 'eight, skin color, hair form (degree of curliness), shape of 
head, facial features, etc. 

A great many characters are known to be largely deter
mined by heredity, but the mode of their inheritance is 
uncertain. Some of these are: general mental ability, 
memory, temperment, musical ability, artistic ability, 
literary ability, mechanical ability, baldness, tendency to 
produce twins, and longevity. 

Aims of Eugenics.- Eugenics has two definite aims or 
purposes: (1) to eliminate undesirable qualities from the 
race by preventing the breeding of defectives ; (2) to increase 
the proportion of superior strains in the general population 
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by encouraging matings between highly endowed individ
uals. In both of these ways the average quality of the race 
may be kept from deteriorating. The urgent need of 
eugenics is apparent when it is realized that the present rate 
of reproduction among the mentally superior individuals 
is unusually low, among the mentally inferior, unusually 
high. The highest birth rate exists among the classes 
having the least value to society. It is the principal object 
of eugenics to discover the causes underlying this deplorable 
situation and to seek means of remedying it. 

Elimination of Defectives.-By defectives is meant not 
only the feeble-minded and insane, but criminals, paupers, 
tramps, beggars, and all persons who are a burden to 
society. While many of these are confined to prisons, 
asylums, almshouses, and similar institutions, a great many 
defectives are at large, free to propagate their kind. For 
example, it has been estimated that there are between 
300,000 and 500,000 feeble-minded persons in the United 
States of which perhaps only one-tenth are confined in 
institutions. Although most of these individuals are not a 
direct menace to society themselves, as a class they are 
reproducing at a higher rate than normal persons. 

While many defectives may be the victims of a poor 
environment and owe their unfortunate condition largely 
to this fact, there is no question but that most defectives 
are mentally deficient and simply lack the capacity for 
improvement. Feeble-mindedness results from a failure 
of the mind to continue its normal development, the 
intelligence of the individual remaining child-like. While 
some cases of feeble-mindedness may be caused by accident 
or disease, at least 60 per cent of them are due to an 
inherited tendency, and cannot be corrected. The condi
tion is a complex one, probably representing a combination 
of several defects. For the most part, it seems to be 
inherited as a simple Mendelian recessive. There is also 
ample evidence that many forms of insanity are inherited. 
While insanity seems to be a recessive character, the exact 
mode of its transmission is not understood. This is due 
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to the unreliability of the data, to the fact that the condi
tion may be greatly modified by the environment, and 
because the term is used to cover a great variety of dis
ordered nervous conditions. 

Because most human defects, both physical and mental, 
seem to be recessive, they may become latent in many 
strains without their presence being suspected. Conse
quently two normal individuals, both heterozygous for 
the same defect, may produce some abnormal childTen. 
For this reason, intermarriage among families having 
heredita,ry defects is to be condemned. Defectiveo tend 
to intermarry, however, because they are brgely avoided 
by normal persons. 

The tendency to commit crimes is closely associated 
with feeble-mindedness, many criminals being mentally 
defective. The same is true of paupers, drunkards, 
prostitutes, etc. Mental tests performed on juvenile 
criminals in state '/reformatories" have shown 50 to 90 
per cent to be feeble-minded. 

As a means of eliminating defective members of society, :t 

number of plans have been suggested, but many of these 
are not practical. The tendency has always been to 
protect and care for the unfit, to give them every oppor
tunity to improve, and except in extreme cases to grant 
them the same /1 personal rights" as normal individuals. 
The result has been a constant multiplication in numbers. 
An attempt has been made to meet the situation by legis
lation, but laws cannot be made effective except in a 
limit,ed number of cases. Our present immigration laws 
keep defectives from entering the country, but are inade
quate because many immigrants who appear to be norma! 
carry latent hereditary defects, that is, are heterozygous. 
It is evident that if defectives are prevented from leaving 
offspring, the inferior strains will eventually die out. 
Laws preventing the marriage of defectives, however, have 
no effect, as the percentage of illegitimate births among 
the socially worthless is very high. Laws compelling the 
segregation of the sexes in institutions are effective if 
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enforced, but the most satisfactory plan is sterilization. 
In the male this is accomplished by a very simple operation 
(vasectomy) involving no risk to health, but in the female 
a similar operation is attended with as much inconvenience 
and danger as any other abdominal operation. In neither 
case, however, is there any interference with normal 
instincts or functions, except that reproduction is made 
impossible. Although sterilization is the only certain way 
of preventing the breeding of defectives, there are fe'iY 

. sterilization laws in operation, chiefly due to the fact that 
public sentiment is not yet sufficiently enlightened to the 
necessity of enacting and enforcing them. 

Increase of Superiors.- That superior mental ability 
runs in families was first proved by Galton, and is accepted 
today as a fact. Not only is general intellectual capacity 
inherited, but also special aptitudes for music, art, literature, 
etc. While we recognize the fact that these and many 
other mental qualities are inherited, we know little con
cerning the manner of their transmission. 

It has been pointed out that the birth rate among the 
intellectual classes is lower than among the population as :1 
whole, so low in fact, that they are not maintaining them
selves. No class can persist indefinitely unless there is an 
average of 3.7 children per family, and the superior stocks 
do not average two. For example, it has been shown that. 
only half of the graduates of women's colleges marry as 
compared with over 90 per cent of all women, while but 
three-fourths of the graduates of men 's colleges marry. 
The graduates of coeducational institutions average only 
[) to 9 per cent higher. 

The low birth rate of superiors is largely due to economic 
factors, not to inherent infertility. Late marriage is 
unquestionably an important cause; this arises chiefly 
from the necessity of obtaining an education. The high 
cost of maintaining modern standards of living is also (1, 

vital fuctor in reducing the number of children, while 
luxury [(nd selfishness must be added as n, third factor, as 
many people have no desire for children. 



CHAPTER XVI 

ADAPTATION 

In making a detailed study of any plant or animal, one is 
impressed with the striking correlation which exists bet,,yeen 
the structure of its various organs and the functions they 
perform. As has been seen, structural differentiation has 
come about through a specialization of different parts of 
the body for particular kinds of work. A root, for example, 
owes its distinctive features to the fact that it anchors the 
plant in the soil, absorbs water therefrom, and carries it 
to the shoot system. The form and structure of a leaf, 
on the other hand, is very unlike that of a root chiefly 
because its functions are different, the leaf being primarily 
fitted to do the work of photosynthesis and to regulate 
transpiration. The same correlation between structure 
and function is also everywhere apparent in the animal 
body. The structure of the heart has significance only 
when we understand its mode of action, and the same is 
true of the stomach, an eye, a limb, or any other part of 
the body. 

Not only is every organ, by reason of its structure, fitted 
to perform certain definite functions, but a marked three
fold relation exists between structure, function, and 
environment. One of the most obvious facts in nature is 
that organisms are suited to their surroundings- to the 
great complex of external conditions which we call the 
environment. An organism is related not only to light , 
air, water, temperature, etc., but to other organisms as 
well. The former set of factors constitutes the inorganic 
£nvironment, the latter, the organic environment. The 
branch of biology which deals ·with the life relations of 
organisms, that is, with their relations to the conditions 
under which they live, is called ecology. The marvellous 
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adjustment exhibited by all organisms between structure, 
function, and environment is what is ordinarily implied by 
the term adaptation. It is the fitness of organisms to the 
conditions under which they live. 

The variations seen among organisms living under differ
ent sets of external conditions are largely correlated with 
the conditions themselves. Any set of conditions capable 
of supporting life constitutes a habitat, and in any given 
habitat only such plants and animals can live as are fitted 
by nature to meet the particular conditions which charac
terize it. Ponds, rivers, sea shores, meadows, swamps, 
deserts, prairies, forests-each has its own distinctive 
fauna and flora. This is because organisms which occur 
in the same habitat have similar life requirements, and these 
are largely fulfilled by the nature of the local conditions. 
Thus, the plants and animals living in an alpine habitat 
are very different from lowland forms, chiefly because the 
environmental conditions in the two cases are dissimilar. 
For the same reason, tidepool animals are not found in the 
deep sea, or the plants of a moist meadow upon the desert. 
The most important factors governing the distribution of 
plants into various kinds of habitats are chiefly those arising 
from differences in soil and climate. In animals the nature 
and abundance of particular kinds of food is perhaps of 
major importance, although physical factors also playa 
prominent role. 

The term "adaptation" is applied not only to the fact 
of fitness, but to adapti\'e characters themselves. Some 
characters, especially the trivial ones which often serve to 
distinguish closely related species from each other, have no 
obvious adaptive significance, but most of the basic features 
of plants and animals show a relation to the environment. 
In general, the appearance of characters in an organism is 
dependent upon the presence of a particular set of heredi
tary factors in the chromatin of all of its body cells and 
while the final expression of many characters may be 
influenced by certain environmental factors, for the most 
part the surroundings themselves do not cause an organism 
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to develop adaptive features. These arise, like most other 
characters, through the great internal influence- heredity. 
Thus, nearly all adaptations are racial, that is, inborn into 
the organism. 

RACIAL ADAPTATIONS 

We are no\v ready to consider a few conspicuous examples 
of racial adaptations- cases ,yhere an intimate relation 
bet\yeen structure, function, and environment has been 
largely determined by the organism's ancestry. Since 
every individual has been called a "bundle of racial adapta
tions," many more examples will be suggested by the few 
which are given. 

Desert Plants,-Plants which live in deserts exist under 
a set of very severe conditions: intense light, high tempera-

FIG. 161.-Desert vegetation. (Photograph by .11i;J;J Caroline P. Canby .) 

tures, very dry air, and dry soil. Only such plants can 
live there as are structurally adapted to endure these 
rigorous conditions (Fig. 161). It is evident that the 
greatest problem of the desert environment is the conserva
tion of water, and this is solved by desert plants, both by 
increasing absorption and retarding transpiration. . Various 
structural adaptations bring about the same results in 
different cases, as the follO\'\'ing examples show', 
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Many desert plants have a very deep root system which 
enables them to absorb water from a great depth. Others 
have a shallow root system but a very extensive one. In most 
desert plants the leaves are small (Figs. 162 and 1(4), often 
being developed as mere scales or spines. Reduction of 

FlO. IG2.- Two small-leaved shrubs common on the dry foot hills of sOllthPrIl 
Calif()rnia, X %; A, Chamiso (Adeno,torna); B, Sagebru,h (Artemisia) . 

leaf surface effectively lessens transpiration, but because 
photosynthesis is hindered at the same time, generally 
where the leaves are reduced, the stems are green and often 
enlarged, as in the cacti. Another adaptation seen in 
many desert plants is the development of water-storage 
tissue, either in the leaves or stems. In the aloe and agave 
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the leaves are thick and fleshy-in the cacti, the stems 
(Figs. 163 and 164). Many desert plants have hard stiff 
leaves due to the presence of a thick cuticle which acts as a 
check against transpiration. In such cases the stomata 
are usually sunken below the level of the leaf surface and 
often confined to pits (Fig. 165). The presence of a thick 
covering of hairs, characteristic of many desert plant::,;, is 
also thought to be related to the conservation of water. 
Hairs are outgrowths from the epidermal cells. 

FIG. 163.-A thick-leaved desert plant (Agave americana), tho fleshy leaves 
serving as reservoirs for the accumulation of water. 

Desert plants are pecluliar because they live under a 
set of extraordinary conditions. They are structurally 
adjusted to meet these conditions, and for the most part 
their distinctive features are racial, not acquired. Thus 
when most plants of dry regions are grown under ordinary 
garden conditions, they retain their desert characteristics. 

Seed Dispersa1.-The seeds of many plants are adapted 
to be disseminated by some particular agency, the two 
most important ones being wind and animals. Trees 
such as the elm, ash, maple, and catalpa have winged 
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seeds! adapted to dispersal by the wind (Fig. 166). In 
falling to the ground the wing presents a flat surface to the 
air, in some cases causing the seed to spin around; thus its 
descent is retarded. A strong wind would carry such a seed 
some little distance from the parent plant. The dandelion, 

FIG. 164 .- A barrel cactus (Echinocactus cylindraceus). The t hickened, 
green, longitudinally fluted stem stores water and carries on photosynthesis, the 
leaves being reduced to spines. (Photograph by Mi" Caroline P . Canby. ) 

thistle, milkweed, cottonwood, and many other plants 
have downy seeds; a tuft of cotton or down which acts 
as a parachute keeps them suspended in the air for a 
long time. Such seeds are often carried great distances by 
the wind. The seeds of the various kinds of "tumble-

1 In some of these and the following examples, the "seeds" are really 
small dry one-seeded fruits, but this distinction is of no sign ificance here. 
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weeds," such as the Russian thistle, are dispersed by the 
wind in another way. These plants grow on open plains. 
By an incurving of the branches the plant gradually 
n,ssumes a spherical form. 'When the seeds are ripe the 
entire plant breaks off at the ground and is blown about 
by the wind , dropping its seeds as it moves along. 

FIG. 165.- C'ross-section of a leaf of oleander (Nerium) , a plant adapted to 
Ji v(' in dry a ir, X 200. Note the thick cuticle , the several laye rs of e pidermal 
celis, upper a nd lower pa lisade t.issue, and stomata in pits protec ted hy e pidermal 
hairs. 

Animals carry seeds in several different ways. The 
barbed appendages of the cocklebur, burdock, and various 
kinds of "stick-tights" serve as a means of attachment to 
the bodies of animals (Fig. 167). Many marsh plants owe 
their wide distribution to the fact that their seeds are 
carried in the mud which clings to the feet of wading birds. 
Fleshy fruits, particularly brightly colored ones and those 
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attractively flavored, are eaten in great numbers by various 
kinds of birds and mammals. Often the seeds are voided 

Illl~ 
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F,,;. IllIi. -S('('d disp('r.,,,1 by ,,,illd ; .·1, willg<,d frllit I)f dill ; IJ. \\'inl!"d s<'ed o f 
('atalpa; C. dowllY fruit. of dandelion: D, winged frui t of box elder; E. winged 
fruit of ash; F , dOWllY seed of milkweed. (C, X 2; others. X 1.) 

without being swallowed, but in many cases when swal
j(med they puss through the body unaffected by the 
digesti"e fluids. 

B c JJ 
Fw. 16i.-Seed d ispersal by animals; A, beggar ticks; B , horehound; C. cocklp

bur; D, burdock. (:1 and B. X 2; C and D, X 1.) 

Insect Pollination.- Flowers are either self-pollinated 
or cross-pollinated, depending upon ",hether each flower 
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pollinates itself or whether pollen from one flower is 
transferred to the pistil of another. Cross-pollination is 
brought about chiefly by wind or by insects. Self-polli
nated flowers and those cross-pollinated by the wind are 
usually inconspicuous, while most flowers cross-pollinated 
by insects haye brightly colored parts or an attractive 
fragrance. Insects visit flowers chiefly to get nectar from 
them, the act of pollination being purely an incidental 
matter. Nectar is a sweet liquid 
secreted inside the flower, either at 
the base of the petals (Fig. 78), or 
111 a special sac or spur (Fig. 168). 

--n 

FIG. 15,s.-Floln'r of 1lasturtiuDJ ('Fro
paeolmn) cut through the middle to show 
the spur (,) and the nectary (n), X 1. 

Fw. 16!1.-Side v iew of head of 
hutterfly, with part of antennae 
(a) removed, showing proboscis 
(mx). (From Sanderson and Jack
son, "Elem entary Entomolo(JY," 
Ginn and Company, by permis
sion .) 

Insects gather nectar as food, either for themselves or for the 
larvae. In getting nectar from a flower , some part of the 
insect's body comes in contact with the stamens and is 
covered with pollen. This is then carried to the next flower 
where some is rubbed off on the stigma. In this way cross
pollination is accomplished. It should be understood that 
there is nothing intentional in this operation; the insect 
unavoidably carries pollen as it goes from flower to flower 
in search of food. 
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Butterflies and moths obtain nectar for their O\Hl use, 
as the caterpillars are not fed by the adults. The mouth 
apparatus of a butterfly consists of a very long tube called 
a proboscis, which under ordinary circumstances is coiled 
under the head like a \yatch spring (Fig. 169). Flowers 
which are adapted to be pollinated by butterflies or moths, 
such as the tobacco, petunia, honeysuckle, pink, etc. 
have a tubular or funnel-shaped corolla at the bottom of 
which nectar collects (Fig. 170). The st [1mens are situated 
at the mouth of the corolla. Such flo\,-el's are largely 

FIG. 170.-Flower of P etunia . 
a type adapted to pollination by 
moths. The five p t' tal s are IInitNI 
t o form a tubular coroll a . at the 
bottom of wbieh nec tar collt'cts . 

FIG. 171.- Lcft hind kg of honeybee 
(worker ) . showin g poll e n b[lsket (CIJ ) on 
o ute r surfar(' o f tibia ( TI, ) . (Prom S nodgreLB,', 
" il nuim ny of th e How'yll ep," JrcGraw-Hi ll 
Hook CV /IlWw y , I nc., by permission. ) 

dependent upon butterflies or moths for their pollin:ttion, 
[1S these insects [1l'e particularly adapted to reach the nectar. 

Bees gather both nectar and pollen \yhich they feed to the 
larvae. In many bees a portion of the hind legs serves as a 
"pollen basket" (Fig. 171) by means of which pollen is 
carried to the hive. While this pollen is lost to the plant, 
that ''Ihich adheres to other parts of the body may be 
rubbed off on the stigmas of other flowers. In the snap
dragon, violet, sweet pea, and sage we have flO\TerS espe
cially adapted for pollination by bees (Fig. 172) . Although 
these flowers are not related- belonging to different 
families, in fact- they have a highly specialized corolla 
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~ome\Yhat similarly modified. Normally the flower is more 
or less closed; that is, the parts of the corolla fit together in 
such a 'my that the stamens and pistil are hidden. This 
makes the essential organs inaccessible to such insects as 
ants, which often steal pollen but are practically of no 
value as pollinators. In all of the flowers mentioned above 
there is a sort of lower lip or platform upon which a bee may 
alight, the weight of its body causing the corolla to open. 

c 

D 
FIG. 17~.-Flflwers pollin"led by becs; A. r0I111110n sage, showing bee entering 

corolla; E, SIIi.tjH.Il'flMOIl ; C, sw('et p('a; D. viuilq, In C t ht' right Llt (..> ra i peta l has 
b,o(,11 nomol' cd. ( _.t, r('d ru(I'" aft t r LII.bbuck. ) 

The pistil is so situated that as the bee enters the flower it 
comes in inunediate contact with the stigma, thus rubbing 
off some of the pollen brought from another flower. It then 
encounters the stamens, usually located below the pistil, 
and thereby acquires a new lot of pollen. Finally it gathers 
the nectar and departs. 

Protective Resemblance.-In a great many animals the 
color or form of the body harmonizes \"i th the surroundings, 
thus rendering it inconspicuous and affording concealment 
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from enemies. A great many examples could be given, but 
a few will suffice to point out the general situation (Fig. 

FJu. 173.-Prot~rtj\·~ r('s(!mblauce among ju see is; a , katyrlid; b, wa lkill !!
stie k insect on a twig; c, la n 'a of geometrid mot.h restillg ('xt(' ndca from 11 t wig. 
(a , f rom Sedowick , .. A Student's Textbook of ZooloOY." aftt'r R'ilcy, by kind per
mission of the publishers, Geor(Je Allen J: Unwin, Ltd., London: The .llacrnillaIL 
Company, New York; b, c, from J ordan and K ello(J(J , "Evolution and Animal 
L'Je," D . Appleton & Company, New York; by permission.) 

173). The green body of the katydid with its veined wings 
blends with the foliage upon which it feeds. The walking-
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stick insect \"ith its slender elongated body and legs shows a 
striking resemblance to a branched twig, and thus is very 
difficult to see. The measuring worms, which are cater
pillars of certain moths, are greatly like twigs in form and 
color, and when disturbed some of them assume a rigid 
position at an acute angle from the stem. The dead-leaf 
butterfly (J\allima) of India is one of the most amazing 

FIG. 174.-The dead-le" f butterfly (J\all i ma) of India, X 7:1 ; a, with wings 
extended ; b, at res t on a leafy twig. 

instances of protecti ve resemblance known. 'When its wings 
are folded, it exhibits almost perfect similarity to a dead leaf, 
in regard to the shape, color, veining, petiole, and even 
the worm holes (Fig. 174). 

The color change of the chameleon and certain other 
lizards from brown to green, or vice versa, to harmonize with 
the background is well known. A protective coloration of 
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mammals in the wild state is very common. Prairie and 
desert forms tend to be brown or gray, as the wolf, camel, 
and lion. Arctic animals are usually white, at least during 
the winter, the polar bear, Arctic fox, and weasel being good 
examples. Forest-d"lyelling types, such as the zebra, tiger, 
and leopard tend to be spotted, striped, or mottled. Some 
of these forms are colored not so much for protection as to 
render them inconspicuous to animals upon which they 
feed, while in others, as in many similar cases, the protective 
value of their coloration has been greatly overrated. 

Feet and Bills of Birds.- One of the most striking illus
trations of adaptations in animals is seen in the modification 

FlU. 17.'i.-C' row (Co rvus brachyrhynchosl . a genera lized bird, X H. 

of the feet and bills of birds for the perform.ance of diverse 
functions. A generalized bird, an excellent example of 
which is the crow (Fig. 175), uses its bill for many different 
purposes. It can capture insects, pick fruit, dig corn, 
crack nuts, kill smaller birds, and break open eggs. As a 
consequence of this varied diet, the bill of the crow is in no 
way modified. Similarly its feet are generalized, being used 
for walking, scratching, perching, wading, walking on snow, 
etc. The more restricted a bird's diet and the more 
specialized its method of getting food, the greater is the 
amount of structural modification which it exhibits. A 
few examples ,,-ill be given. 
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Scratching birds, such as chickens, turkeys, quail, grouse, 
etc. (Fig. 176) have short legs and 
straight, stout, short toes. They 
feed mostly on seeds, in consequence 
of which their bills are short, stout, 
and curved. Spending most of their 

I "w. 176.- C'alifornia quail (Lophort yx cali/arnica) , FIG. l77.- Pigeon h aw k 
a scratching bird, X }~. (Falco colum/JUri" s) , a bird 

of p rey, X ~ . 

time on the ground, scratching birds in general are poor fliers. 
Hawks, eagles, and other birds oj prey 
(Fig. 177) han powerful feet proyided 
with sharp curved claws adapted to 
seize and carry Ii ving prey, and strong 
hooked beaks for tearing flesh. 

Insect-eating bi rds are of several 
different types, some being more 

FIG, l78.- R ed-s h afteu FIG. 17n.- P oor-will (Phalamoptilus nuttallii) , a 
flicker (eolaptes caler col- night-flying insccti\'orous bird, X J-5· 
laris ) , a woodpecker , X %. 

highly specialized than others. The 'woodpeckers (Fig. 
178) dig into tree trunks for grubs and beetles. Their 
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bills are straight, strong, and chisel-like, the tongue sharp
pointed and barbed, The feet are sharp clawed and the 
tail feathers stiff, the latter acting as a brace against the 
tree. The nightha,,'ks and \\"hip-poor-n'ills (Fig. 179) are 
night feeders which capture insects on 
the wing. They ha,'e long narrow 
wings and ,'ery poorly de, 'eloped feet.. 
The latter are too weak to be used in 
walking or even to support the body, 
but are used merely for clinging, the 
body resting lengthwise on a limb or 
on the ground. These birds have F 180 H 'b' 1 

• 1 IG. .- umffilng Irc 
very small bllls surrounded by ( CalY1Jtc ana), a I1 Pctar feed",. , 

bristles. They fly through the air x ~", . 
with the mouth widely open, swallowing such insects as 
happen to be in the ,yay. 

The humming birds are nectar f eeders, their long slender 
bills being well fitted for probing into flo\yers (Fig. 180) , 
They are the sm:1.11est of birds, their rapidly moving wings 

FrG. I RI. - Gr.,PI1-win ged tpa l ( .\"eU'-o n. caroli/tpl/. .p) , "swimming bird of t he d uck 
type, X >5 . 

holding the body poised in front of the f!O\yer witholl t 
coming to rest. 

Swimming b-irds have lobed or \\'ebbed feet, short legs, 
and are usually a \\' kward on land (Fig. 181) . Their bills 
are modified in accordance with their feeding habits, 
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being pouched in the pelicans, strong and hooked in the 
gulls, broad and fl at in the ducks and geese, etc. Grebes 

Feu. 182.-Pied-billed grebe (PodiiymlJ!ts pod iceps ), a diving bird. X ~, . 

FIG. 183.-Tllack-IlPckf'd stilt ( H i manto]) 'U s m ericanlls). a w:lding hird . X ~ • . 

and loons are diving birds, swimming under water both to 
capture fishes and to avoid their enemies (Fig. 182). The 
toes are webbed or lobed and the feet placed far back on 
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the body, so that on land an erect position is assumed . 
The sharp-pointed beak is well fitted for grasping fishes. 

Wading birds are characterized by long slender legs 
(Fig. 183). The toes are either very long and thin, or 
shorter and more or less webbed, in either case preventing 
the bird from sinking into the mud. Because the legs lift 
the body above the water, the neck and bill are elongated to 
permit feeding in the water or in the mud on the bottom. 
The cranes and herons have long, stout, sharp-pointed 
beaks for spearing fish, while in the stilts, snipes, sandpipers, 
and plovers the bill is long but slender and more or less 
soft at the tip, being used to probe for small worms, mol
lusks, crustaceans, etc., along shore or in shallow water. 

Adaptation in Mammals.- In mammals, as in all other 
animal groups, a striking correlation between structure 
and life habits is seen. While structural modification may 

FlO. 184.-A shrew (Sore.!: or natus)' a relatively unspecialized mammal, X %. 

affect any part of the body, it is particularly evident in 
teeth and limbs. The most generalized mammals are 
mostly ground dwellers, having relatively short pentadactyl 
limbs, and walking with the entire foot resting flat upon 
the ground (plantigrade). Among the most primitive of 
placental mammals are the shrews-small, mostly terres
trial forms with pointed heads, small eyes, and a general 
mouse-like appearance (Fig. 184). Shrews live chiefly on 
insects, their teeth being small, sharp-pointed, and but 
slightly differentiated. 

In typical mammals there are four distinct kinds of teeth: 
incisors, canines, premolars, and molars. These can be 
studied to go?d advantage in man or in any of the monkeys, 
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where all four types are present in a relatively unspecialized 
condition (Fig. 185). In the rodents, an herbivorous group 
including the rat s, mice, guinea pigs, squirrels, rabbits, 

FIG. lS5.- Skull of spid('r monkey (Ateles) , a mammal whose tee th :I re r('la 
t in' ly unspecialized, X ),z . The number of teeth is t he same as in man , except 
tha t here there a re three pairs of pre molars in each ja w instead of two pairs. 

FlU. 185.- Sknll of beaver (Castor canadensis) , a rodent , X )-,. The two 
pairs of incisors, ad apted for gn awing, are very la rge and chisel-like , canines a re 
a bsen t, while the premolars and molars a re fla t -crowned and adap ted for grinding. 

beavers, gophers, etc., the teeth are adapted for gnawing. 
There are no canines, but the incisors are very conspicuous 
and chisel-like; the back teeth are mostly fl a t crowned and 
used for grinding (Fig. 186). Most of the CO:1'nivores have 
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teeth adapted for tearing and cutting flesh. To this group 
belong the wolves, foxes, cats, bears, raccoons, skunks, 
badgers, etc. The incisors are small and of little use, 

FIG. 187.-Skull of t imber wolf (Cani. occidentalis). a carnivore. X I. ~. 
The teeth a re adapted for cutting and tearing flesh. Note the two pairs of can· 
spicuous canines and t he pointed. ridged character of the premolars and molars. 

the canines are large and poillted, while commonly the 
premolars and molars are sharply ridged (Fig. 187). The 
dentition of the ungulates, or hoofed mammals, in most 

FIG. 188 .-Skull of horse (Eqlt1ts caballus). an ungulate, X).f. The incisors 
are adapted for cropping, t he p remolars and molars for grinding. Small canine 
teeth are present in the male, but absent in the fem ale. 

cases is highly specialized for an herbivorous diet. Here 
belong the cattle, sheep, goats, deer, hogs, horses, ele
phants, etc. While in most ungulates all four kinds of 
teeth are present, t.he canines are usually small and of 
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little value. The incisors, which are used for cropping 
grass or herbage, are generally large and chisel-like, while 
the molars and premolars are broad and flat and provided 
" 'ith a complex surface for grinding (Fig. 188). One order 
of mammals, the edentates, is characterized by an imperfect 
de\'elopment or absence of teeth. To this group belong 
the sloths, armadillos, and some of the anteaters. A total 
absence of teeth is also characteristic of some of the whales. 

A number of mammals excavate burrows and live in 
them, especially many of the rodents, but in most cases 
they spend much of their time at the surface. The moles, 
however, live entirely underground, and consequently are 

FlO . 189.-A mole (Scapam,s latimanus), X H , ::tnd honps of right fore limb ; h, 
hUlllcrus; r, radius; u, ulna; c, carpu s; I to -V, digits. 

very highly specialized for a subterranean existence (Fig. 
189). The spindle-shaped body with its pointed snout, 
short neck, narrow shoulders, and short tail is obviously 
adaptive. The extremely short limbs are modified for 
digging, the hands and feet being provided with long strong 
cla\\-s. External ears are absent and the eyes are rudi
mentary. Moles are insectivores, belonging to the same 
order as the shrews and hedgehogs. Their teeth are simple. 

In mammals which are adapted to run rapidly over the 
ground, the body is relatively light and the limbs long and 
slender. The carnivores have limbs provided with four or 
five clawed digits, and in most cases elongation of the arms 
and legs has been brought about by an elevation of the wrist 
and heel above the ground (Fig. 190B), so that they walk 
on their toes (digitigrade). In most ungulates, on the other 
hand , the digits have been reduced to either three, two, or 
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one, the other:; being fUllctiollle:-:;s 01' entirely ab:-:;ent. 
UllguIateti typically walk on the tip:-:; of their toes (unguli
grade), the hoof corre~ponding to the nail or cla\y of other 
mammals (Fig. 190C). 

The monkeys represent a type of mammal adapted to 
living in trees. Together with man they form a group of 
thei]' own, the primates. Both the fore and hind limbs are 

c 
FIG. 190.-I\i~ht fo r!' lin tbs of rh!'sll s monkey ( .·l ) , ',nM (8 ) , aIllI hoI'S!' «(') . 

Labeling as in Fig. I t)U. • 

modified for grasping branches, the first digit being oppos
able to the others (Fig. 190A) . The tail is long, and in the 
New World forms, is prehensile, thus being of great utility 
to the animal as it swings from one branch to another. 

The seals (Fig. 191) are aquatic mammals belonging to 
the carnivore group. They are not so highly specialized 
as the whales, porpoises, and dolphins, which constitute 
an independent order, the cetaceans. The elongated, 
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FIG. 191.- Harbor seal (Phoca l'itulina) , X H 2, and bones of right fore limb 
Laheli ng as in Fig, IX9. 

III 

FlG . 192.- A, sih 'cr-haired bat (La8ionycteris noctivaoans) , X %; B, dorsal 
""ew of bones of right . fore limb of mastiff bat (ElImOp8 califomicus) , X H · 
Labeling as in Fig. 189. 
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short-necked, somewhat fish-like body of the seal with its 
smooth fur is obviously adapted to progression through the 
water. The limbs are paddle-like, the upper portion being 
short, but the hands and feet are elongated and provided 
with completely webbed digits. The sea lions and walruses 
can use their hind limbs in walking, but the seals cannot, 
thus being more highly adapted to aquatic life. 

While some mammals, such as the flying squirreb, are 
adapted for gliding through the air for short distances, the 
only mammals which really fly are the bats (Fig. 1(2), 
and to serve this function their bodies are highly modified. 
The forearm and four of the digits are greatly elongated; 
these support a thin fold of skin \\-hich reaches to the body 
and to the hind limbs forming a wing. The thumb is 
much shorter than the other digits and is clawed. Bats 
have great difficulty in moying on the ground. "'\\ hen at 
rest they hang head dowl1\\"ard froni a support by means 
of their clawed feet, or l;\-ith head up , suspending themselves 
by their wing-claws. _-\.s in birds, the bones are light and 
the pectoral muscles highly developed. 

INDIVIDUAL ADAPTATIONS 

Although the structure of organisms and the way in 
which their parts function are determined mainly by 
heredity, the environment , in providing an opportunity 
for inherent tendencies to express themselves, constantly 
exerts a modifying influence. It is apparent that ill 
every habitat conditions constantly fluctuate, and that all 
organisms, by virtue of the power of irritability, respond 
to these slight changes, mostly in ways advantageous to 
themselves. \Yhen abnormal ehanges occur, howe\-er, as 
\I-hen an organism is remo,-ed from its natural em-ironment 
and placed under a new set of conditions, it also may be 
able to adjust itself , especially if the change is made very 
gradually. 

Adaptive Response.- It is importan t to distinguish 
between the state of being adapted Rnd the process of 
becoll1in~ adapt,ed. An organism ,is ada pled to the normal 
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conditions of its particular habitat chiefly by reason of its 
hereditary constitution, and so most adaptiye characters 
are raciaL To a limited extent, h0've\'er, it may react 
favorably to new conditions \yhich arise; in other words, it 
may become adapted to a new environment. This is known 
as the power of adaptive response. The reaction to the 
changed conditions may be functional, structural, or both. 
Adaptive characterR \\"hich thus arise as a direct response 

FIG. 193.- Two pots of bean seedlings exactly of the same age; a, plants grown 
in the light; b, plants grown in total darkness. In b the stems are white and the 
leaves pale yellow. Both sets of seedlings were given the same amount of water 
and kept at the same temperature. 

to external influences are spoken of as acquired (or individual) 
adaptations. A few examples will be given. 

Everyone knows that the growth of a plant is greatly 
influenced by temperature, light, moisture, the character 
of the soil, diseases, injuries, etc. When a plant is grown 
in darkness it fails to develop chlorophyll, its leaves remain 
small, and the stem becomes very long and weak (Fig. 
193). While there may be no adaptive significance to this 
hp.hRvinr t.hp.rp <I.l'P ", <I nv l'p."nnn"p." in nl<ll1t." ",hI''''> orlo"h>_ 
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tion is clearly indicated. For example, ,,·hen growll ill the 
tiha,de, mau.)' hlllls of plalli ,s Imye larger leuses than \"hen 
grown in bright ::lunlight, alld thus a greater amount of 
green tissue is exposed for carrying on photosynthesis. 
Many plants de,"elop much more extensive root systems 
in dry soil than in moist soil, thus enabling sufficient water 
to be absorbed. The cuticle on many leaves becomes 
thicker when they are grown under dry conditions, and 
this results in diminished transpiration. 

Animals are influenced by temperature, moisture, the 
character and amount of food, exercise, diseases, injuries, 
etc., and many of the changes thus brought about are 
adaptive. A familiar example is the tanning of the 
human skin through continuous exposure to bright sun
light. The formation of bro,Yl1 pigment (which in the 
negro is racial) tends to prennt further burning and conse
quent injury to the underlying tissues. The develop
ment of callosities on the skin through friction is also an 
adaptive response, as is the enlargement of m.uscles by 
persistent exercise. Recovery from a disease often brings 
about a condition of immunity to further attacks, and a 
tolerance for certain poisons, such as caffeine or nicotine, 
may be gradually acquired. 

An important limitation regarding the pO\\"er of adaptive 
response \-,"hich should be kept in mind, is that only minor 
adjustments are possible. The basic features of organism.~; 
a re incapable of modification. By a manipulation of the 
em"ironment we cannot increase individual human stature, 
change eye color, increase potential intelle'ctual ability, 
or alter any of the other characters which are determined 
largely by heredity. In the vast majority of cases the 
amount of modification which may be effected through a 
radical change in external influences is slight and always 
limited. The striking cases ordinarily mentioned are 
exceptional, some organisms being much more plastic 
than others, and hence more susceptible to modification. 

Explanation of Adaptation.- In speaking of the power 
of ndnpt.i,·e response, it is often snid that an orgrwism 
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., a.dapt.s itself" to thif' or that condition of the en \'ironment" 
This and nil similar phrases implying cOllt:iciout; effort or 
purpose should be avoided, as their meaning is entirely 
metaphorical even in the case of intelligent animals. 
Rome reactions are advantageous, while others are not, 
but in neither case can desire on the part of the organism 
produce a modification in structure or function. For 
example, some plants produce substances as waste products 
of metabolic acti,-ity ,,,hich may ha.ppen to be bitter, 
poisonous, or otherwise unattracti , 'e to certain animals, 
and such plants may be avoided for this reason. But to 
say that they produce substances" to protect themselves" 
from being eaten by animals is entirely misleading in that 
it implies foresight on the part of the plant. 

H adaptation is not purposive, how has it come about '? 
Like many other biological problems, this is a question 
which has never been satisfactorily answered. Mostindivid
ual adaptations are in the nature of direct responses to 
external conditions, but ,'\<'e cannot explain why an organism 
reacts to a given stimulus in a characteristic way. Regard
ing the origin of racial adaptations, it is certain that they 
have arisen by a process of evolution, but as to how they 
have evolved there is much uncertainty. Two plausible 
theories have been suggested: one called the inheritance 
of acquired chamcters , the other, natural selection . These 
are discussed in their proper setting in ('hap. XX. 



CHAPTER XVII 

SAPROPHYTISM, PARASITISM, AND SYMBIOSIS 

It has been pointed out in the last ~hapter that organisms 
are related in their life habits not only to the physical 
factors of their environment, but to other organisms as 
well. Each kind of living thing has reciprocal relations 
with other kinds- none can live unto itself. The limitless 
ways in 'which organisms are associated and interact with 
each other constitutes such a vast subject, however, that 
here we can give attention only to a few of its many aspects. 
The phenomena of saprophytism, parasitism, and symbio
sis are of particular interest to the student of elementary 
biology because they illustrate some of the more striking 
ways in which organisms are adapted to the living 
environment. 

SAPROPHYTISM 

Saprophytes are plants without chlorophyll which absorb 
their food directly from dead organic matter. Their supply 
of carbon comes not from the carbon dioxide of '~he air, as 
does tha t of green plants, but from organic compounds occur
ring in dead plants and animals or in the \\'tlste products of 
living organisms. In the course of obtaining food for them
selves, saprophytes gradually break down these complex food 
substances into simpler products, and thus are the direct 
cause of decay. It is important to realize that the decom
position of all dead organic matter takes place entirely 
through the agency of living organisms, and that they 
thereby obtain material and energy necessary to their own 
metabolism. The breaking down of carbohydrates is 
called fermentation, of protein material, putrefaction, but 
these processes are essentially similar. 

240 
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Decay of Organic Matter.- The decomposition of dead 
organic matter represents a complicated series of changes, 
there usually being a large number of intermediate products 
formed. Ordinarily, there is a succession of various kind::; 
of decay-producing organisms, chiefly bacteria, each carry
ing the process a little farther, until finally only a few 
relatively simple substances are left. All of these organisms 
gain their subRistence from the great amount of potential 

c 

Fl". U)4.-Mycelium of bread molel (Rltiz01JltS n igricansl gi ving rise tu 
sporangia. (See also Fi!(s . 25 and fiS C.) (From .s'i l1not/.; .. B otanv Princi1)/cS and 
Problems ," ;11cGra"'-Hill Book Company, [nc., by permiss ion. ) 

energy contained in the dead material, but none except 
the last ones exhaust it. The ultimate products of decom
position are chiefly ,,,ater (H 20), carbon dioxide (CO~), 

ammonia (NH3), methane (CH 4), hydrogen sulphide 
(H 2S), free hydrogen, and free nitrogen. The water and 
carbon dioxide may be directly used again by green plants 
in the synthesis of new organic compounds, but the other 
substances can be utilized only after being acted upon by 
certain other bacteria which oxidize them in order to obtain 
a source of energy for themselves. For example, ammonia 
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is converted to nitrites and then to nitrates by the nitrifying 
bacteria (of which there are two types, one carrying on the 
first change, the other the second) .1 

FIG. 195.-Two saprophytic seed plants fou nd in rich. llIoist wooels. 0" the 
left. Indian pipe ( il[onotropa "nijlom); on t he right, pines"lJ (. l l. h!Jpupit!J')' 
(PlwiO(Jraph 6'upplied by McFarland Publ'icity Service.) 

Besides the bacteria of decay, there are many other 
kinds of saprophytic fungi, such as yeasts, molds, and mo::;t 
of the mushrooms and other fleshy types. These forms 

1 Other kinds of bacteria oxidize methane, hydrogen sulphide, and fr(,e 
hydrogen, formillg substances directly utilizable by green plants, while still 
others, the nitrogen-fixing bacte1ia, have the power of forming nitrates 
dirf'etl .Y from free nitrogell (see pp. 262-264 and 289). 
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live on humus, rotting logs, dead animals, etc. The yea::;ts 
are unicellular, but most of the other fungi have a delicate, 
white, thread-like body called a mycelium. (Figs. 25 and 
194). The fleshy <I mushroom" (Fig. 27) is really only a 
spore-producing structure, the vegetative body of the plant 
being a mycelium which grows in the soil or in decaying 
wood. Among the higher plants there are only a rela
tively few saprophytes, one of the best known being the 
Indian pipe (Monotropa uniflora, Fig. 195) . The whole 
plant is white or reddish, and is entirely without chlorophylL 
The unbranched stem, often reaching a height of 30 centi
meters (1 foot), bears a few rudimentary leaves and a single 
terminal flower. The Indian pipe grows in moist, rich 
woods, absorbing its nourishment from the partially 
decayed organic matter contained in the soil. 

Cycle of Elements.-By virtue of their ability to con
struct food from inorganic substances, green plants pro
vide a source of material and energy for themselves, for 
animals, and for dependent plants. It will be recalled 
that green plants obtain the entire supply of carbon, 
hydrogen, and oxygen which they use in food manufacture 
from the carbon dioxide of the air and the water of the 
soil, and that these elements enter into the formation of 
all of the organic substances in plants and animals. All 
of the other elements which become part of the plant body, 
however) such as nitrogen, sulphur, phosphorus, potas
sium, calcium, magnesium, iron, etc., are absorbed as 
salts dissolved in the soil ",,-ater (Fig. 196). 

It should be understood that the chemical elements of 
which the various components of protoplasm and its 
derivatives are constructed, are only temporarily associ
ated in an organism. During life, waste products resulting 
from the breaking down of protoplasm in respiration are 
constantly given off, while after death, destructive proc
esses continue under the influence of other organisms. A 
plant may be eaten by an animal and some of its sub
stance become temporarily transformed into animal pro
toplasm, but eventually all organic matter constructed 
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by green plants is decomposed into its constituent elp
ments. It is apparent that ~aprophyte", in effecting this 
decomposition, ultimately return elements to the inorganic 
world. Without them dead plants and animals would 
rapidly accumulate, and the various elements essential 
for life would be (( locked up " and hence be unavailable 
for green plants. Soon the carbon dioxide of the air and 
the mineral salts of the soil would be greatly diminished 

Formation 
of 

Co rbohyd rates 
Fots 
Prote ins 

and 
ProtopJo 5m 

(Nitrate Salfs 
: PhosphoruI> ", 
: Sulphur : 
~ Calcium ~Solt5 
: Magnesium : 
i Pofas5IUm : 
,;.Jron ..J 

B!J Solution 
~ from 

Rock Po rtides 

FIG. 19fi.- D iag.-am representin g; the ci r eulatiou of elemcuts through the a'r, 
soil , and bodies of organisms. (F'rom S innott, " Botany; Pn:nci ple., and PTOhl.em 8,." 
JJcGraw-H'ill Book Company, Inc., by pcrmiss,:on .) 

in quantity, and eventually life would cease. Thus sapro
phytes play a much more important role in the economy 
of nature than is commonly realized. 

Because all of the products resulting from the breaking 
down of protoplasm and its derivatives, both during life 
and afterward, are either immediately available for use 
again by green plants, or are ultimately rendered so, and 
because green plants supply all of the food \Yhich other 
organisms utilize, there exists in nature a continual cir-
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culat ion of c\(,ll\ eJlI .~ ill its l·.omp\cte forlll , from the 
inorgallic \\'orlJ thro ug h ~rCCJl lli a llt.~ to allilllab, to sapro
phytes, and then back to the inorganic world. A careful 
study of Fig. 196 will make this situation clear. 

PARASITISM 

So far as plants are concerned, there is no sharp line of 
distinction bet\\'een saprophytism and parasitism. .:\11 
dependent plants absorb organic substances from an 
external source, and it makes little difference whether the 
source is liying or dead. In fact, many fungi may live 
either as saprophytes or as parasites, that is, are faculata
l-ive, in contrast to the obligate forms which can li\'e 
only one \Vay or the other. Similarly, parasitism among 
animals is not a clearly defined phenomenon. All animals . 
eat ei ther dead or li\'ing organisms (or their products) , 
and so ha'\,e the same relation to their food supply as do 
dependent plants. " Te do not, however, consider the 
relation between a predatory animal and its \'ictim, or an 
herbivorous animal and the vegetation upon which it 
feeds, as cases of parasitism. 

Parasitism, as applied to both plants and animals, has 
a rather limited meaning, being used to describe cases 
\\'here one kind of organism lives attached to another, 
either inside or outside its body, obtaining its nourishment 
at the other 's expense. The two organisms involved in 
this type of association are known respectively as parasite 
and host. Not only does the parasite receive all of the 
benefits of the association, but the host is always more or 
less injured. If injured sufficiently to cause some marked 
disturbance in its normal functions, the host is said to be 
diseased. It should be understood that the disease is 
merely a response on the part of an organism to the 
presence of a parasite living upon it. A disease manifests 
itself by symptoms, which are abnormalities in function 
or structure. 

Parasitic Plants.-Among plants by far the greatest 
number of parasites, as of saprophytes, is found among 
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FIG. l07.--C ross-ser tion of a radish lenJ infected with a parasitic fungus 
(Al!Ju(jo candida ). X 100. The Illyc('!jum forces its way Iwtwecn the mesophyll 
cells and produces spores beneath t he epidermis. thus formjng a blistPr on the 
Burface of the leaf which finally ruptures and libera t es the spores into the air . 

FIG. 198.- Galls produeed on cherry twigs b~. the "black-knot" fungus 
(P101l'riyhtia 'lnoroosa). The gall consists of mycelium and hyper trophied host 
tissue. 
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the bacteria and other fungi, all of which lack chlorophyll 
and are consequently dependent upon some external 
source of food. Kearly all of the true fungi which are 
parasitic confine their attacks to other plants, but para
sitic bacteria live on both plants and animals. Among 

}'!G, lDD,-Dodder (Cus 
cllta) , a seed-vlullt parasite, 
twining a bollt:1 poplar stem, 
X 1. Short, sli c k e r-like 
processes arc sell t in to the 
bost. and through them 
nourishment is absorbed , 

the many plant diseases caused by 
true fungi, the following may be men
tioned: grape downy mildew', potato 
blight, bro,Yn rot of stone fruits, corn 
smut, and wheat rust. In some cases 
the mycelium lives on the surface of 
the host, sending short branches into 
the epidermal cells (Fig. 26), but in 
most parasitic fungi the mycelium is 
internal, merely producing spores at 
the surface (Fig. 197) . Some forms 
cause an hypertrophy of the host 
tissue, resulting in the formation of 
tumors or galls (Fig. 198). 

Of the bacterial diseases of plants, 
the following are wide-spread: pear 
blight, cabbage rot, cucurbit wilt 
(attacking melons, squashes, and 
cucumbers), and crown gall. Most 
of the diseases of man and of the 
higher animals are caused by bacteria, 
the following being well-known exam
pIes: typhoid fever, tuberculosis, 
diphtheria, cholera, pneumonia and 
tetanus. 

Only a few parasites are found among the higher plants, 
two conspicuous examples being the dodder (Cuscuta) and 
the mistletoes. The dodder is related to the morning 
glory; it attacks various \yoody and herbaceous seed plants 
(Fig. 199). The yellow or orange-colored, practically 
leafless stem twines about the host and sends short sucker
like processes into it ,,·hich penetrate the \'ascular system, 
ahsorhing both food and \\'ater theJ'efrom. The parasite 
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has no connectio1l \\·it.h t.he c;o il, and, I:lf'kin~ chlornph.dl, is 
unable to carry nil photosynthesis. 

FIG. 200.-A mistletoe (Phoradcndron villosltm) g;rowing on an oak tree, and 
(below) it doser vicw of another species (P. j/avescen., lnacroph!Jllu ) growing OIl a 
poplar stem, X H. 

Mistletoes live on various kinds of trees, and, like the 
dodder, send suckers into the vascular tissues of the host 
(Fig. 200). 'While some kinds of mistletoes are entirely 
parasitic, others are only partially so. The latter have 
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j1;reell l e:t\"e~ and arc :tiJle tu JlI:tkc nt, lca~t part or their (mil 

food . Having ltO cOlluection with the ::loil, hu\\"eyer, all 
mistletoes obtain their entire supply of water and mineral 
salts from the host. The seeds of mistletoes are sticky and 
are distributed by becoming attached to the feet of birds. 

Parasitic Animals.- Animal parasites are found among 
many different groups, such as protozoans, flatworms, 
roundworms, annelids, crustaceans, insects, arachnids, 
mollusks, and vertebrates, but are very rare among the last 
two. Animal parasites may be external, such as fleas, lice, 
leeches, ticks, etc. , or internal, such as many protozoan par
asites, worms of various kinds, etc. They may be parasitic 
during only part of their life, or permanently so. Some can 
live on a variety of hosts; others can live only on one kind of 
host or a succession of several specific hosts. Correlated 
with their easy life, many animal parasites are sluggish and 
structurally degenerate, having lost their organs of sense, 
food-getting, locomotion, etc. The two examples given 
below are of specialized parasites, both requiring two 
different hosts to complete their life cycles. 

Malarial Parasite.- One of the greatest discoveries of 
modern medicine is that organisms which cause certain 
human diseases are carried by insects, and this fact has been 
known in connection with the transmission of malarial 
fever only since 1898. The parasite which causes malaria 
in man is a minute protozoan which goes through a rather 
complicated life cycle (Fig. 201). The only mode of infec
tion is through the bite of a mosquito. As it enters the 
human body, the organism consists of a minute, slender, 
pointed cell which invades and feeds upon one of the red 
blood corpuscles. As a result, the organism gradually 
increases in size, coming to resemble a small amoeba. 
After destroying the contents of the corpuscle, it produces 
a number of small spores which escape, each entering 
another corpuscle and repeating the processes of growth and 
reproduction. When the spores escape, poisons are liber
ated into the blood stream. These represent waste prod
ucts resulting from the destruction of the corpuscle as well 
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FIG. 20) .- Diagram illust,rating the life history of the malarial parasi!.(' 
(Plasrnodit,m malariae). The stages above the line occur in the human bod.v. 
those below in the body of the mosquito. I to V and 6 to 10 show parasite 
en terin g human red blood corpuscle, growing, and producing spores. Durinp: 
the sexual phase of the life history, sperms and eggs are differentiated and unit(' 
to form a zygote (XII). This encysts in the wall of the mosquito's stomach and 
undergoes changes which result in the formation of a large number of slender 
pointed cells (XVIII) which make t.heir way to t.he s!'l li v!'lry I-!;lands and are th('n 
ready to h" illj('(' tf'O into :t hum:Hl hC'ing. (From .1/ inth/n. I:", I dLnkl'.'i II'1" '-'; ,. 'I'1'l'f1. 

Ii::>l' ul/. Zuololj-!J ," :.l . t.t, C. lJlllf'/:, / .11/" llU /1/.,.."l i8::;inn . l 
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:18 those arising from the.-parasite itself. It. is the liberation 
of this poisonous material which causes the chill and fever 
characteristic of the disease. In some forms of malaria 
these symptoms occur at regular intervals. 

If a malarial patient is bitten by a mosquito of a certain 
kind (an Anopheles mosquito), a number of malarial organ

isms enter the body of the insect 
with the blood which it sucks: 
There they undergo a series of com
plex changes, finally resulting in the 
production of a great many spores 
of another kind. When the infected 
insect bites another human being, 
some of these spores are injected into 
the blood stream, and the individual 
contracts the disease. It is evident 
that the only way in which aman can 
contract malarial fever is through the 
bite of a mosquito which itself carries 
the parasite by having bitten either 
a malarial patient, or a person who 
has recovered from the disease but 
still carries some of the parasites in 
his blood. It has long been realized 
that the most effective way of con
trolling malaria is to destroy the 
mosquitoes which transmit the para
sites from one human being to 
another. 

F IG. 202.- The pork tape
worm (Taenia solium); i l , 
entire worm; B, the "head " 
(s) enlarged. (From Wieman, 
.. General ZooloGY," J"I eGraw
Hill Book Company, Inc ., after 
Leuckart-N itsche wall chart, by 
permission.) 

Tapeworms.-Tapeworms are 
parasites which live in the digestive 
tract of the higher animals, there 

being several species which commonly infect man. The 
body of a human tapeworm is composed of a minute head
like organ and a number of flat posterior segments which 
become larger and larger throughout its length (Fig. 202). 
The head is attached to the intestinal wall and gives rise to 
the posterior segments by a process of budding. Thus the 



"worm" is really not a single animal composed of a number 
of metameres, as its general appearance would seem to indi
cate, but a colony of multicellular individuals. A single 
specimen of beef tapeworm may consist of several thousand 
segments and may Teach a length of 6 to 9 meters (20 to 30 
feet) or more.] Tape"'orms have no digesti ve system; they 
absorb food through their body wall after it has been 
digested by the host. 

The segments pass out of the human body through the 
the digestive tract. Each contains thousands of small 
embryos, as the tapeworm. is hermaphroditic and self
fertilizing. Some of these embryos may then be swallowed 
by the alternate host, ,,·hich may be a hog, a cow, or some 
other animal, depending on the species of tapeworm. After 
entering the body of the other host, the parasite bores into 
the muscles, undergoes further development, and finally 
passes into a resting stage. In this fonn. it enters the body 
of man ,,,hen infected meat is eaten. The eating of raw or 
insufficiently cooked pork , beef , or fish is generally responsi
ble for the presence of tapeworms in the human body. 

SYMBIOSIS 

Symbiosis is an association in which two different kinds 
of organisms live together in such a way that one does not 
materially injure the other, or if one is injured it receives 
some compensating benefit from its association with the 
other. There are many different degrees of mutual depend
ence, and consequently a number of kinds of symbiosis 
are often recognized, but here we shall be interested 
merely in a few well-knO\yn examples chosen to illustrate 
the general situation. 

Ants and Aphids.-The relation which exists between 
these animals is a sort of slavery, and is a real case of 
symbiosis because both members of the association are 
benefited. Aphids, or plant lice, are small oval green bugs 
which suck the juices of plants (Fig. 128B). They are often 

1 The pork tapoworm, another sp<'rics, is smaller, rnrC'i? exceeding 3 
lllC'tel'S (10 f('ot) in length. 
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::;een on young tender ::;hoot::;, but some kinds aLtaek root::; . 
Aphids secrete a s,,-eet substance from their bodies called 
" honeyden-," of which ants are "ery fond. "-herever 
aphids are found ants may be seen running back and forth 
between the aphids and the ant nests, gathering the s\\"eet 
secretion and carrying it to the lan-ae. The ants defend 
the aphids against attack and take care of them in other 
ways. Some kinds of ants take the aphids to their own 
nests during the winter and feed them in order to secure a 
constant supply of honeydew. For this reason aphids 
are often called "ants' cattle. " 

FIG . :.!oa .- TlH' r u ul sy:·q(l ill tlf:1 yOIl Il g: iJ('al l plant ( Phfl8CO{ II ,"; ) . :::; li u wiLJJ! 1l1l1l1('J'OUS 

tUUl'rclC's in wb ich nitroge ll-fixing bacteria lin!, X 72-

Nitrogen-fixing Bacteria.- .t\s we have seen, nitrates 
a re formed in the f-)()i l hot h by the aetioll of t.he nitrif'yilllo!: 
bacteria upon ammonia, and by the nitrogen-fixing forms 
which com-ert free lIitrogen to nitrates (see pp. 250- 251 ). 
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W1ll1e ~01lJC 01' tIle bLLcr ure ~a1Jru1Jhj'1 ie lIIJUU orga.llie 
matter in the ::;uil, uther::; euter iuLo a. peeuliar relation ,,-ith 
certain seed plants, particularly legumes, such as clover, 
alfalfa, beans, peas, lupines, etc. The bacteria invade the 
roots of the legume and live as parasites upon carbohydrates 
in the root tissues. As a result of their presence, the roots 
undergo local enlargement, forming tubercles or nodules 

FIG. 204.- Group of common lichens. X 1. A. a crustose form (Placodinm) 
growing on rock; B. a foliose t,\'lJ(' (PuI'II"'iia ) growing on bark; C. a lichen (Cla
doni a) which grows cn'ct upon the ground; D. a brunching form ( U 8Iwu) which 
hangs fmm the lim b" uf tn'es. 

(Fig. 203) . These bacteria (like the saprophytic forms 
mentioned above which live free in the soil) are unique 
in being able to absorb free nitrogen from the air and to 
"fix it," that is, to form nitrogenous compounds within 
their own cells. After this process has gone on for a while, 
the legume digests some of the bacteria and thus obtains 
a supply of protein food. "'hen the legume dies, howeyer, 
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there is always a considerable amount of nitrates added 
to the soil, and these are then available for other green 
plants. Thus as a means of restoring nitrates to impover
ished soils, the cultivation of legumes is an important 
agricultural practice. That legumes have come to depend 
upon nitrogen-fixing bacteria for their supply of nitrogen 

Frn. 20;;.- C' ross-sect.ion of :t lichen body (Ph ,IJ.;C'ia), s howing ~e !ls of the " lIZ" 
(a ho\'(' ) s llrround!'d h.l· a mass of int erl nring fungolls filam(,llts . X ;jon. 

is shown by the fact that when cultiyated in sterilized soil 
growth is very feeble, even when nitrate salts are supplied 
in abundance, For obvious reasons the relation between 
the nitrogen-fixing bacteria and the legume is often called 
reciprocal parasitism. 

Lichens.-Lichens are small plants of various form 
commonly seen growing on rocks, tree trunks, dead wood, 
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and on the ground (Fig. 204). Their usual color is gray 
or grayish green, but some are more conspicuous. A lichen 
is not a single plant, as its appearance suggests, but an 
alga and a fungus living together in symbiotic relationship. 
This is clearly indicated by a cross-section through the 
lichen body (Fig. 205). The greater part of the lichen is 
composed of a dense mass of tangled fungous filaments, 
among "which are the cells of the alga. The fungus lives 
upon the alga as a parasite, but does not kill it. In fact, 
the alga seems to be but slightly injured, merely giving up 
some of the food which it makes. At the same time, 
however, the alga is benefited in that the fungous body 
readily absorbs and holds moisture. The alga supplies 
the fungus with food, while the fungus gives moisture to 
the alga. This reciprocal relation enables lichens to grow 
in dry, exposed situations where neither the alga nor the 
fungus would be able to live alone. Thus the association 
between the two lichen components is one of mut ual 
adyantage. 



CHAPT En x_ VI l [ 

THE FACTS OF EVOLUTION 

The scientific study of organism~, in all of its lll:1UY 

aspects, has produced convincing evidence as to the reality 
of evolution- the process " 'hereby modern forms of life 
have been derived from earlier, simpler forms through the 
opera,tion of natural 1o,ws. The multitudinous species of 
plants and animals now inhabiting the earth owe their 
present condition of structural organization to this process 
of gradual change; they are the modified descendants of 
preexisting species. The earliest forms of life were very 
simple, and from them have gradually evolved forms more 
and more complex. Thus all organisms are related to one 
another by descent- a,l1 have hl1d n common origin. This 
means that life, represented by an unbroken succession of 
individuals, has been continuous from the beginning. While 
evolutionary development, for the most part, has been pro
gressive, in some cases it has been retrogressive, leading to a 
reduction or loss of parts or to other degenerative changes, 
but in either case, evolution is a process of racial modification. 

All of the physical sciences prove that everywhere in the 
universe dynamic conditions prevail. Instability is char
acteristic of all matter. The entire universe is in motion 
and is undergoing constant transformation- heavenly 
bodies, the earth itself, molecules. Permanency in nature 
is purely a relative term. The physical sciences also 
demonstrate that the universe is ruled by natural laws, 
and that these operate in the production of changes. The 
process of change which takes place in the physical world 
constitutes what is known as ino'rganic evolution. It is a 
principle fundamental to the sciences of astronomy, 
geology, physics, and chenListry. Organic evolution is 
merely the same process in living things, 

2(i(; 
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In previous chapters it has been shown that perpetual 
change is characteristic of individual organisms-that 
growth and metabolism are but expressions of a ceaseless 
series of transformations. We know that organic diversity 
accompanies the production of new organisms, and that, 
to a certain extent, environmental influences can produce 
structural modification. 'Ve shall now study the history 
of life, shall see that changes always ha\'e gone on, and that 
the present complex conditions of organic nature represent 
the culmination of a long series of events. It should be 
emphasized that the process of evolution is continunl and 
has proceeded with extreme slowness over an inconceivably 
vast extent of time. 

Geology teaches that at first the earth was lifeless- that 
primal conditions were not favorable for the existence of 
organisms. Life appeared in a very simple form and has 
been evolving ever since. It should be understood that, 
because of the present limitations of our knowledge, the 
study of evolution is concerned only with the development 
of life. 'We do not know how life first :.n'ose, and we have 
absolutely no evidence regarding the nature of the first living 
forms. Discussions of evolution must take the origin of life 
for granted, and proceed to explain how it has developed. 

Importance of Evolution.- The doctrine of descent with 
modification is a fundamental axiom of biology. As a 
scientific principle it is as well established as the law of 
gravitation. The evolutionary interpretation of nature is 
accepted today by all scientists of recognized standing, 
and has been since the middle of the last century. It 
is universally accepted because it offers the only rational 
explanation of a great mass of facts which otherwise would 
be utterly meaningless. There is no controversy whatso
ever among biologists that organisms have evolved, 
although, as will be seen in a subsequent chapter, there is 
considerable difference of opinion as to how they have 
evolved. 

The establishment of the fact of evolution as a funda
mental principle of biology probably has had a more pro-
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found influence on human thought than has any other 
scientific generalization. At the present time it dominate::; 
:111 branches of learning, even those having no relation to 
science. 'Ve recognize, for example, an evolution of 
languages, customs, warfare, government, religious thought, 
etc. Briefly st ated, the establishment of the principle of 
organic evolution has revolutionized man 's conception of 
the universe and of himself. 

Popular Misconceptions.- A great deal of confusion 
exists in the popular mind concerning evolution, and as a 
result many false ideas regarding it have become current. 
One of the most prevalent is that evolution is the subject 
of a creed- something which one accepts on faith. It has 
been pointed out that the principle of evolution, supported 
by an overwhelming mass of scientific evidence, is a logical 
explanation of the facts of nature. It ·is not a theory, 
although there are many theories relating to how it oper
ates. One does or does not " accept " evolution in the r:;ame 
sense as any other scientific generalization based on 
demonstrable fact s. .Moreover, it should be realized that 
any reluctance one might have in admitting the occurrence 
of evolution, or of any other natural process, in no way 
detracts from its reality. 

Another misconception is that knowledge of evolution is 
antagonistic to religion. This is based on a failure to 
differentiate between the functions of science and the 
functions of religion. Millikan I says: 

The purpose of science is to develop, without prejudice or precon
ception of any kind, a knowledge of the' facts, the laws, and the proc
esses of nature. The even more important task of religion, on the 
other hand, is to develop the consciences, the ideals, and the aspirations 
of mankind. 

There can be no real conflict because each properly 
occupies a different sphere; each appeals to different 
aspects of human thought. It is only when one takes upon 
itself the functions of the other that difficulties arise. 

l Part of a join t statement recently issued and signed by a group of 31 
leadin g l'!'liJ!;iolls lea.ders :mel scientists . 
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Science does not deny the existence of a creator; it merely 
shows that the method of creation is evolution. To say 
that the ',"orld has developed in accordance with natural 
laws does not deny the existence of an unknown guiding 
influence, call it what we may. 

It is popularly supposed that evolution means direct 
descent of man from the gorilla, the chimpanzee, or from 
some other existing species of ape or monkey. This mis
conception is based on a failure to understand how the 
process of evolution has operated. Except in rare instances 
one form of life cannot be regarded as ancestral to another 
which is contemporaneous ,,"ith it. l While all of the exist
ing evidence indicates that both man and the apes have 
evolved from a lower type of life, it also indicates that each 
has developed independently along a divergent line from 
some extinct, generalized common ancestor unlike either 
living form. Thus the relationship between man and the 
modern apes is not lineal, but strictly collateral. 

Nature of the Evidence.- The principle of organic evolu
tion is an explanation of demonstrable facts dra,m from all 
fields of biological science. These facts c~nnot be explained 
on any other basis than that of descent with modification; 
according to any other interpretation they are rendered 
wholly unintelligible. Not only do numerous facts of 
biology support this explanation, but none have ever been 
discovered which refute it or warrant any alternative 
explanation. Thus the doctrine of organic evolution stands 
as a great scientific generalization, and is accepteq today 
as such. The evidence upon ,<vhich the principle rests com
prises "the facts of evolution." Some of the more striking 
classes of these facts we are now ready to consider . 

Classmcation.-We have already seen that all members 
of the plant and animal kingdoms fall naturally into a 
number of distinct groups which can be arranged in an 

1 Only a relatively few cases are known where an ancient type of organism 
hfts persisted in a compttratively unchanged condition into the pres('nt, 
living contemporaneously with its modified descendants. ~early all of the 
cO llntl('ss sp<'cics of plants and animals of tne past arc utterly extin ct. 



270 FUl\'D,IJ\{ENT:IL8 (IF mnLn(;r 

a:;(;cmlilll!; .. cr1es (:-;ec ( ' Iw,p:; . \ ' :.LILt! \_ ). '1'llc Im:;j ::; UpllFl 

which the:;e groups is constructed i::; fundamental :-;tl'uctmal 
resemblance. The major groups are called phyla, the more 
important of which we have already considered. A phy
lum may be diyided into se\'eral subphyla, but more com
monly directly into classes . Thus the vertebrates are a 
division of the phylum Chordata and consist of five main 
classes : fishes, amphibians, reptiles, birds, and mammals. 
Each cl::Lss consists of smaller groups called orders. The 
carnivores, rodents, ungulates, bats, primates, etc., each 
constitute an order of mammals. An order is composed of 
still smaller groups called families. The carnivores, for 
example, include the dog family, the cat family, the bear 
family, etc. A family, in turn, is an assemblage of related 
genera (singular, genus). Thus the dog family includes 
the dog genus (Can'is), ' the fox genus (Vulpes), and other 
dog-like forms. Finally each genus includes one or more 
species. l The dog genus includes not only the common 
domestic dog (Canis famniaris) , but the European wolf 
( Canis lupus ), the gray or timber wolf of North America 
(Canis occidentalis) , the prairie wolf or coyote (Cam's 
latrans), the jackal (Canis aureus) , etc. It should be noted 
that the scientific name of an organism is the name of its 
genus combined with the name of its species. The position 
of the dog in the animal kingdom is indicated below. 

Phy lum Chordata (til(' chorda tes) 
Subph ylulll Vertpbr:l.tn (the vertchrn tf's) 

Clnss M nmmalin (tIll! ll1ammals) 
Orr\ r r Carnivora. (the carnivorps) 

Fnmily Canidae (the dog family) 

Genus ('anis } , '-' ' r 'I' , 1 he common dog 
,~pee]('s , 1/.1//1, U/ rts 

A comparative study of the members of any group shows 
that their bodies, despite many superficial differences, are 
built according to the same general plan. Structural 
resemblance means relationship, and relationship denotes 
descent from a common ancestry. The members of each 

1 Tn some sprcips still smaller di\'isions, called varietirg, nrc recognized, 
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FIG. :2U(j.- The basis of classification. A g;rO\ljl flf 1(''' '"''5 and lI('orns illll"
tratin!!: some of t.he differences between six speci('s of oak ( QI/,I'TCU.S); A, white oak 
«(i. alba ); B , red oak (Q. mural; C. bllr oak (Q . mac7'ocal'pa): 1), black on k (Q . 
velutina); E, blackjack oak (Q. ma'rylandica ) ; F. lin' oak (Q. ·" i r(Jin'iana) , (Fl'O?n 
B cr(Jen and Caldwell, "Practical B otany, " Ginn and Company, a/leI' H OItOh, by 
peT1ni",ion.) 
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group have common structural features because they have 
had a common evolutionary origin, the differences bet-ween 
them having arisen through each having subsequently 
followed a di,"ergent line of development. The greater the 
degree of basic resemblance bet\\"een any two organisms, the 
closer is their relationship, and consequently the less remote 
the common ancestor from ,vhich each has sprung (Fig. 206). 

The relationship of the various groups of organisms to 
each other may be represented in the form of a tree. 
Existing groups are at the ends of t\yigs, some lo,,"er on the 
tree, some higher. The branches represent divergent lines 
of descent, and all can be traced to a common trunk. Thus 
the mere fact that organisms can be classified on the basis 
of structural similarity and show various degrees of likeness 
indicates that evolution has taken place. 

Vestigial Structures.- Most plants and animals possess 
some parts w"hich perform no useful function and which are 
present in a more or less degenerate condition. These are 
called vestigial structures. Their presence can be 
adequately explained only by assuming that they ' were 
more fully developed and functional in the organism's 
ancestors. A fmy examples will be given. 

The flowers of the common asparagus are of two kinds : 
one having perfect stamens and a rudimentary pistil, the 
other with rudimentary stamens and a perfect pistil (Fig. 
207) . The only reasonable interpretation which can be 
placed on this fact is that the ancestors of the asparagus 
had flowers with both the stamens and the pistil 
functional in all of them. The asparagus also has rudi
mentary leaves in the form of small scales which are 
entirely functionless. Obviously, an adaptation to com
pensate for the reduced condition of the leaves and to 
provide for photosynthesis is the fac t that the stems are 
green and highly branched, the branches being very fine 
(Fig. 208). 

The garden slug is a mollusk closely related to the snails; 
in fact it is really a snail ,Yith a greatly reduced shell. 
Snails possess n spirnl shell into which the soft body can be 
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withdran·n (Fig. 209). The shell is lined with a thin fold 
of skin called the mantle!. III t.he slug the mantle consist,., 
of a small oval muscular patch on the animal's back; the 

FIG. 2U7.- Flowers of garden aspamgus; A. staminate flower, with perf<>rt 
stamens (8) and rudimentary pistil (rp); B. pistillat.e flower, with fully developed 
pis til (p) and rudimentarJ' stamens (r8). (From B eruen and Caldwell, " Practical 
Botany." Ginn and Company, a/trr H. JI aellcr; by permission.) 

b 
FIG. 208.-Shoots of garden asparagus; a, photograph, X H; b, drawin!!: 

sho wing that the Irayes borne on the main stem are reduced to minute scales (8), 
X 2. In the ax il of each scale a cluster of green leafless branches ariscs. 

shell, of a thin, flat plate imbedded in the mantle. The 
presence of this useless shell testifies that the slug has been 
derived from snail-like ancestors. 



27-+ ' .' ( ' l\' /) . \ .\rE.YT .. \U' (iF nr()['()(,') ' 

Tli e ~llakes :wd liz:lJ'lb bell'll l,!; ~I ) t.lH~ :-;:\l\lC group 1,1 
reptiles, as they have many structural features in commo!). 

F,U. 200. - .1." sn a il (Helix), a mollusk with a well-developed shel\ , X 1. B 
:I, s\ll ~ (A.rio/ j,m,(t.r ), "doscly relnt,ed form, h"vin~ a " cs tigial she ll covercd hy th( 
nl:lntlC' (lit) . X 1. 

It is part of their plan of organization to have four limbs. 
but correlated with the special mode of locomotion assumeJ 

, 

\" -

1<."'DI/rlC;rr~y ).""tH.IM fl~ 

Fro. 2 LO.- V{'stigi:ll pelvic girdle and hind limbs of th{' python, X )-~ . (From 
Rornancs, "Darwin and A f ter Darwin," Open COUI·t PU/ll ',:s hing Co., 1>1) 
p erln 'it:),·don.) 

hy the snakes, limbs are absent. That they have been 
derived frorn lirnhed ancestors, however, is iJl(ljr,[lted by the 
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presence of vestigial hind limbs in certain existing' species 
of snakes (Fig. 210). 

In many of the lower vertebrates there is present a third 
eyelid (the nictitat1>ng rnernbmne) consisting of a thin 
translucent membrane which mny be drawn diagonally 
across the eyeball. In mnn this structure is represented by 
a remnant called the semilunar fold (or plica. semilunaris), 
situated at the inner corner of the eye (Fig. 211). The 

Owl Horse 

M'l1l 
Fw. 21 J .-The nictit.ating l1l embr.~lle (1\') in tJII' o lrl and hnrs" comparpd with 

its rudiment in m an . (From R omanPR, " DaTw'in and .-t[teT DaTwin,"' Ol'en CO llrt 
Publ'ishina Co., f,y 1'I'rmis.,'ion.) . 

power of moving the ears so as to more effectively catch 
sound is well developed among such mammals as the dog 
and horse. In man this power has become lost, but that 
it was once present is evidenced by the occurrence of feebly 
developed ear muscles lying close against the head. There 
are present, at the lower end of the spinal column a short 
row of coccygeal bones, representing a rudimentary tail which 
is well developed during a portion of early embryonic life 
(Fig. 212). 



276 FUNDA.MENI' :lLS OF' BIOLOGY 

The ·examples cited above of \'estigial strllctures are 
only a few selected from thousands which have been 
described, over a hundred from man alone. They all 
testify to the reality of e\·olution. 

Gorill" MUll 

FIG. 212.- Bacrum of gor ill a ~ompnred with that of man, showing t he rudi
ment.ary tail bOIlPs of each. (From Romanp~, "Darwin and After DaT1rin," 
Open Court Pu iJli~hino Co., by 1)('rrl11:8~iol1 . ) 

Embryology.-Attention has been called repeatedly to 
the fact that every organism which reproduces by the 
sexual method begins its existence as a single cell- the 
zygote. It is apparent that this cell represents an individ
ual in the simplest possible condition of structural 
organization, a condition in ,,-hich unicellular organisms 
remain permanently, but multicellular organisms only 
tempor[Lrily. Thus it is a self-evident fact that, like 
other metazoans, every human being is unicellular at the 
beginning of its existence. 

The series of early embryonic stages involved in the 
processes of cleavage and gastrulation are essentially alike 
in practically all multicellular animals (see pp. 165-166). 
We ha ve seen that some of the lower animals proceed only 
a short way in their development, some remaining in the 
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blastula stage, others in the gastrula stage. The coelenter
ates, it will be recalled, are permanent gastrulas, having 
neither mesoderm nor a coelom. The members of the next 
group, the flat\Yorms, have mesoderm but no coelom, while 
all of the higher groups have both features. 

In a general " oay, the sequence 'of its embryonic stages is 
indicative of the deyelopment through which an animal has 
gone in the course of its evolution. Embryonic develop
ltlent is a brief and condensed repetition of a series of 
ancestral stages through " ohich the race has passed. 01', 
as often stated, ontogeny (the de,oe]opment of the individual) 
recapitulates phylogeny (the development of the race). 
This is a statement of the recapitulation theo·ry. It should 
not be taken to mean that the parallelism between individ
ual and racial development is perfect, for it is always only 
approximate. 

The recapitulation theory is well illustrated among 
insects. We ha\'e seen that the annelids and arthropods 
have many structural featUres in common, and thus are 
closely related. The life histol'y of any member of one 
of the higher groups of insects substantiates this interpreta
tion. The larval stage of a butterfly, bee, fly, or beetle is 
distinctly \yorm-like, not only in general appearance, but 
in a number of more fundamental respects (Fig. 135). This 
strongly indicates that the insects have evoked from worm
like ancestors. 

\Vhile the earliest stages in embryonic development are 
essentially similar in all metazoans, it i~ only among 
members of the same group that resemblances persist 
during later development, but these are ahYaYs striking. 
For example, in Figs. 213 and 214, \vhere embryos repre
senting each of the fiye great vertebrate groups are shown, 
relationship is apparent by their general structural simi
larity, indicating descent from a common ancestry. The 
figures also show that members of each of the five verte
brate classes begin to manifest conspicuolls differences 
much earlier in development than members of the same 
class. 
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FIG. 213.-A series of embryos at three comparable and progressive stages 
of development. representing each of the main classes of vertebrates below the 
mammals. (From Romanes . .. Darwin and Afte:r Darwin," Open Court Publishino 
Co., after Haeckel, by permission.) 
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FlO. 214.-A series of embryos simila r to t hose shown in Fig. 2 13, represent
ing four different di"isions of the class Mammalia. (From Romanes, ,. Darwin 
lnd A fter Darwin ," Open Co urt P"bli,hina Co., after Haeckel, I>y permission. ) 
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Em bryology t ertc he~ t ha,t I1ml1'y st nH'.t ures \\" hich are 
permanent in the lmyer members of a group appear only 
in embryonic stages in the case of t he higher members, and 
then either later disappear completely , persist as vestiges, 
or become modified to form other structures. For example, 
during a certain period of prenatal development, the 
human embryo has a tail as well developed as that of any 
of the other vertebrates (Fig. 214) . Likewise, in common 
with all yertebrates it has gill slits . The latter become func
tional only in the fi shes and amphibians, as has been seen , but 
their appearance in all vertebrates is indicative of descen t 
from aquatic ancestors. In fact , it can mean nothing else. 

Intergrading Species.- Before eyolution had become 
an established principle of biology, it was supposed that 
every species of plant and animal has always existed in its 
present state, and each was thought to be entirely distinct 
from all others. It was soon found, however, that \\'hile 
many species seem to be distinct, some show such a great 
range of variation that it is \'ery difficult to determine 
their limits. In other words, some genera exhibit II inter
grading species." T ypical members of one species may 
be very different from typical members of another, but often 
individuals may be found \yhich are intermediate bet\\'een 
the t,,-o, individuals which sho\\' some of the characters 
of both species. This is true of the asters, roses, haw
thorns, \\'i11o\\'s, oaks, and many other plants. In the 
animal kingdom, intergrading species are especially com
mon among insects, fishes, birds, and mamm.als. In all 
such cases the limits of each species are more or less arbi
trarily defined, and taxonomists differ greatly as to where 
the lines of demarcat ion are to be drawn. If all species 
were fixed and incapable of modification, it would be 
difficult to account for the occurrence of intermediate 
forms , but, on the basis of the principle of evolution, 
genera exhibiting intergrading species are merely those in 
an active condition of evolution at the present time. 

Cultivation and Domestication.-Everyone is in agree
ment that all cultivated plants and dorne1'lticated animals 
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are the modified descendants of wild species. Many 
have been under man's influence since prehistoric times, 
for such a long period, in fact, that their origin is lost in 
obscurity. In many instances such profound changes have 
taken place that it is impossible even to recognize the wild 
ancestral form. Where such recognition is possible, how
ever, striking facts are often revealed. For example, the 
wild cabbage still grows in Europe, but bears little super
ficial resemblance to its cultivated descendants (Fig. 215). 
From this single species man has de"eloped not only all 
of the different kinds of cabbages, but cauliflower, kale, 
kohlrabi, Brussels sprouts, collards, etc. When one con
siders all of the different kinds of pigeons, poultry, cattle, 
dogs, horses, etc., it is difficult to realize that each group 
has evolved from one or several original wild species. If 
species were incapable of modification, such striking 
changes as these would not have been possible in such a 
comparatively short time. 



CHAPTER XIX 

THE LIFE OF THE PAST 

Paleontology is the study of fossils- the remains of 
organisms of the past found imbedded in the earth. The 
"testimony of the rocks" represents evidence of a yery 
direct sort, demonstrating the reality of evolution in a 
striking \Yay. Paleontology also indicates the course. of 
evolution, giving us much information concerning the 
origin and development of whole groups of organisms. 
Before considering the history of life as revealed by the 
fossil record, hmvever, it will be necessary to understand 
how the relative age of the various layers of rock forming 
the earth's surface is determined. 

Division of Geologic Time.- Geology teaches that the 
surface of the earth is constantly undergoing transforma
tion as a result of the action of varioutl natural forces upon 
it. One set of changes are those involved in the processes 
of erosion and deposition. The disintegrat ion of rock by 
weathering and its subsequent transportation, chiefly by 
running water, tends to result in a gradual wearing down 
of highlands and a filling in of depressions. It has been 
estimated that, at the present time, the North American 
continent is being degraded, on the averag:e, at the rate of 
1 foot in 9,000 to 10,000 years. The eroded material, 
carried to lower levels, is deposited as sand, clay, gravel, 
etc. Later these sediments may become solidified to 
form such kinds of rocks as sandstone, shale, and 
conglomerate. 

The processes of erosion and deposition which are going 
on today in all parts of the world have always been in 
operation. As a result of continued degradation and 
slow sinking of the earth's surface, vast portions of what 
are now dry land have been covered by large bodies of 
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water (Fig. 216). During these periods of subsidence, 
sedimentary rocks have been formed . Subsequently these 
areas have been lifted into the air and once more exposed 
to the various agents of erosion. Because sediments 
accumulate and vertical movements of the earth's surface 
take place very slowly, enormous stretches of time have 
elapsed between and during successh"e periods of deposition. 

FIG . 216 .-::\for t h America in Cambrian t imes. T heoretic restoration of the 
Nort h American con t inen t (whi te), cont ine ntal seas (gray), and oceans (dark 
gray) in Upper Cambrian t.ime, during " ' hich there occurred t he earliest known 
great in vasion of land by t he oceans. T he la nds were proba bly all low and the 
climate wa rm . (From OsboTn, .. Oriain and E-volution of L7jG," Charles Scribner's 
!jon,;; by peT1l!l:ssion . Photoaraph of alobe modd 'in the American :1[useum by 
Ch.ester A. Reed;' and Goo-rae Robertson, after Schtlchcrt.) 

It is evident that the various strata of sedimentary rocks 
comprising the earth's surface have been laid dO'wn in 
chronological order, the youngest rocks lying above the 
older ones. By studying the series of stratified rocks in 
different parts of the world, geologists have been able to 
reconstruct the history of the earth in a very definite way. 
Geologic time is divided into five great ems, and each era 
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into u, nUll1ber of flCri{)t/s: t,hei'e are gi,'en III the fo llowi llg 
table: 

T ,\J{I,E OF G]:;OI ,OGlC TUI!,:l 

C\1odified from Oshorn) 

Ems 

C('nozoi(', 3,000, 000 ~'(,H rs .. 
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Kinds of Fossils.- In general, fossils occur in three dif
ferent forms. (1) Actual or-ganic r-erna-ins are simply dead 
organisms or their parts ",hich ha\'e been preserved from 
decomposition by some special means, and \"hich conse
quently have undergone little change. Examples are mam
moths found frozen in arctic tundras, insects in amber, 
animals in asphalt lakes and peat bogs, etc. (Fig. 217). 
Fossils of this sort are the most favorable for study, but 
unfortunately are very rare. (2) PetnJactions are fossils 
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in which the organic matter has been replaced, particle by 
particle, by mineral matter. It is chiefly hard parts which 
have been preserved in this way, such as wood, teeth, 
bones, shells, etc. (Fig. 218). Petrifactions show not only 
external form, but sometimes internal structure as well. 

FIG. 217.-Actual orga nic remains. Group of bones of the imperia l m am
moth in an asphal t pit a t R a ncho La Brea , Los Angeles, Calif. (Courtesy of Los 
A noele, M u, eum of History, Science, and Art. ) 

Thus sections often can be made of petrified material and 
studied with the microscope. (3) Natural molds and casts 
represent the most common kind of fossils (Fig. 219). If 
the dead body of an organism falls into soft mHd or sand, 
the impression may be preserved after all of the organic 
matter ·has been destroyed. If the sediment then hardens 
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to form rock, a natural mold results. This cavity may 
later become filled with mineral matter to form a cast. It 
is apparent that molds and casts tell a great deal :1bout the 
size, shape, and other external features of organisms, but 
give no information concerning their internal structure. 

FIG. 21S.- Petrifactions; A., thigh bone of a Miocene horse ( .1[crychip/>lI.s cr)); 
B, portion of the skull of an oreodont of Oligocene age, one of a group of extinct 
hoofed mammals peculiar to North America. In both cases the original bone 
has been replaced by mineral matter. 

Early Development of Life.- The Archeozoic era, is the 
portion of geologic history when the oldest known rocks 
were formed. While brgely igneous in origin, many of 
the Archean rocks consist of metamorphosed sediments. 
Life is thought to have arisen during the latter part of this 
vast era. There is no direct evidence concerning the 
character of the first forms of life. Being probably of a 
simple and perishable nature, the earliest organisms were 
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A 

PH;. 21!l.-Impressiolls in rock of a fern lea.f (A) and a Miocene fish (B), X %. 
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not amenable to preservation, and, because of subsequent 
nJteration of the Archeozoic rocks through tremendous 
pressure and great heat, any direct fossil evidence ,,,hich 
might have accumulated has been oblitemted. The early 
existence of life is indicated, however, by the enormous 
accumulations of limestone and graphite in the Archeozoic 
formations and of iron as weH in the Proterozoic, as organ
isms are often known to be concerned " 'ith the formation 
of these substances. 

There are three reasons for thinking that bacteria or 
bacterin-like organisms mny h:.we been the first forms of 
life to ha\'e existed on the earth: (1) Because bacteria are 
the chief agents in effecting decomposition of all dead 
organic matter, a, world devoid of bacteria is inconceivable. 
(2) BtlCteria are the simplest organisms in existence. (3) 
While most bacteria are saprophytic or parasitic, and so 
could not exist in the absence of other forms of life, some can 
make foods directly from \ya tel' and carbon dioxide (or car
bonates) without the aid of chlorophyll and light. Instead 
of utilizing solar energy, they obtain energy from the oxida
tion of various inorganic compounds (see pp. 250- 251) . 

. -\. later stage in the development of life may have been 
the appearance of simple algae---green plants able to 
carryon photosynthesis and thus to utilize solar energy. 
Simple unicellular animals probably evolved at an early 
period, but obviously must have followed the appearance 
of plants. The evolution of the first simple multicellular 
organisms must have occurred during pre-Cambrian time, 
for during the Proterozoic, primitiye multicellular animals of 
many types developed, although there is little fossil evi
dence as to their nature. Proterozoic fossils are scarce; 
a few protozoans and sponges, and worm burrows indicat
ing the presence of annelids, comprise about the only animal 
remains which have been found, but there is abundant 
evidence of the existence of lime-secreting algae. 

Life of the Early Paleozoic.-With the beginning of the 
Paleozoi.c era a great development of life had been reached, 
but it was entirely marine. Cambrian fossils are very 
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abundant and diverse, but are entirely of marine inverte
brates. No trace has ever been found of land animals or 
of vertebrates. The most highly developed animals of 
the time were trilobites (Fig. 220), a kind of extinct arthro
pod. During the Ordovician period the first fishes 
appeared, but they were very primitive forms known as 
ostracoderms (Fig. 221), and were not common. Like 
the modem lampreys and hagfishes (cyclostomes), they were 

1. 2. 
FlO. 220.-An Ordr)\"iPia ll t ril o bite (Trinrthrn .• " pcki) , restored, X 2. 1, dorsal 

view; 2, ven t ral view. (From B eecher.) 

without true jaws and paired fins. Little is known of the 
plant life of the early Paleozoic, but algae must have been 
very abundant to have supported such a luxuriant marine 
fauna. There is no record of the existence of land plants, 
but it seems likely that during the Cambrian period 
primitive non-woody plants were evolving which may have 
been like our modern bryophytes. It is thought that 
pteridophytes were in existence during the Ordovician 
because of their abundance during subsequent. periods. 
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Life of the Middle Paleozoic.- During the Silurian period 
fishes became abundant. They were largely of simple 
types, most of them being ostracoderms. This curious 
group became extinct during the Devonian, but so many 

FIG. 221.-Restoration of Cephalaspis , a Devonian ostraeoderm, side view. 
These forms, representing the oldest known \'ertpbratcs, appeared in the Ordo
deian, lived through thE' Silurian , and heeame I'xtinct at the elose of the Dt>von
ian. (From Patten, .. Evolution of the V crt purate, and their K in," P. Blaki ,ton's 
Son & Co., by permission.) 

new forms of fishes ,arose during the middle Paleozoic that 
they became the dominant animal group. Devonian fishes 
included sharks and other primitive types (Fig. 222) , 
but there were no representatives of the bony fishes, the 

FIG. 222.-Devonian fishes . (From Linville and Kelly, "A T e:rtbook i n Gen eral 
Zoology," Gi nn and CO'Inplwy; by perm i8sion. ) 

great modern group which includes over 95 per cent of 
all living species. The first land vertebrates probably 
arose during the Devonian, but they were very rare. In 
fact, the only evidence indicating their existence at this 
time consists of a single three-toed footprint found in an 
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upper Devonian shale deposit in Pennsylvania. Another 
notable feature of the middle P aleozoic " 'as the appearance 
of air-breathing arthropods- scorpions and myriapods-in 
the Silurian. Plant remains from the Silurian are frag
mentary, but from the Devonian are fairly abundant. The 
dominant land forms were pteridophytes- forms related 
to our modern equisetums and lycopods, large tree ferns , 
and many herbaceous t ypes. The first gymnosperm fossils 
are from the Devonian deposits. They consist of fern
like plants with seeds, leaving no doubt flS to the close 
relationship bet\yeen ferns and seed plants. 

Life of the Late Paleozoic.- The oldest amphibian 
remains :1re knO\yn from the :Mississippinn deposits. 

F IG. 223.-Skeleton of Eryops , an amphibian from the P erm ia n of T exas. 
Length a bout 10 ft . Photograph of specimen mounted in t he Ameri can M useum 
of Natural History. New York. (Courtesy of American Jluseum.) 

Amphibians were not abundant during this period, however, 
flnd were mostly of small simple types somewhat resembling 
modern salamanders. During the Pennsylvanian and 
Permian periods the amphibians became the dominant 
animal group, at the same time reaching the highest point 
in their development (Fig. 223). For this reason, the late 
Paleozoic periods are known as the " age of amphibians." 

·In the upper Pennsylvanian and Permian deposits, primi-
tive reptiles have been found, but they are so closely 
similar to amphibians that in many cases it is difficult to 
recognize them as reptiles. 

A ".'arm climate prevailed during the Pennsylvanian 
which favored a most unusually luxuriant development of 
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lalld yegetation consisting of both pteridophytes and 
gymnosperms (Fig. 224). It ,vas during this period that 

the most extensive coal deposits were formed. Coal 
represents accumulated plant remains subsequently meta
morphosed by geologic agencies. 
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Life of the Mesozoic.- The Mesozoic era was the 
"golden age of reptiles," as it was at that time that they 

FIG. 225.- lchthyosaurus, a highly specialized aquatic reptile from the 
Jurassic of Germany. Restoration by Charles R . Knight. The ichthyosaurs 
were viviparous; the figure represents a mother with brood of young. (Courtesy 
of American lIhtseurn of Natural H istory, New York.) 

reached their greatest display as a group, dominating all 
others. With the close of the Paleozoic the amphibians 
declined greatly in numbers, only a relatively few types 
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FIG. 22G.-Restorntion of Trinacromerillm, a C retaceous plesiosaur. Length 
about 10 ft. (From Will'isto", .. Wa.le'r R eptt'ie. of the Past and Present," Unirersily 
of Chicaao P're.s ; uy pprmission.) 

FIG. 227.-Restoration of Pteranodon , a Cretaceous ptf'rosaur with a wing 
spread of nearly 20 ft., p robably t he largest flying creature which has ever lived. 
R estoration by Lucas and Langley, (Courtesy of American 11/use1,m of Natural 
History, New York .) 
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remammg. Concurrently, the reptiles began their ascenu
ancy. From a few simple types there arose many highly 
specialized and diverse groups: dinosaurs, crocodiles, 
lizards, turtles, pterosaurs, ichthyosaurs, plesiosaurs, and 
others. During the :Mesozoic the reptiles dominated the 

FIG. 228.-Skeleton of the bipedal carnivorous dinosaur Allosaurus, mounted 
in the American Museum of Natural History, N ew York, and restoration of 
same by C harles R. Knight. The creature is shown preying upon one of the 
contemporary giant herbivorous dinosaurs. Length of specimen approximately 
34 ft . A llosaurus lived in North America during late Jurassic and Comanchean 
times. (Courtesy of A.m erican 1l[nse1.l,m.) 

sea, the air, and the land. The ichthyosaurs and plesio
saurs were lung-breathing, aquatic reptiles descended from 
terrestrial ancestors. The latter were long-necked, lizard
like forms, while the former were fish-like and more highly 
specialized for marine life (Figs. 225 and 226). The ptero-
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saurs were flying forms, and in many ways were the most 
extraordinary of all reptiles (Fig. 227). The most abund
ant and characteristic land forms were the dinosaurs. 
These remarkable creatures were of various types, some 

FIG. 229.- BrontosauTUS, a gigantic. quadripedal, herbivo rous dinosaur from 
the Comanchean of " ' yoming. Length a bout 66 ft .• a nd estima ted weight, 
37 tons. Mounted skeleton in the American Museum of Natural History, New 
York; restoration by C harles R . Knight. This form inhabited swampy meadows 
and flood plains. (Cou.rtesy of .4merican 11Iuseu.m.) 

carnivorous, others herbivorous; some used all four limbs 
in walking, others only the hind limbs (Figs. 228 to 230). 
Many of the Triassic dinosaurs were small and relatively 
unspecialized, but during the Jurassic they reached a 
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higher and more diversified development, at the same time 
becoming the most numerous and most powerful group of 
land animals. The dinosaurs reached their climax during 
the Comanchean period, there then being the greatest 
variety and the largest ones which ever existed. Most of 
these gigantic types did not live into the next period, how
ever, but during the Cretaceous the dinosaurs became very 
highly specialized in other ways, some developing protective 
structures of various kinds, such as a thick hide, plates, 
spines, horns, etc. (Fig. 230). 

FIG. 230.-Modei of Triceratops, a horned dinosaur from the upper Cretaceous 
of w~stern North AmeriC!1. Length 20 to 25 ft. (Courtesy of American Museum 
of Natttral History , Nc'w York .) 

A notable feature of the Mesozoic was the appearance 
of birds and mammals. The first true mammalian fossils 
are known from the Triassic deposits, and consist of small 
reptile-like, egg-laying forms very primitive in a number of 
ways. The first birds are known from the Jurassic (Fig. 
231). They did not evolve from pterosaurs, as the struc
ture of their wings clearly shows, but from some more 
remote reptilian stock. Jurassic birds were intermediate 
in structure between reptiles and modern birds, having 
teeth, a long vertebrated tail, and wings provided with 
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three free claws. Birds and mammals were rare during 
the Mesozoic and made little evolutionary progress, 
probably because of the dominance of the reptiles. A 

F JG. 23 !.- R cstoratioll of Archaeo pterix, a prim it ive Jurassic bird showing 
many rep t ilia n features. X }~ . (From Romanes, " Darwin and A f ter Darwin," 
Open Court P ublish-ina Co., by permission.) 

special feature of the Triassic was the appearance of the 
bony fishes; by the Cretaceous they had become the 
dominant aquatic animal group, as they are today. 
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The plant life of the early Mesozoic was dominated by 
gymnosperms, but these ,,,ere of more advanced type:; 
than lived during the P aleozoic, while many of the older 
forms were entirely extinct. The first angiosperm remains 
are knovm from the late Comanchean. During the 
Cretaceous the angiosperms evolved with great rapidity 
and spread over the entire world, gradually replacing the 
older gymnosperm types as the dominant group of plants. 

Life of the Cenozoic.- The Cenozoic marks the rise and 
culmination of the mammals. With the close of the 
Mesozoic, the great reptiles became extinct for reasons 
which can only be surmised. The mammalian ascendancy 
began early in the Eocene, true placental forms appearing 
although at first small in size, simple in structure, and 
with small brains. Their early evolution was so rapid , 
however, tha t before the end of the Eocene nearly all of 
the modern orders were represented. The mammal:,; 
reached their climax during the Miocene, both in numbers 
and kinds, and have been a steadily declining group ever 
since. The vegetation of the Cenozoic consisted chiefly 
of angiosperms, and was distinctly modern in general 
aspect. 

No account of paleontology would be complete without 
a, brief consideration of the evolution of the horse and of 
the elephant. The fossil history of both is well known 
and furnishes a striking example of the trend of evolution 
along t,,·o divergent lines. 

Evolution of the Horse.- Modern horses and those of 
the Pleist ocene belong to the genus Equus, a highly special
ized branch of primiti ve ungul'ate stock. Specialization 
has progressed aJong two general lines : for rapid running 
over hard ground, 'and for grazing. The structure of the 
horse has been modified in accordance with these functions. 
Thus the legs nre very long and slender, and can bend 
only in one plane. The bones of the upper arm (radiu~ 

and ulna) are fused together. The wrist and heel do not 
touch the ground, the foot consisting of but a single. 
enlarged, functional toe which corresponds to the middle 
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digit of a pentadactyl limb, and two "splint bones" 
]'epresenting the remnants of the second and fourth digits 
(Fig. 190C). The horse walks upon the tip of the toe, this 
being provided with a large hoof. Modern horses are 
about 15 decimeters (5 feet) or more in height. 

The greatly elongated skull not only is adapted for 
reaching the ground in grazing, but provides room for the 
development of the grinding teeth. For the same reason, 
the jaws are very high and large. The neck is long, thus 
permitting the head to reach the ground without bending 
the knees. The teeth of the horse are adapted for crop
ping and che\ving grass (Figs. 188 and 233). The cropping 
teeth (incisors) are very large and strong, while the grinding 
teeth (premolars and molars) are broad and fl at. The 
latter have a very complex masticating surface and con
tinue for a long time to grow in height as they are worn 
down. 

The evolution of the horse has been traced through a 
number of successive stages, some of which we shall· now 
consider (Fig. 232). 

The most primitive genus of horses is Eohippus, a 
form which lived in North _-\.merica during early Eocene 
times (Fig. 233). During the same period a very similar 
form (Hyracotherium) lived in Europe. Eoh·ippus was a 
slender animal about 3 decimeters (1 foot) in height, or 
about the size of a fox. Its head, neck, and limbs were 
relatively short. Its grinding teeth were simple, the masti
cating surfaces having a very primitive pattern. The fore 
limbs of Eohippus bore four functional toes, the hind 
limbs three. There was no trace of the first digit on 
the fore feet, but on the hind feet vestiges both of the first 
and fifth digits were present. Thus there can be no doubt 
that Eohippus was the descendant of a five-toed ancestor. 

M esohippus was a North American horse which lived 
during the Oligocene period. It was about 4.5 to 6 deci
meters (18 to 24 inches) tall, or about the size of a sheep. 
Its head, neck, and limbs were longer than those of its 
progenitor, but the skull was relatively short and unspe-
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FIG. 233.-Skull of modern horse (Equus) and model of Eocene horse (Eohip
pus) photographed to same scale. (Courtesy of American Museum of Natural 
HistoT1J. New York.) 
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cialized. Each foot was provided with three fUllctional 
toes, the middle one being the longest. The fore limb:; 
bore a rudiment of the fifth digit. The teeth of M eso
hippus were low-crowned, but more complex than those 
of Eohippus. .-

Merychippus lived in North America during the Miocene . 
It was considerably larger th:m its forerunners, being \) 
to 12 decimeters (3 to 4 feet) in height. Its skull wa::; 
more elo~gated and its lower ja \T heavier. All of the feet 
were thr~e toed, but the middle toe ,vas relatively larger 
than that of Mesohippus, while the two lateral toes did 
not touch the ground. The grinding teeth were relatively 
high cro"'ned, their surfaces somewhat complex, but \ven 
incapable of continued growth. Merychippus is thought 
to have been the first horse to have turned from a brows
ing to a grazing habit. 

Plio hippus was a late Pliocene form, not much larger 
than Merychippus, but advanced in other ways. The 
two lateral toes were reduced to splint bones, while the 
teeth w'ere more highly cro\Tned and had complex grinding 
surfaces. Pliohippus gave rise to Equus, which spread 
from North America to South America, Asia, and Europe, 
but for some unknown reason became extinct on the 
American continents during the Pleistocene. 

Evolution of the Elephant.- The genus Elephas includes 
two modern species of elephants and the extinct mam· 
moths. During the Pleistocene the genus was widely dis
tributed over Europe, Asia, and North America, but livinp; 
elephants occur only in Asia and Africa. The characteri::;
tics of the elephants will be briefly outlined. 

With the exception of the whales, elephants are the 
largest living mammals. The Indian species attains a 
maximum heig~t of about 30 decimeters (10 feet) , while the 
largest African elephants are said to be nearly 40 decimeter;; 
(13 feet) tall. Some of the mammoths of the Pleistocene 
were as large or slightly larger than the modern African 
elephant (Fig. 234). The limbs are large and pillar-like, 
an obvious adaptation for supporting the enormous weight 
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of the body. The feet are fi\re toed, each toe being hoofed. 
In most long-legged mammals the neck is elongated to 
permit the head to reach the ground, but in the elephants 
the massive head makes this arrangement impossible. 
Accordingly the trunk takes the place of a long neck. The 
trunk is a prolongation of the nose and upper lip ; it is used 
chiefly in com'eying food to the mouth. 

F IG. 234.-Restora tion of imperial mammoth (Ele7,has imperator) by Charles R . 
Knigh t . (Co11.rl.e;; y of American .l!uselt?n of Xatll.ral History , .Ycw Y ork .) 

The skull of the elephant is very high, -being entirely out 
of proportion to its length. The tusks are highly modified 
incisor teeth which reach an extreme length of 30 decimeters 
(10 feet) in the African elephant . In some of the mam
moths the tusks were 50 decimeters (16 feet) long. Aside 
from the tusks, the only teeth which the elephant has are 
molars, and of these it never has more than four complete 
or eight partially worn ones at a time. As the grinding 
teeth are worn down they move fonvard in the jaw, and are 
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replaced by new ones appearing behind. The chewing 
surface is very complex, having in the African elephant up 
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FIG. 235.-Evolution of the head and molar teeth of elephants; A., A' , Elephas. 
Pleistocene; E, Ste{Jodon, Pliocene; C, C', il'fastodon, Pliocene ; D, D' , TriLophodon, 
Miocene; E, E', Paleomastodon , Oligocene; F, F', J/oeritherium, Eocene. (From 
Lull, "Organic Evolution," copyright 1918 by The ill aemillan Company. Reprinted 
by permission.) 

to 10 or 11 transverse ridges, but in the Indian elephant 
and the extinct Siberian mammoth up to 27, 
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There has been found in the upper Eocene and lower 
Oligocene deposits of Egypt a mammal called M oeritherium, 
generally recogl!ized as the progenitor of the modern 
elephants (Fig. 235) . It ,yas about 10 decimeters (3H feet) 
in height. It did not look like an elephant except in having 
a high skull , short tusks in both jaws, and grinding teeth 
with two or three transverse ridges. There ,,·as no trunk, 
but the upper lip may haye been prehensile. The neck 
was long enough to have enabled the animal to reach 
the ground. 

A form called PaleO?naslodon has been found in the lowel' 
Oligocene formations of Egypt and India. It was larger 
than M oeritherium, had a higher skull, a relatively shorter 
neck, and longer tusks, but the lower tusks were much 
shorter than the upper ones. The molar teeth ,,,ere 
larger than in the earlier form, and the three transverse 
ridges were more conspicuous. The upper lip was slightly 
elongated, and probably reached to the tip of the tusks. 

Tri lophodon lived during the Miocene period in Europe, 
Africa, and North America. It was a large animal- almost 
as tall as the modern Indian elephant. It made an advance 
over Paleomastodon in having longer tusks and more com
plex grinding teeth. The latter " 'ere large and reduced in 
number, as in modern elephants, but there were still only 
three transverse ridges. Tri lophodon ·was peculiar in that 
its lower jaw was greatly elongated and provided with a 
pair of tusks. As compared with modern speci~s, the trunk 
\ras short, but probably reached as far as did the tusks. 

1v[ astodon, of which several species are known, lived dur
ing the Pliocene and Pleistocene in North America, Europe, 
and Asia. The mastodons were larger than the earlier 
forms, being about the size of the modern Indian elephant, 
but they were stockier in build (Fig. 236). A pair of tusks 
was present only in the upper jan', and were 27 decimeters 
(9 fee t) or slightly more in length. The lower jaw was 
greatly shortened and the teeth reduced in number, there 
being never more than eight molars present at any time. 
The transverse ridges did not exceed five or six. 
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Conclusions.- The evidence from paleontology justifie!:l 
several general conclusions with reference to the course of 
evolution. These may be briefly stated as follows : (1) 
Throughout geologic history there has been an ascending 
succession of plant and animal groups corresponding to the 
sequence of rock formations in which their fossils are 
imbedded. Thus each succeeding geologic period marks a 
progressive ad"ance in life . (2) The general trend of evolu-

FIG . 236.-R cstorn.t ion of Am~rican mastodon ( Jrastodon americanus) 
by J ohn L. Ridgway. (Courtesy of Los Anaeles llI usC'wn of History , Science, 
and Art .) 

t ion has been toward greater structural specialization as an 
adaptation to particular conditions of living. (3) Higher 
groups have sprung from generalized members of lower 
groups, not from highly specialized ones. (4) Forms highly 
modified for living under a particular set of external condi
tions cannot again become generalized, but can change only 
in the direction of greater specialization. With a radical 
change in environment they are unable to survive or to 
give rise to modified progeny, and thus becori1e extinct. 



CHAPTER XX 

THE CAUSES OF EVOLUTION 

Some of the classes of evidence UpOll ,,·hich the principle 
of evolution rests have been examined and it has been seen 
that all of the facts presented in the last two chapters can 
be explained only on the basis of descent with modification. 
Biologists are unanimous in their conviction that evolution 
is a natural process. They are not in agreement, however, 
as to how the process operates-as to the causes under
lying organic changes. This is because the method by 
which evolution has come about is imperfectly understood, 
and, consequently, a diversity of opinion exists as to what 
are the most important factors involved. A number of 
causative theories have been advanced, but none is entirely 
satisfactory. It is one thing to prove that evolution has 
taken place, but another thing to explain how it has taken 
place, and so we must bear in mind that, ~while proposed 
explanations may be discarded, the fact of evolution will 
always remain. 

Theories of evolution are usually associated with modern 
times, but it should be realized that crude conceptions 
regarding the derivation of higher organisms from lower 
ones have existed from the time of the early Greek philoso
phers. It has only been since the beginning of the nine
teenth century, however, that evolution has been the 
tmbject of scientific study. The older evolutionary OQ}

ceptions were speculative, but our modern theQl';r~ 
of causation are based on careful observation an~ 

experimentation. 
We shall consider only the most important t~~ Qf 

evolution, and take them up III the order in whio\\ ~y 
have been advanced. 

300 
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INHERITANCE OF ACQUIRED CHARACTERS 

That organisms can be modified t hrough the action of 
external influences is a matter of general observation, and 
it has long been assumed that such induced changes are 
transmitted to subsequent generations. The greatest 
exponent of this idea as a cause of evolution was the French 
naturalist, Jean Baptiste de Lamarck (1744-1829, Fig. 237), 
whose theory was announced in 1801. An acquired character 

Fw. ~;.!7.-Jcall Baptiste de Lalllarck, 17·H - I ::-;~\) . 

is a modification \yhich arises as a direct response to an 
external stimulus, such as a change in environment or 
function. It is not part of the organism's inheritance, but 
::iomething imposed upon it by the surroundings. 
Lamarck's theory is based on t he idea that acquired 
characters are inherited-that individual adaptations 
become racial-that inheritance is modified by environment. 

Direct Action of Environment.- Lamarck thought that 
modification arises somewhat differently in the case of 
plants and lower animals on the one hand, and higher 
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animals on the other, although in both cases the causal 
agent is a change in environment. In the former the 
environment acts directly, in the latter indirectly. Exam
ples of structural changes induced by the environment 
have been given (see pp. 245- 247). Lamarck assumed 
that the effects produced by a change in external conditions 
become cumulative through succeeding generations; he 
thought thnt racial characters have developed by the 
inheritnnce of direct responses. According to this theory, 

FIG. 238.-Mon terf'Y cypress (Cuprcssus macrocar1Ja), a tI;ee nati\'e to t h" 
('('ntral California coast in the vici ui ty of M onterey Bay . Exvosed to the s~'" 
winds, the crown becon1('s very broad a nd fl at, un e! t he bmnches, oftl'n g ro
t rsqllcly ben t a nd gnarh,d , t"nd to grow horizontu.lly away from the wind, 
(Ph oto.'lraph uy .. rro. L. S. Blcvin, Carmel, Calif.) 

the peculiar features of desert plants, for example, have 
resulted from the direct action of the desert conditions 
upon them, the changes induced in each generation being 
transmitted to subsequent generations. 

While cases of individual adaptations are often striking, 
it must be realized that the power of adaptive response is 
limited. Only minor adjustments are possible. Even 
in the most plastic organisms, the basic features are so 
firmly fixed by heredity that little or no alteration can 
t ake pbce. Mnny widely distributed organisms live 



312 FUNDAMENTALS OF BIOLOGY 

under a great variety of conditions- most of our common 
weeds, for example-and yet in most cases members of the 
same species exhibit relatively slight differences among 
themselves. On the other hand, members of the same 
species living under a uniform set of conditions often 
exhibit considerable variation. 

Another important point should be kept in mind. When 
organisms are placed in a new environment, as a rule the 
changes induced are not permanent, for when put back in 
the old environment the "acquired characters" become 
lost. Thus when seeds or cuttings taken from lowland 
plants are grown in alpine regions, the progeny often 
become highly modified. In fact they are said to become 
"transformed" into alpine species. When taken back 
to the lo"yland, however, even after many generations of 
exposure to alpine conditions, they return to their original 
state. Trees growing along sea coasts are often highly 
modified by wind action (Fig. 238), but when seeds from 
these trees are planted under normal conditions, no effect 
of the former environment is seen. 

Use and Disuse.-Among the higher animals Lamarck 
thought that structural modification arises chiefly through 
changes in function, basing his belief on the fact that 
organs are strengthened through use and weakened 
th rough disuse. He thought that the environment does 
not act directly, but indirectly, a change in external condi
tions causing an animal to experience new needs. These 
call for new habits and modes of life in accordance with 
which certain organs are used to a greater extent, others to 
a lesser extent. The former then tend to develop, the 
latter to atrophy. Lamarck believed that 

. . . everything which has been acquired, impressed upon, or 
changed in the organization of individuals during the course of their 
life, is preserved by generation [heredity] and transmitted to the new 
individuals which have descended from those which have undergone 
those changes. 

It is in this feature of Lamarck's theory that the greatest 
weakness lies. 
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Lamarck explained the developmen t of a great many struc
tures as a result of the inherited effects of use, for example , 
the webbed feet of ducks and geese, the long legs of wading 
birds, the tentacles of snails, the horns and hoofs of mammals. 
and the long neck of the giraffe. As a result of disuse he ex
plained the limbless condition of snakes, the degenerate eyes 
of the mole, the absence of teeth in certain vertebrates, etc. 

The idea of the inheritance of acquired characters was 
first strongly opposed ill 1883 by the German zoologist , 
August vVeismann, whose views have largely influenced 
modern opinion. He claimed that, to be inherited, char
acters must arise in the germ cells, as these are the sole 
means of transmission between parent and offspring. 
Because probably in all metazoans except the very lowest, 
germ cells are set apart early in development from undiffer
entiated embryonic cells, to cause a change in the next 
generation, influences which may later modify the soma 
must also affect the germ cells (see p. 313) . There is no 
known mechanism, however, whereby modifications may 
be transferred from somat ic tissues to gametes. This 
means that any induced change undergone by the soma 
has no racial effect because somatic cells do not becw me 
part of the next generation. 

While it is true that the theory of the direct transmission 
of somatic modifications does explain the development of 
a great many structures, both progressive and retrogressive. 
many of these cases can be explained on some other basis. 
A more fundamental objection, however, is that the theory 
is unsupported by experimental work. Changes in organ
isms can be produced by use and disuse, mutilation , disease, 
or directly by the environment, but even after the .causal 
agent has been operative for a great many generations, 
the induced effect disappears as soon as the cause is 
removed. In a few cases, however, there seems to be 
a permanent effect through "parallel induction." This 
means a simultaneous modification of the germ cells by the 
same influence which affects the ' soma, but without any 
transfer from the latter to the former. 
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In conclusion, it may be said that, although Lamarck's 
theory seems plausible and is supported by a few modern 
biologists, it is rejected by most because it rests upon an 
extremely unlikely assumption which is not supported by 
experimental work. 

NATURAL SELECTION 

The greatest name associated with the principle of 
organic evolution is that of Charles Dan.yin (1809- 1882, Fig. 
23D). Darwin did two things: (1) He accumulated an over-

FIG. 2:39.-(,hfl rI 0S Darwin, 1809- 1882. (From Universl:ty Magazine. Photo
graph by L eonard Darwin. ) 

whelming mass of evidence in support of organic evolution, 
and thus proved its reality; (2) he proposed a theory, that of 
natural selection, to explain how evolution has taken place. 
His conclusions were published in 1859 in "The Origin of 
Species," a book which has had a more profound influence 
on human thought than any scientific work ever written. 
It was this book which resulted in the establishU'i'ent of 
the principle of evolution as a fundamental scientific 
generalization. 
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Darwin's t heory is based on several well-established 
facts, and is merely a logical inference drawn from them. 

Overproduction.- In 1798, l\Ialthus published an essay 
in which he showed that human populations tend to 
increase in a geometrical ratio- a rate greatly in excess of 
t heir means of sustenance. Danyin became impressed 
with this fact, and saw that it applies to all li\'ing things. 
If an annual plant produces only 10 seeds, and if this rate 
('ontinues in each generation and all of the progeny liYe, 
at the end of 10 years there will be one billion descendants 
of the original plant. Of course, most plants produce 
many more than 10 seeds a year-some tens or e\'en 
hundreds of thousands. Similarly, the number of young 
produced by some animals is enormous. For example, a 
~ingle sturgeon may lay two million eggs a year, a cod six 
million, an oyster sixty million. 'While these cases are 
extreme, it is perfectly true that the normal rate of repro
duction in most species is of such magnitude that, if all of 
the individuals produced \yere to live, in only a few genera
tions the earth would not be large enough to hold them. 

Competition.- Because of the limitations of available 
space and food, a great many more individuals are brought 
into existence than can possibly li ve to maturity. Conse
quently there follows a severe competition, called by 
Darwin" the struggle for existence," \rhich acts as a check 
to the high rate of increase. In other worus, organ i. '111 >; 

compete for an opportunity to li\'e. Competition must 
not be regarded as necessarily a struggle to kill- an acti"e 
combat- for it may be entirely passi,'e. It may invoh'e a 
struggle for room, for food and other necessities of life, or 
merely a struggle against adverse physical conditions of 
the environment. Most animals are destroyed \"hile in a 
very yOUl1g stage of development, many while still within 
the egg. This is why oviparous species m.ust produce so 
many more offspring than viviparous ones. The seeds of 
most plants, falling into situations unfavorable for growth, 
do not even get a chance to sprout, while most of t he seed
lings which do de\'elop never reach maturity because of 
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competition with other plants for light, moist·ure, and other 
vital necessities. 

Competition results in an equilibrium of species. It is [\ 
\yell-known fact that, \"here natuml conditions remain 
undisturbed, approximately the same number of individuals 
of the same kind may be found in any given region from 
year to year. This means that even with an enormously 
high rate of increase, competition is so severe that only 
enough individuals survive to replace the parents. E ach 
species has established an equilibrium under its own set 
of environmental conditions, and this remains constant 
so long as disturbing factors do not arise. 'Vhen man 
disturbs the balance of nature by killing off certain species, 
or by introducing foreign species to compete with the 
native ones, very serious consequences usually follow. 

Variation.- The fact of variation- the tendency of 
individuals belonging to the same species to be different
is of the utmost importance, for without variation there 
could be no evolution. No two individuals are exactly 
alike, although it often requires critical examination and a 
thorough acquaintance with the organism to detect 
differences. D ar,,·in did not clearly distinguish between 
heritable and non-heritable variations, but merely took 
the fact of variation for granted, and assumed that practi
cally all organic differences are heritable. 

Survival of the Fittest.- Darwin 's theory of species 
formation is a logical inference based on the facts \vhich 
have been presented. Infinitely more individuals come 
into existence than can possibly li ve, and this leads to a 
severe competition in which only a few survive. Because 
all members of any given species are highly variable, some 
may be better adapted to their environment than others. 
These individuals have an advantage over the rest, and 
consequently are the ones to survive and to transmit 
their favorable variations to their offspring. Thus the 
Lest-adapted individuals are" selected" to survive and to 
leave progeny, while all of" the others perish. Continuing 
generation after · generation; . this selection process is 
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assumed to result ·in a gradual but steady modification of 
the characters of the species in the direction of better 
fitness to the environment. 

This idea of II the preservation of the favored races in the 
struggle for life" was called by Herbert Spencer the 
survival of the fittest. Darwin called the process natural 
selection, because it was suggested to him after making 
:tn intensive study of the method used by man in the 
development of his numerous races of cultivated plants and 
domestic:tted animals, namely, the selection of certain 
individuals as the basis for the next generation and the 
elimination of the others, the selected individuals being 
those showing variations in some desired direction. This 
process Darwin called" artificial selection " (see Chap. XV). 

Under a constant set of environmental conditions, 
evolution by natural selection is gradual, but when condi
tions change, new standards of selection are instituted and 
evolution is more rapid. Thus, in a region undergoing a 
slight but persistent change in climate over a long period 
of time, organisms adapted to the old conditions would not 
be able to survive under the new ones. Only those 
individuals varying in the direction of greater fitness 
would leave offspring, and thus in time many new forms 
would come into existence and many old ones disappe:tr. 

LIMITATIONS OF NATURAL SELECTION 

Granting that a selective process does occur in nature, 
and that the fittest survive, there has been considerable 
question raised as to how far natural selection is adequate 
to explain the formation of new species. The fact that it 
has certain weaknesses was realized by Darwin himself; in 
fact, he did not consider natural selection the exclusive 
factor in evolution, but merely the chief factor. We shall 
consider here some of the most serious limitations of natural 
selection as a complete explanation of the origin of species. 

Non-adaptive Characters.-Natural selection has been 
used to account for many · striking cases of adaptation 
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between organisms and their environment(see Chap. XVI), 
and perhaps it is the most satisfactory explanation yet 
proposed of the origin of adaptive characters. It should 
be realized, however, that not all characters are useful, nor 
do they appear ever to have been useful in the organism's 
ancestry. Most species are distinguished from one another 
on the basis of slight, trivial, nOll-adaptive characters which 
apparently have no direct survival value, that is, they do 
not seem to give the organism any advantage in the struggle 
for existence. Any complete theory of evolution must 
account for all characters, not just adaptive ones. 

Overspecialization.-On the basis of natural selection, 
it is difficult to understand cases of overspecialization
where structures have been developed far beyond their 
point of greatest utility. In many organisms, both living 
and extinct, evolution has gone so far that the individual is 
really handicapped in the struggle for existence. The 
extinct Irish elk, for example, which lived during the Pleisto
cene, had horns so large that they must have seriously 
interfered with its movements. The enormous curved tusks 
of the mammoths were similarly too highly specialized to 
have served their original function. Many paleontologists 
believe that overspecialization has been a most important 
factor in causing the extinction of species. 

Origin of Variations.-It has long been realized that, 
although natural selection may be effective in modifying 
characters which are already present, it cannot produce 
new ones. As commonly stated, the theory may explain 
the smvival of the fittest, but it cannot explain the arrival 
of the fittest. We have seen, however, that natural selec
tion is not concerned with the origin of variations; it takes 
the existence of heritable variations for granted, merely 
explaining how they are preserved and modified. 

Incipient Stages.-Not only is natural selection limited 
in its operation to characters already present, but it cannot 
act upon structures until they have developed sufficiently 
to have become useful. Otherwise it would give the 
organism no advantage in the struggle for existence. 
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Many characters have no survival value until fully formed; 
in an undeveloped condition they are useless. 

Heritability of Variations.-While Darwin assumed that 
practically all variations are heritable, it has been found 
that many are not. With respect to their origin two kinds 
of variations are now recognized: germinal and somatic. 
The former are determined by heredity, the latter by the 
environment. Because somatic variations are not herit
able, selection based on them does not bring about a perma
nent change in the race, and hence has no evolutionary 
value. Thus selection, to be effective, must be limited to 
germinal variations. 

Cumulative Effect of Selection.- Ev·en when limited to 
germinal variations) selection is able to bring about only a 
very definite amount of change. Among a mixed popula
tion, selection in any given direction tends to create pure 
strains relatively uniform for the characters involved, but 
gradually selection becomes ineffective in producing further 
change. In other words, selection cannot proceed beyond 
the natural range of variability. For example, tall parents 
tend to produce tall offspring, and while a tall race will 
result from the continued mating of tall individuals, the 
tallest offspring will be no more extreme than those which 
occur among the general population. Selection may raise 
the general average but cannot transcend the limits of 
variability which already exist; it merely tends to isolate 
pure strains from a mixed population. 

MUTATION 

The mutation theory was announced in 1901 by Hugo de 
Vries, a Dutch botanist. It was based largely on a study of 
an American species of evening pr mrose, known as Oeno
thera lamarckiana, which had been introduced into Holland 
and was growing wild in the vicinity of Amsterdam (Fig. 
240). De Vries observed that, while most of the plants in 
the field were typical in every way, a few were strikingly 
different, different enough, in fact, to constitute new species. 
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He then took seeds from typical lamarckiana plants, sowed 
them in his botanical garden, and found that among the 
progeny there were always a relatively few new individuals 
each characterized by some striking peculiarity, such as 

FIG . 240.-Lamarck's evening primrose (Ocnothera lamarckiana, left) and one 
of its muta nts (Oe. giaas, right), flower stalks and rosettes. (FTom de VTies , 
. , Jluiati onstheorie," 1st ed., Von V eit & Co., and "Gruppenweise Artbilduna," 
Gebruder Borntraeaer, R eproduced by 1)ennis8ion .) 

t;mooth leaves, short styles, red veint:>, dwarf habit, tall 
habit, etc. These new individuals, of which de Vries found 
altogether about 12 different types, he called mutants. 
Further breeding revealed the fact that these mutants, for 
the most part, came true to type, and thus their differences 
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were cons tan t. As a result of these studies, de Vries pro
posed the mutation theory-that new species appear sud
denly, are distinct from the beginning, and are constant. 

Continuous and Discontinuous Variations.-The out
standing difference between the theories of natural selection 
and mutation lies in the kind of variations which each 
emphasizes. Darwin considered that new species are 
formed by the gradual accumulation, through many genera
tions, of numerous small intergrading variations under the 
influence of natural selection. De Vries, on the contrary. 
thought that new species arise suddenly and are distinct 
from the beginning. The variations which Darwin empha
sized are called cont'inuous variations or fluctuations because 
they vary about a standard, forming a graded series from 
one extreme to the other, as where a group of men are 
arranged in a line according to height. The variations 
which de Vries considered of prime importance are called 
discont'inuous variations or mutations because they are not 
connected with each other by intergrades. Mutants ha\'e 
frequently arisen in plants and animals under domestication 
(see p. 214) ; in fact, de Vries thinks that most of our new 
varieties have originated in this way. 

Relation to Natural Selection.- The mutationists give 
natural selection a role in species formation, but not one as 
prominent as that ascribed to it by Darwin. They consider 
that new species come into existence by the spontaneous 
appearance of mutants, but through the struggle for exist
ence, natural selection determines whether or not these 
new forms will survive. If better adapted to the environ
ment than the parent species, they persist, but if not so well 
adapted, they are eliminated. In fact, most mutants are 
not as fit as the species from which they have arisen, and 
under natural conditions would not survive. 

It should be understood that the factors responsible for 
the appearance of new characters are largely unknown. 
While it seems certain that mutations arise from internal 
causes operating on the germ cells, it is not known why they 
al'lse. That the environment has nothing to do with the 
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matter seems very probable, but is not certain. Thus the 
theory of mutation is not an explanation, but merely a 
statement of fact, and is supplementary to the theory of 
natural selection. 

Objections.-Two important objections have been raised 
against the mutation theory. (1) An objection \\'hich at 
once occurred to de Vries and has been more or less urged 
ever since, is the possibility that Oenothera lamarckiana is a 
hybrid or at least an impure species-that the" mutants " 
are merely segregates arising from the « splitting" of a 
hybrid. De Vries observed that mutants appear in about 
1.5 per cent of the progeny of larnarckiana plants, and while 
this ratio does not offer ready explanation according to 
Mendelian principles, nevertheless the possibility of the 
hybrid nature of this specie.s exists. (2) While the even
ing primrose studied by de Vries is unquestionably giving 
rise to new types, and while it has been found that a number 
of other plants and animals are behaving similarly, such 
cases are comparatively rare. Although a great many 
species have been studied, it must be admitted that most 
of them are not in a " mutating " condition. Thus, if 
mutation is not a general phenomenon, it can have but 
slight significance as a means of species formation. 

CONCLUSIONS 

The various theories which have been presented in an 
attempt to explain how the process of evolution operates 
represent a difference of opinion as to ,,,hat are the most 
important factors involved. We have seen that no one 
theory is entirely adequate--each has its strong and weak 
points. Thus the method by which evolutionary changes 
have come about is still imperfectly understood. It seems 
certain, however, that several or many cooperating factors 
are involved, and that the problem of explaining the 
causes underlying racial changes in structure is of much 
greater complexity than the early students of evolution 
thought it to be. Although much progress is being made to-
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ward a solution of this great central problem of biology, a 
complete answer will not be forthcoming until a great deal 
more knowledge of plants and animals has accumulated. 

Of the various evolutionary factors, some are primary or 
causative, while others are secondary or directive. To the 
former category belong variation and heredity, to the 
latter the environment and natural selection. 

Causative Factors.-Since it is obvious that there could 
be no evolution without variation, a knowledge of the 
causes of variation and their manner of hereditary trans
mission is fundamental to any complete explanation of 
evolution. For this reason much modern research is being 
directed along these two lines. While we have learned to 
differentiate between somatic and germinal variations and 
to recognize that it is probably only the latter ,,"hich are 
of evolutionary value, our knowledge of the causes opera
tive in the production of germinal variations is very meagre. 
It seems rather certain, hoV',ever, that they arise independ
ently of the environment. The pioneer work of Mendel 
initiated an intensive study of the mechanism of hereditary 
transmission, and has focused attention upon the chromo
somes of the germ cells as the probable place where heritable 
variations originate. 

Whether variations are continuous or discontinuous is of 
little consequence, for each kind may be either germinal or 
somatic. The important thing is to recognize that varia
tions may be due to anyone of three causes: (1) differences 
in environment or functioning; (2) recombination of heredi
tary characters or reappearance (segregation) of latent ones; 
(3) mutation. Somatic \'ariations arise from the first cause, 
germinal yariations from the other two. On the basis of 
outward appearance it is usually impossible to determine to 
\\'hi~h one of these three causes any given variation may be 
due; they can be distinguished only by breeding. 

Mutations are heritable variations which are not due to 
segregation or recombination of factors. They apparently 
arise spontaneously in the germ cells from unknown 
causes. Mutations may be either large or small. The 
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former, often involving several characters at once, are 
frequently due to the addition or loss of chromosomes in 
the germ cells arising from irregularities in their distribu
tion at the time of reduction. Mutations of this sort, 
which are comparatively rare, are thought by some to give 
rise to new species directly. This is the method of evolu
tion emphasized by de Vries. Small mutations, ,,,hich ar~ 
very common,l arise mostly as sudden changes involving 
individual factors, and it is this type of variations ,vhich 
form the raw material for natural selection to WOl"k upon. 
It is they which are gradually accumulated and built into 
new species according to the Danvinian conception. 

Directive Factors.-We have seen that the general 
t rend of evolution is toward greater fitness to the conditions 
of existence and that one of the great problems of biology is 
to explain adaptation. The history of life, as revealed by 
the fossil record, plainly teaches that there has been a 
marked correlation between changes in physical sur
roundings and the appearance of new types of organisms. 
While this means that the environment is an important 
evolutionary factor , it does not imply that it is a direct 
one, as Lamarck and other early evolutionists assumed. 

Both the theories of Lamarck and of Darwin deal with 
the development of adaptive characters, but the latter is 
generally considered to be by far the more adequate. 
According to the theory of natural selection, in general, 
individuals which survive in the struggle for existence are 
those best adapted to their environment. Thus the 
environment determines survival but not fitness, the latter 
resulting from spontaneous variability arising from primary 
causes. This means that the em"ironment determines the 
course of evolution, but not directly. 

Selection is not a causative factor becau:::;e it cannot 
originate variations; it merely preserves and accumulates 
such as already exist, provided that they have survival 
value. In other words, natural selection determines which 

1 For example, most of the heritable variations exhibited by the fruit fly 
(D roso1Jkila) are of this type (Fig. 155). 



THE CA U.sES OF EVOLUTION 325 

individuals, among a population exhibiting infinite 
diversity, shall be preserved. It is generally considered 
to be the most important directive factor yet discovered. 

So far as the application of the selection principle to 
the racial improvement of man is concerned, it is certainly 
true, as Conklin says, that 

. . . the past evolution of the human race has been guided by the 
iBIirnination of the unfit, whether physical, intellectual , or social, and 
the future prO!l;ress of the race must depend upon this same process. 



CHAPTER XXI 

THE EVOLUTION OF MAN 

It has long been realized that the human body is con
structed on the same general plan as that of other mammals, 
that it comes into existence, grows, and is nourished in the 
same way, and that it is subject to the same natural laws 
which apply to other organisms. Therefore whatever 
causes have played a part in the evolution of other animals 
have also been operative in the derivation of the human 
species from a more primitive ancestor. 

For the same reason that the dog is classified with the 
carnivores and the horse with the ungulates, man must be 
placed in the primate group- that order of mammals which 
includes the lemurs, monkeys, and apes. The primates 
include six " 'ell-defined families : the lemurs (Lemuridae), 
the marmosets (Hapalidae), South American monkeys 
(Cebidae), Old World monkeys (Cercopithecidae) , the 
anthropoid apes (Simiidae), and mankind (Hominidae). 
The lemurs comprise the lowest group) the anthropoid apes 
the group most closely related to man. In fact, the 
structural resemblances between the two highest families 
are much greater than between the anthropoid apes and 
the lower primates (Fig. 241). 

All of the races of modern man are considered to belong 
to the same species-Homo sapiens- but t hree main 
varieties are commonly recognized: the Ethiopian, Mon
golian,l and Caucasian. 

The Anthropoid Apes.-The four anthropoid apes, the 
gibbon, orang-outang, chimpanzee) and gorilla, are distin
guished from the other primates by several important 
characters: (1) All are tailless ; (2) the number of teeth 

1 While the American Indian is sometimes separa ted as a fourth varie ty, 
it is usually in cluded under the Mongolian . 

326 
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B 
FIG. 241.-Skeletons of man and gorilla. The general fundamental similarity 

is striking, the differences being mostly in details. Among these, note the size 
~.nd shape of t he cranium, of the teeth, 'HId of the lower jaw; the relative length 
of the a rms a lld legs; t he eurvature of t he spine; t he positio n of t he great toe. 
(From Lull, '·Oraanic Evolution," copyriaht , 191 1>, by the llIacrnillan Company. 
R eprinted by permission.) 
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is the same as in man, both in the temporary and permanent 
sets; (3) the arms are much longer than the legs; (4) when 
on the ground they can walk more or less erect on the hind 
limbs; (5) the thumb is short, but the great toe is well 
developed and opposable; (6) all are much more intelligent 

FIG . 212.-The gibbon, the most primitive of the anthropoids in regard to 
certain characters of the skul!' and teeth, but with limbs highly specialized for 
arboreal life. When on the ground it walks erect. (Co"Urtesy of the New Y ork 
Zooiooicai Society.) 

than the lower primates, the brain being more highly 
developed. 

The gibbon and orang-outang are found in southern 
Asia, the chimpanzee and gorilla in Africa (Figs. 242 to 245). 
The gibbon is the smallest of the anthropoids, rarely exceed
ing 9 decimeters (3 feet) in height, while the gorilla is the 
largest and most powerful, attaining a maximum height of 
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about 17 decimeters (5H feet) and a weight of about 500 
pounds. The gibbon is the only form which habitually 
walks erect when on the ground, but the others can do so by 
touching the knuckles to the ground in order to maintain 
their balance. The skull of the gibbon is smooth on the top 
and does not have bony arches over the eyes, but in the 

FIG. 243 .-The ora nl.l-outang, a brown-haired anthropoid native of Bornpo 
and Sumatra. The skull is higher and morc roun ded and t he face much long('r 
than in the gibbon. (Comtesy of the New York Zoological Society.) 

other anthropoids the skull bears a median crest and the 
eye arches are prominent (Fig. 246). In the chimpanzee 
and gorilla the canine teeth are conspicuous, in the latter 
being developed as short tusks. 

Distinctive Features of Man.-Man is distinguished 
from the anthropoid apes and other primates chiefly by 
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the following characters: (1) The brain, especially the 
cerebrum, is notably larger and more complex; (2) the face 
is short and nearly vertical; (3) the lower jaw bears a 
distinct chin; ' (4) all of the teeth are reduced in size, the 
canines not being larger than the others; (5) the spinal 

FIG. 244 .-The chimpanzee. Note the protruding jaw and very promin<'nt 
eye arches. The a rms are longer than the legs, but relatively shorter t ha n t hose 
of t.he gibbon and ol'ang-outaug. (Courtesy of the N ew York Zoological Society. ) 

column, adapted to erect posture, has four distinct curves; 
(0) the arms are not as long as the legs; (7) the thumb is 
freely opposable, but the great toe is not; (8) the power of 
articulate speech is fully developed. 

The differences between man and the other primates 
are chiefly associated ,yith the assumption of the erect 
posture and the development of the brain. With the 
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gradual abandonment of arboreal life and the growing 
ability to walk erect with ease, it became possible for the 
precursors of man to make freer use of the hands, a most 
important factor in early human evolution. · For example, 

, 
1 . 

, I 

FIG. 245.-Mounted specimen of m ale gorilla, the la rgest of the anthropoid 
apes, and in many ways the most highly specialized. (Cou'rtcsy of the Field 
Museum of Natural History, Chicago.) 

the early employment of tools and weapons, correlated 
with increasing mental powers, marked the beginning of 
man's supremacy over the other animals. Related to the 
development of the erect posture were such structural 
changes as the broadening of the pelvis, straightening of 
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the spine, shortening of the arms, modified position of the 
head on the spinal column, etc. Associated with the 
development of the brain was the gro"'ing power of artic
ulate speech, at first feebly manifested, but gradually 
enabling primitive man to communicate by means of 
language. 

History of the Primates.- It \"ill be recalled that the 
mammals began their ascendancy at the beginning of the 
Cenozoic era, and f'oon gave rise to many diver~e groups. 

F ICl. 246.- Skull of chimpanzee. X ).~. Note t he very retreating for('head. the 
1"'o lliinPllt ('ye arches. the tlat lIose and pr()trlldin~ ja w. t he la rge canine teeth. 
nlld t1w "b"CllP(' of " chin. 

According to prevalent scientific opinion, the carnivores 
and primates had a common origin, most likely in a primi
tive stock of insectivores. The primates seem to have 
arisen as a distinct branch of mammals during the early 
Eocene, as .the oldest fossils come from Eocene rocks. 
During the following period the anthropoid ape line 
became differentiated from the other primates, a gibbon
like form (Propliopithecus) having been found in the 
Oligocene deposits of northern Egypt. This form may 
have been the common ancestor of the modern apes and 
man (Fig. 247). From the Miocene and Pliocene forma-
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tions of Europe and Asia there have been obtained several 
fossil anthropoids, some of which are regarded as ancestral 
to modern anthropoids, but not to man. 

It was probably during the Miocene or early Pliocene, 
however, that the anthropoid ape line gave rise to the 

FIG. 247.-Family tree of man, sh owing the evolution and relationships of the 
principle branches of mankind and of the anthropoid apes; I, Primitive primate 
(Notharctus) from the Eocene of Wyoming; 2, Prototypal anthropoid (Proplio
pithe.cus) of Oligocene age, from E gypt ; 3 , Primitive anthropoid (Dryopithecus) 
from the Miocene of India; 4 , Ape man (PithecanJhroj)U.,) of J ava; 5 , Pil tdowll 
ma n (Eoanthropu8); 6, H eidelberg man (Homo he1:delbergensis) ; 7, Ncandertal 
m an (Harno n eandertalensis); 8, Cro-Magnon man (llama sapien,,) ; 9, Australian 
black man, one of the most primitive of eicisting human races; 10, H otcntot. 
rppresenting t he Negro group of races; II , Chinese, representing the M ongolian 
races; 12, American, representing the Caucasia n group; A, gorilla; B , chimpanzee; 
C, orang-outang ; D, gibbon. (Courtesy of Professor William K . Gregory and the 
American Museum of N atural H istory.) 

precursors of man. Increasing aridity, especially in cen
tral Asia-to which evidence points as the place of origin 
of the human stock-caused a gradual disappearance of 
forests} and it has been suggested that this may have been 
the impelling cause of the origin of man, his immediate 
ancestors being forced to abandon arboreal existence and 
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to seek a new mode of living. It was during the Pleisto
cene that man began to rise in supremacy over the other 
mammals. This period was characterized by the devel
opment of enormous continental glaciers which appeared 
at intervals as a consequence of great climatic changes. 
At least four distinct invasions of the ice occurred, sepa-

FIG 248.- P ithccanthropus erectu.s, the ape man of .Java, as restored by Prof. 
.J. H. M cGregor, Columbia University. Antiquity estimated at 500,000 years or 
more. (Courtesy of Professor ,lIcGreaor.) 

rated by intervening warm periods, and so the Pleistocene 
is divided into four glacial and three interglacial stages. 

We are now ready to consider briefly what is known 
regarding the earliest races of mankind. Our knowledge 
is based upon fossils which have been found, for the most 
part} in river valley deposits or in caves. While we shall 
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consider these races in the order of their age, it should not be 
assumed that they form a single evolutionary series. In 
fact, it is generally agreed that they probably represent 
several divergent lines of descent (Fig. 247). 

The Java Ape-man.-In 1891 there was discovered in 
a river deposit in central Java, associated with the bones 

\ 
FIG. 24!).- Sifh· and top "iews of the skull cap of P ithrcanthropns erect" ., . X' ., . 

Note its nan·ownl'ss. ('specia lly in the frontal region. the hea\'y eye a rches. and 
tho re treating forehead. (From Osborn, " :ll en of the Old Stone Aue, " Charles 
SC1'1:bner' s Sons, after Du Bois; b!J permission.) 

of extinct mammals, the remains of a creature which has 
been called Pithecanthropus erecius (Figs. 248 and 249). 
These remains consist of a skull cap (roof of the skull), two 
upper molar teeth, and a femur (thigh bone). The age of 
the deposit in which they were found is considered to be 
either late Pliocene or early Pleistocene, and conservatively 
estimated at 500,000 years. Some authorities think that 
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Pithecanthropus lived during the first interglacial stage of 
the Pleistocene. 

The skull cap is very long in proportion to its breadth, 
and narrow in the frontal region, in this respect resembling 

. ·ch; .... ~ · · . 
.[ Q.1'I '" 

~ee 

FIG. :l5U.·-Diagram showing the t{)P and side views of the uutlillP of the 
Pithecanthropus braiJl as compared wi t h that of the chimpa nzee a nd t he higher 
human types of the Pil tdown, Neandertal, and modern races. (From Osborn, 
"ilIen of the Old Stone Aae," Charles Scribner's Sons; by permission.) 

that of the chimpanzee. The brain capacity has been 
estimated at 855 cubic centimeters, that of the gorilla being 
600 cubic centimeters and of the lowest members of the 
human race (the native Australians) about 1,300 cubic centi-
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meters (Fig. 250). The average brain capacity of the white 
race is about 1,500 cubic centimeters and the maximum 
about 2,000 cubic centimeters. Pithecanthropus had a very 
100v, retreating forehead and prominent eye arches, the latter 
being almost as conspicuous as those of the chimpanzee. 
Judging from the slope of the forehead, it is probable that the 
jaw was very protruding. The teeth are intermediate in 
structure between those of modern man and the apes. If 
the femur belonged to the same individual, as seems 
probable, the creature was about 17 decimeters (5 feet, 
7 inches) tall and walked erect. 

The Heidelberg Man .- The Heidelberg man (Homo 
heidelbergensis) lived in Europe probably during the 

Fw. ~5 1.-Thc H eirlclbcrg jaw, about X %. (From Osborn, .. M en of the Uld 
Stone A oe," Charles Scribner's SOilS, after Schoetcnsack; b\ permission.) 

secolld interglacial period. It is known only from a single 
lower jaw (Figs. 251 and 252) discovered in 1907 in southern 
Germany near Heidelberg. The jaw WtlS found in a river 
deposit about 80 feet below the surface of the ground. Its 
age has been estimated at 300,000 to 375,000 years. 
From the same formation have been obtained the bones 
of many extinct mammals. 

The Heidelberg jaw is very large and heavy, and lacks 
the projecting point which forms the human chin. In 
fact, were it not for the teeth, which are all distinctly 
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human (although somewhat primitive in form), the jaw 
would have been regarded as that of an ancient anthropoid 
ape. 

The Piltdown Man.- This individual (called Eoanthropus 
dawsoni) was first known from a single broken skull and 
jawbone found in 1911-1912 at Piltdown, Sussex, England. 
It is thought to haye lived during the third interglacial 
period, pOEiSibly 100,000 to 150,000 years ago, although some 

FIG. 252.- Side view of jaws of chimpanzee (A),_ Pil tdown man (E ), H E'idel
herg man (Cl. a nd modern man (D). (From Woodward, " Guide to the Fossil 
R emains 0/ JEan," British lIIuseum, by permission.) 

::u;cribe to it a greater age. The remains were found in 
association with the bones of extinct mammals and with 
some very primitive flint implements. 

The skull of the Piltdown man is unusually thick, being 
11 to 12 millimeters, while that of modern Europeans is 5 to 
6 millimeters thick on the average, and of the native Austra
lian 6 to 8 millimeters. The forehead is high and prominent, 
and is "dthout conspicuous eye arches (Fig. 253). The 
primitive character of the Piltdown man is revealed partic
ularly in the character of the jaw and teeth. The former 
is without a chin and almost identical ,dth that of a young 
chimpanzee (Fig. 252). The teeth are human, but the 
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canines are very conspicuous. Some authorities have con
sidered the skull to belong to a primitive human, but the jaw 
to an extinct ape, their association being accidental. A few 
years after the original discovery, however, a portion of 
another skull and a tooth similar to that present in the first 
jaw were found in the same region , so that there remains 

FIG . 253.-The Piltdown man of Sussex, England, as restored by Prof. J. H. 
McGregor. Antiquity variously estimated a t 100,000 to 300 ,000 years. (Cour
tesy of Professor JI cG,·cgor. ) 

little doubt but that the skull and jaw belong to the same 
individual. 

The Neandertal Man.-The Neandertal race (Homo 
neandertalensis) is known from a number of specimens 
found mostly in caves in about 20 different localities in 
Europe. The first specimen was discoyered in 1856 in the 
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Neander Valley, near Dusseldorf, Germany. The N eander
tal race lived during the third interglacial and fourth 
glacial stages and is thought to have occupied Europe at 
least 50,000 years. They "'ere a IO"'-statured people, th€ 
males rarely exceeding IG.5 decimeters (5 feet, 5 inches) 

FIG. 254.-Head of t he Neandertal man, modelled by Prof. J. H. McGregor. 
This primitive race inhabited Europe 25,000 to 75,000 yea rs ago. (Courtesy 0) 

Professor elf cGreaor.) 

in height. The limbs were short and thick, the shoulden 
broad and rounded, and the head protruding slightly 
forward. The habit of walking erect was not fully estab· 
lished; this ,vas indicated by the curvature of the backbone 
the slightly bent knees, the rounded shoulders, and thE 
position of the head. 
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The skull was thick, long, and narrow, and had a retreat
ing forehead (Figs. 254 and 255). The eye arches were thick 
and very prominent . The lower jaw and the teeth \\"ere 
primitive, the former being less pO\yerful than that of the 
Heidelberg man, but yet relatively thick and heavy. The 
chin was slightly developed in some indi,"iduals, but in 
most cases not. The teeth were more primitive than in 
modern races, but the canines \vere not as conspicuous 
as in the PiltdO\vn man. The a,"erage cranial capacity of 

FIG. 2iiii.- Photograph of a cast of aXe andcr tal skull found at La Chapcll('
a ux-Saints, Corrcze, France , in 1908, with the missing parts ( R) r estored by Prof. 
J. H. M cGregor, X H . Note the low forehea d, the heavy ey e arches, a nd tIle 
pdmitive jaw. (Cou.rtesy of Professor McGreaor.) 

the Neandertals was about 1,500 cubic centimeters, the 
same as that of modern Caucasians, but the proportions of 
the brain \\"ere different , the frontal portion being relatively 
smaller and the convolutions simpler. 

The N eandertals were a cave-dwelling race. They made 
use of primitive flint tools and weapons, and hunted such 
animals as wild horses, cattle, and reindeer. Whether 
they became entirely extinct or partly evolved into the 
lower races of modern man is an unsettled question, but 
at any rate they were succeeded by a vastly superior type 
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of people who came from Asia approximately 25,000 years 
ago, at t he beginning of postglacial time. 

The Cro-Magnon Man.- This race (belonging to Homo 
sapiens) had undergone its early evolution in Asia, but 
migrated into Europe and gradually replaced the Neander-

FIG. 256.-Head of the C ro-Magnon type of Homo sapiens, a race inhabi t ing 
southwestern Europe about 25,000 years ago. Restora tion by Prof. ,J. H. 
McGregor. (Courtesy of Prof essor JIcGreaoT.) 

tals. A number of entire skeletons have been found in 
various parts of Emope, chiefly in caves. The Cro
Magnons were physically one of the most splendid races 
of man vvhich have ever existed, the males averaging 
::;lightly over 18 decimeters (6 feet) in height . Intellec-
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tually also, they " 'ere yastly superior to the N eandertals. 
The skull was large but narrow, and had a broad short face 
with high cheek bones (Fig. 256) . The brain was larger on 
the average than that of the modern white race, the cranial 
capacity in some cases being as much as 1,800 cubic centi
meter::; . The forehead was high and the eye arches small 
or absent. The lower jaw vms heavy but provided with a 
conspicuous chin. 

The Cro-Magnons were an artistic people, ornamenting 
the walls of their caves with dra\yings and even with colored 
paintings. They are thought to have persisted in Europe 
for at least 10,000 years, but finally declined and became 
supplanted by four or five new races which probably came 
in from Asia. Elements of these new races are found 
among modern Europeans. Although the Cro-Magnon::; 
were largely replaced, they were probably absorbed to 
some extent by the races which succeeded them. 

Since the time of the Cro-Magnons, human progress has 
been almost entirely intellectual and social. Lull says: 

1'.1an's physical evolution has virtually ceased, but in so far as any 
change is being effected, it is largely retrogressive. Such changes are: 
reduction of hair and teeth, and of hand skill ; and dulling of the senses 
of sight, smell, and hearing upon which active creatures depend so 
largely for safety. That sort of charity which fosters the physically, 
mentally, and morally feeble, and is thus contrary to the law of natural 
selection, lnust also in the long run have an adverse effect upon the 
race. 
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mammalian, 279 
sac, 108, 109, 110 
vertehrate, 278- 279 

Embryological evidence for evolu-
tion, 276-280 

Embryonic stages, early, 164-165 
Encystment, 25, 30 
Endoderm 

coelen tera tes, 116, 117, 118 
embryos, 164, 165--166, 167 

Endogenous stems, 68-69, 109 
Endosperm, 109, 110, 111 



I NDEX 349 

Enteron, 120 
formation, 166, 167 

Environment, 175, 216-217 
direct action, 245--247, 310--312 
organic and inorganic, 222 

Enzymes, 84, 149--150 
Eohippus, 301, 302, 303 
Epidermis, 35, 36 

leaf, 72, 73, 74 
root, 58 
stem, 36,65 

Epithelium, 38 
Equilibrium of species, 316 
Equiselum, 50 
Equus, 300, 301, 303, 304 
Eras, geologic, 284-285 
Erepsin, 152 
Eryo]Js, 292 
Esophagus, 121, 125 
Eugenics, 216-221 

a ims, 218-219 
Euglena, 29--30 
Evolution, 3, 266 

causative factors, 323-324 
cuuses, 309 
directive factors , 324- 32i'j 
elephant, 304-307, 306 
embryological evidence, 276-280 
evidence from classification, 269-

272 
horse, 300--304, 301 
importance, 267-268 
nature of evidence, 269 
organic und inorganic, 266 
popular misconceptions, 268- 26\l 

Excretion, 25, 154-155 
~xcretory system 

earthwo rm, 121, 122-123 
frog, 129, 133 

Excurrent habit, 65 
Exogenous stems, 65, 66- 68, 109 

F 

Factors, 194 
combinations, 195 
fruit fly, 205 

Family, 270 
Fat bodies, 133, 134 

Fats, 9, 76, 149 
formation, 83 

Feeblemindedness, 219--220 
Fermentation, 20, 249 
Ferns, 50, 51 

gametophyte, 102, 104 
life histor~' , 102- 10.5 
sex organs, 102, 104 
spore-bearing structures, 103 
young sporoph ·te, 105 

Fertilization, 99, 1G1-162 
and cleavage, 182, 184 
external and internal, 168-169 
significance, 181-182 

Fishes, 145 
age, 285, 291 
circulation, 127 

Fission, 19, 93 
Amoeba, 25 
metazoans, 158 
Pammoecium, 28 
PI9tOCOCCU8, 18 

Flagellates, 29-30 
FlagellLIIll, 29 
Flatworms, 137-138, 158-159, 166 
Flicker, red-shafted, 236 
Flower, 105--109, 106, 110 
Fluctuations, 321 
Food 

conduction, 58, 82-83 
na ture, 75--76 
reserve, 84 
storage, 84 
vacuoles, 23, 26, 28 

Fore limb 
bat, 244 
horse, 243 
mole, 242 
monkey, 243 
seal, 244 
wolf, 243 

Fossils, 283 
kinds, 285--287, 286, 288 

Four o'clock, inheritance, 192, 193, 
194- 195, 196 

Frog 
blood corpuscles, 40 
brain, 131 
circulatory system, 126-129 



350 F L',\'D"UIE.\'TALS OF B I OLOC 1' 

Frog development , 136 
digestive system, 126- 126 
excretory system, 129, 133 
external features, 124--12.5 
heart, 128 
nervous system, 129, 131- 133, 132 
reproductive system, 133- 134 
respiratory system, 126 
skeleta l system, 129, 130 

Fruit, 106, 110, 114 
Fruit fly, 188 

chromosome map, 205 
chromosomes, 187- 188 
herita ble variations, 204 

Fungi, 22, 43, 75, 96 
parasit ic, 47, 254--256, 255 
saproph ytic , 46, 47, 260- 2,52 

G 

Gall bladder, 126, 126, 161 
Galls, fungous, 265, 256 
Galton, Francis, 216 
Gametangium, 99 
Gamete, 97, 98, 99 
Gametophyte, 100 

angiosperm, 108 
fern, 102, 104 
moss, 100, 101 

Ganglion, 123, 155, 166 
subph aryngeal, 121, 123 
suprapharyngeal, 121, 123 

GaI'pike, cleavage of egg, 166 
Gastric juice, 150 
Gastrocoele, 164, 165, 167 
Gastrula, 164, IG5 
Gast rula tion, 164, 165-HiG 
Genes, 194 
Gen etics, 3, 17lj 
Genotype, 202 
Genus, 270 
Geologic t ime, division , 283- 285 
Geranium, 

epidermis, 74 
stem tissues, 36 
transpiration, 80 

Germ cells, 159--160, 182, 313 
maturation, 183-185, 184 
pl;morclial , 182, 183 

Germination , 95 
Gibbon, 326, 328-329 
Gill sli ts, 145, 280 
Gills, 127, 135, 145, 153 
Gizzard, earthworm, 121 
m oeocapsct, 32 
Glottis, 126 
Glycogen, 152 
Gorill a, 326, 328, 329, 331 

skeleton, 327 
Grafting, 97 
Grass seedling, 56 
Gravity, response, 87- 90, 88 
Grebe, pied-billed, 238 
Grouse, nest, 173 
Growing region, pla nt , 56- 67, 62-

G3,67- 68 
Growth, 2;), 42, 57, 85, 178 
Guard cells, 73, 74 
Guinea pig, inheritance, 202- 204, 

203 
GyrmlOsperms, 51, 52, 54, 10.5 

histo r~' , 292, 293, 300 

H 

Habit, pla nts, 63- 65 
Habita t, 223 
Haemoglobin, 153 
Haploid, 182 
Hawk, pigeon, 236 
Heart, 126 

fish, 127 
frog, 127- 128 
mammal , 128- 129 

H eidelberg mall, 337- 338 
jaw, 337, 338 

Herb,64 
Herbaceous perennial , 515 
Heredita ry bridge, 177- 178 
Hereditary ehamcters in man , 217-

218 
H ereditary elements, HJ4- 19!) 
Heredity, 175--176 

ancl environment, 2lG-2 17 
Hermaphrodit ic, 123 
H eterozygous, 196 
Hickory, t"'ig, 63 
Homoz~'gous, 196 
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Honeybee, 163 
Honeydew, 262 
Hooke, 14 
Horse 

evolution, 300-304, 301 
e?e, 276 
fore limb, 243 
skull , 241, 303 

Hor~e chestnut, lear, 72 
Host , 254 
House fly, 142 
Humming bird, 237 
Humus, 76 
H~'brid , 192 \ 
Hybridi:r,ation, 21~21 () 
lJydra 

external features. 116 
longitudinftl section, 117 
reproduction , 117- 118, 168 
structure, 11~117 

Hydroid, ', 117, 118 
H~'pol'oty l, 109, 111, 113 
H~' po~tome, lUi, 116 

I 

Ichthyosanrs, 29(\ 
I cilth!J()8(1'U.I"UI<, 294 
Imperm ea hle, 78 
Independent plant s, 20, l ei 
Indian pipe, 261, 2,52 
Inheritance 

acquired characters, 3 LO, 313- 314 
AndaJusian pou lt r~' , 194 
biparenta l, 177 
(,olorblindness, 209-210 
feeb lem indedness, 219--220 
four o'clock, 192, 193, H)4-19,;, 

196 
guinea. pig, 202-204, 203 
man, 217-218 
pea , 19()-202, 197, 198, 200, 201 
sex-linkp.d, 206- 210, 207- 209 
uniparental, 176-177 

Irritability , 11, 42 
animals, 15~ 157 
plants, 86-92 

Insectivores, 242 
Insects, 141. 142 

Intercellular spaceti, 73, 74 
Intergrading species, 280 
Internode, 61 
Intestinal juice, 152 
In testine 

earthworm, 121 
frog, 126 
man , 161- 1.~2 

Intrauterine de\'ploplllent, Hi9- ! 7J 

J 

Jell~'fish, 137 

K 

Katydid, 142, 233 
Kelp, 44 
Kidne~'s, 129, 133, 134 

L 

Lamarck, Jean Baptiste dc, 310 
LanceJet, 16.5 
La rva, 171, 172 
Larva l stages, 171- 172 
Leaf 

arrangement, 61-62 
('ross-section , 73 
divided , 72, 103 
epidermis, 74 
external features, 70- 72 
fun ctions, 69--70 
interna l structure, 72- 74, 73 
response to gl'l1 vit.\" 88, 89 
response to light, 89, 90-91 

Leaflets, 72 
l.el)ch, 140 
Legumes, 263 
Len ticcl , 68, 76, 85, 86 
Lichens, 263, 264-265 

cross-section, 264 
Life 

early development, 287- 289 
nature, 11- 12 

Life history 
fern , 102- 105 
mala rial parasite, 258- 260, 269 
moss, 100- 102. 101 
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Light , response, 89, 90-91 
Lily 

ovule, 108 
pollen grain, 107 

Linkage, 204-206, 205 
Linne, Carl von, 2, 3 
Liver 

frog , 125, 126 
man, 151, 152, 154 

Liverwort, 48 
Lizarrl, 146 
Lungs, 126, 127, 128, 153 

frog, 126 
Lycopod, 49 
Lymph,154 
Lymphatics, 154 

M 

Macronucleus, 26, 27, 28 
Mala rial pn.rasite, 258- 2GO, 259 
Malthu , 315 
Mammals, 147 

adapta tion, 239-245 
age, 285, 300 
egg-laying, 168, 169 
embryos, 279 
heart, 128-129 
limhs, 242-245 
origin, 298 
teeth, 239-242 

Mnmmary glands, 148 
Mammoth, 286, 304-305 
Man 

blood corpuscles, 154 
chromosomes, 189-190 
digestion, 150-152 
d igesti'"e system, 151 
distin ctive featu res, 329-3:l2 
early mces, 334-343 
egg and sperm, 160, 161 
embryo, 170, 279 
evolution, 326 
eye, 275 
fanlily tree, 333 
hereditary characters, 217-218 
jaw, 338 
origin, 333-334 
skelrton, 327 

Mass culture, 212-213 
Mastodon, 306, 307, 308 
Maturation, germ cells, 183- 185, 

184 
Measuring worm, 233, 234 
Mechanical tissue, 35-37, 36, 66, 

67,68 
Mechanistic theory, 11- 12 
Medulla oblonga ta, 129, 131 
Megaspore, 95-96, 108, 109, 110 
Mendel, Gregor, 191 
Mendelian principles 

free assortment, 199-204, 200, 
201, 203 

segregation, 192- 196, 193 
M crychipptlS, 301, 304 
Mesoclerm, 164, 166- 167 
Mesogloea, 116, 136, 137 
M coohippus, 301, 302-304 
Mesophyll, 72, 73, 82 
Mesozoic era, 285, 294-300 
Metabolism, 75, 85, 149 
Met:tmere, 119, 121 
Metamorphosis, 172 
Metazoans, 115 
Jlfiasto?', emb ryo , 183 
Micronucleus, 26, 27, 28 
Microspore, 95-96, 107 
Mild ew, 47 
Milliped, 141 
Mistletoe, 256-258, 257 
Mitosis, 178-181, 179,180 
M ncn:therium, 306, 307 
Mohl, von, 16 
Moisture, response, 91- 92 
Mole, 242 
Mollusks, 143-144 
Monkey 

fore limb, 243 
skull, 240 

Monoh:vbrid, 199 
Morphology, 2 
Moss, 46, 48 

leaf cells, 6 
life history, 100-102, 101 
sex organs, 100, 101 

Muscle t issue, 38-39 
Mushroom, 47 
Mussel, fresh-water, 144 
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Mu tant, 214, 320 
Mutation theory, 319--322 

and natural selection, 321-322 
objections, 322 

Mutations, 321 
Myriapods, 141 

N 

Narcissus, bulb, 64 
Nasturtium, flow er, 230 
Natural selection, 314, 317 

and mutation, 321-322 
limitations, 317- 319 
theory, 315--317 

Neanderthal man , 339--342, 340 
skull, 341 

Nectar, 230 
Nectary, 106, 230 
Nemathelminthes (see Roundtcorms ). 
Nemn,tode \\'onn, 138 
Nephridium, 120, 121, 122 
Nerve, 39, 156 

cell , 39, 1;")5-156 
control , 155--157 
cord of e:1I"th"'0fI}1, 120, 121, 123, 

156 
cranin,l, 131, 132 
fibers, 155, 156 
mixed, 156 
motor, 156 
sensor~-, 156 
spinal, 132 
t issue, 39 

Nervous system 
ea r thworm, 121, 123 
frog, 129, 131- 133, 132 
origin in vertebrates, 166- 167 

Nest, grouse, 173 
Neuron, 1.55 

motor, 156 
sensory, 156 

Nictitating membrane, 275 
Nitrifying bacteria, 251 
Nitrogen-fixing bacteria, 262, 264 
Node, 61 
Notochord, 145 

origin, 166-167 
Nuclear membrane, 5, 7 

Nuclear sap, 7 
Nucleolus, 7 
Nucleus, 5, 6, 7 

generative, 107 
male, 108, 109, 110 
primary endosperm, 108, 109 
tube, 107 

Nutrition, 11), 42, 55, 69, i5--76, 93 

o 

Oaks. six species, 271 
Oerlflgonium, 94, 98 

crlXltiwra (sec 1'rilnrose, evening ). 
Octopus, 144 
Oleander, lea f, 228 
Olfactor.,· lobes, 129, 131 
Omnivorous, 150 
Onion , root tip cells, 7, 179 
Ontogpny, 277 
Opposite leaf arrangelTl~nt, 61, 62 
Optic lobes, 129, 131, 132 
Ora l funn el, 26, 28, 30 
Ora l groo\"e, 26, 27 
Omnge, AO\\'er and fruit, 106 
Orang-outang, 326, 328, 329 
Organism, 1 
Organs, 41 

accessory, 107 
aera ting, 153 
essen tial, 107 
sex, 99 
vegetative, 43, 55 

Osmosis, 77-79, 78~ 84, 121, 122, 152, 
170 

OstracodeI'm, 291 
Ovary 

angiosperm, 106, lOi, 110, 114 
earthworm, 121, 123 
frog, 133, 134 
hyd ra, 117, 118 

Overproduction, 315 
Overspecialization, 318 
Oviducts, 

earthworm, 121, 12:3 
frog, 133, 134 

Oviparity, 168-169 
Ovulation, 183 
Onde, '106, 107, 108, 109, 110 
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Ovum (see Egg ), 
Owl, eye, 275 

P 

Paleo mastodon, 306, 307 
Paleontolog,\' , 283 
Pa leozoic em, 285 

early, 289--290 
la te, 291-292 
midd le, 292- 293 

Pal eozoic vegetation, 293 
Pancreas, 125, 126, 151 
Pancreatic fluid, 151 
Pandorina, 32 
Paramoecium, 26- 29 

conjugation , 159 
fiss ion , 28 
locomotion, 27 

Parasite, 21, 75, 254 
facultative, 2,')4 
malarial, 258- 260, 259 
obligate, 254 

Parench~'ma, 3;'i, 36 
palisade, 73 
spong~', 73 

Pamsitic animals, 253- 261 
Paras itic plants, 254-25~ 
P'LnLsi t istn, reciproc'LI, 2G4 
Parental enre, 172- 174 
Parthenogenesis, 162- 1C3 
Pasteur, Louis, 13, 14 
Pea , inheritance, 196- 202, 197, 198, 

200, 201 
Pectoral girdle, 129, 130 
Pedia..ltJ wn, 32 
Ped igree cuIt.ure, 213-214 
Pellicle, 26, 29 
Pelvic girdle, 129, 130 
Pentadactyl, 124 
Pepsin, 150 
Perch, yellow, 145 
Perennials, 60 
Periods, geologic, 285 
Permeable, 78 
P-etal, 106 
Petiole, 70 
Petrifaction, 28ii-28(\, 287 
Pharynx , 121 

Phenotype, 202 
Phloem 

leaf, 74 
roo t, 58, 59 
stem, 65, 66, 67, 68, 69, 8~ 

Photosynthesis, 18, 81-83, 82 
and respiration, 86 

Phylogeny, 277 
Phylum, 270 
Physiology, 2 
Pigment spot, 29, 30, B4 
Pil tdo\\'n man, 338-339 

jaw, 338 
Pine 

cone andleafv hranch of ",hite, 52 
scnle of sugar, 54 

Pistil , 106, 107 
Pith, 6.5, 66, 67, 68, GB 
Pithecanthropus (see Ape man, Java ), 
Placenta, 170 
j'lanaria, 138, 158 
Plantigrade, 239 
Pian ts :LnLl animals 

ditTerel1co~, 41- 42 
resol1l blances, 2 

Plasma 
hlood, 153 
membrane, 5, 6, 23, 79 

Plasmo lysis, 79 
Pia t~' hel m in thes (sce Fl(ltll'On}/~ ) , 

l ' lesiosau rs, 295, 2f)(j 
1'li"hip7JU .. ' , 301, 304 
PlullJule, 109--111 
Polar bodies, 162, 184, 18;3 
Pollen , 107 

hasket, 231 
grain, 107, 110 
tube, 107- 109, 110 

Pollinat ion, 107 
insect, 229--232, 231 

]'oor-will , 236 
Porifera (see Sponges ). 
Posterior, 27, l19 
Potato, tuber, 64 
Poteriodcru:lron, 32 
Primntes, 243, 326 

history, 332-335 
Primrose, evening, 319, 320 
Pri,'et , leaf, 73 
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Proboscis, 23~, 231 
Prostomium, 119, 121 
Protective resemblance. 232-235, 

233,234 
Protei11 s, 9, 70, 1-19 

formation, 83 
Proterozoic ern, 285, 289 
ProtocOCC1tS, 17- 19, 18 
Protonema., 101, 102 
Protoplasm, 2, 5 

behavior, 10-11 
com position, 8- 10 
st reaming, 6, lO, 23 
structure, 8 

Protozoans, 28-29, J 1 ;-' , 13G, 1 ;iO, 1 ;i5 
Provertehra tcs, 145 
P eudopodiull1. 23, 29, 1 J t3 , l ;i-1 
1'1~/'(/nod()n, 295 
1't eridoph~·tes, 49, 50, 51, ;')4, 9;;' \)9 

histor~', 292, 29;3 
Pterosaul's, 296, 29G- 2U7 
Ptytdin , 150 
Pupa , 17 1, 172 
Plltrefaction , 24!l 
Python, \'cstigial hind limhs, 274 

Q 
Quail, Califol'lliu , 236 
Qucen, 163 

R 

Radish 
le(lf, 255 
~cedlings, 56 

Jl.ec" pit ulat.ion t heo ry, 277 
Redi, 13 
Heduction of chro lllosolllcs. IS2- 185, 

184 
RpAn,. ud ion, 157 
Rennin , 1;iO 
Rt ~pJ'Od udioll , 19, 93 

:lllgiusp('rlllH, 105-1 J-1 
:lsexual in anilllab, 158- 1.')9 
fiss ion, 19, 93 
mosses and ferns, 99- 105 
:;exual in animals, l.'>9-163 
sexual in lower plttn t.s, 97- 99, 98 
spore, 94-96, 95 
vegetative mu1tipii('.atiGII , 96-97 

Rej)l'Ol\ uet i \'(. systern 
en rt Iw;orl11 , 121, 12:3- 12-1 
frog , 133- 134 

R eptiles, 146 
age, 285, 294-298 
origin , 292 

R eserve food , 84 
R espiration, 18-19, 2-1-2,'i, 85-86, 

153 
Respi ra tory s.\·:;tclIl 

earthworm, 122 
frog, 126 

Rhizoid , 100, 102, 104 
RhizOl)U8 (sce Bread ///'old ). 
Rhizome, 64, 96, 102 
Rockweed, 44 
Roden ts, 240 
Root 

cros," -seetion , 59 
dumtioH, GO 
fibrous, 55 
functions, 55 
hair zone, 56, 58 
hairs, 66, 57, 58, 76, 78 
mature, 58- 59 
response to gravity, 87- 90, 88 
response to light, 89, 90-91 
response to moisturc, 91- 92 
storage, 60 
system, 41, 55-56, 7G 
taproot, 5,5 
t ip, 56-58 

Rootcap, .56 
Rose, leaf, 72 
Rotifer , 163 
Round worms, 138-1:{9, 162 

clenvngc of egg, 180 
fort ilization, 162 

Runnel',96 

Sage, f1owcr, 232 
Sal amander, 146 

blood cOl'pusclc~, 6 
epithelia l tissue. , 38 
outer skin , 6 

S",liva, 15Q 
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Salvia 

leaf arrangcmcnt, 61 
older shoot, 62 
stem tip, 63 

1:;andworm, 140 
Sapl'olegnia, 95 
Saprophyte, 20, 21, 7;;, 2·!() 
Saproph~· ti c fungi , 46, 47, 250- 2.)2 
f)aprophytil' sccd plants, 251, 252 
Sarcodc, ] G 
fichleidcn, 1ij 
SCh\nlllll, 15 
Schultze, Hi 
Scorpion, 143 
Sea anemon c, 137 
Sea urchin, 139 
Seal, 243- 245, 244 
Sedimentary rocks, forllla t ion, 283-

284 
Sced, 50, 54, 109-114 

and fruit format ion, 10:), 110 
dispcrsa l, 226, 229 
stru("(\ll'C, 111 

Seedlings, 112, 113, 114 
Segregation, principlc, 192- 19(j, 193 
Selection, cumulative effcct, 319 
Selnillln:n fo ld , 275 
Sepal , 10;3-106 
Setae, 11 n, 120 
Sex detc rmina tion, 187- 1 DO, 189 
Sex-linked inheritall ce, 20li-2 10, 

207- 209 
Shoot , 61 

system , 41, Gl 7t> 
Shrew, 239 
Shrimp, 140 
Hkeletal s~·st.em, frog, 12f1 , 130 
Skin, salamander, 6 
Slug, garden, 272- 2':l. 274 
Small-leaved plants, 225 
Snn.i l, land, 144, 274 
Snakcs, vest igia l h inel limbs, 274- 2,:5 
Snapdragon, flower, 232 
Soma (Som:l tic t issues), Iii!), 183, 

3 13 
Spec ies, 270, 271 

intergrad ing, 2S0 
Sperm 

:lIg:1. 98, 99 

i':iperm, angiosperm, 109 
duets, 123, 133 
fcl'll, 102, 104 
man, 160 
moss, 100, 101 

Spermatophytes, 50- 51, 52- 53 , ') I, 
9;\ 99, 105 

Spernlntozon.n (see Sperm). 
Sperma ry, 118 
Spider, 143 
Spinal eord, 131, 132 
Spinal nerves, 132 
Spir:\des, 153 
SpirillUlll, 21 
S jiif'O(JYI'((, 34, 98 
Spleen, 125, 12G 
Spollges, 32, 41 , 136--137, 15:i, l UO, 

1G6 
Spontancous generation , 12- 14 
fiporangiulll , 96, 101, 102- 103 
Spore, 94 

reproductioll , 94- 9tj, 95 
Sporophyte, 100 

dependent. and independent , 105 
fern, 102, 103 
moss, 101 
young fem, 106 

Sport" 2l-l 
Sporulation, 26 
Squash bug, scx c1eterlllill;ltion, ISO 
Squash, hair cell, 6 
Squirrel, ground, 147 
Stamen, 10fi, 106 
Starfish, 139 

egg, 6 
Steapsin, 1;j1 
Stem 

endogenous, 68-69, I Of) 
exogenous, G5, 66- 68, tOn 
functiuns, (jQ-Gl 
I'cspon~c to gm\·it .\·, 83- 89 
l'esJlo lI ~e to ligh t, 89, 90- 9l 
lip, 02, 63 
underv;round , 64 

~terilization of d efedi\·(·~. 2:H 
Stigm:l, 106, 107 
Stil t, hlack-necked , 238 
Stipuleo, 70 
St01l1ach , 126, 150, 161 
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Stomata, 72- 73, 74, 76, 80, S 1, .~;) , sn 
Rt,rawherr~' , 96 
Struggle for f'xis{C'nee, 315 
:-;t~'k, 106, lOT 

;-;uhcrin , 3;; 
l::iugal', m:l1I11bdllre, 18,8 1- 8:3 
i'iuperiors, in crease, 221 
SUl'\'inl l of the fitctest, 316- 317 
Swca t glands, 155 
Sweet pea , (lO\\'CI' , 232 
Hymbiosi s, 261-265 
Symmetry 

bi lateral, 119 
rarlial. 115 

S~'mpathf'ti c n e l'YDUS syslrJJ1 , J31. 
132 

Synapsis, 183, 184 
Systems, 41 

T 

Tacipolt' , 135 
Tail bones, ma.n :lnd gorilla, 275, 276 
Tapeworms, 260- :21\ 1 

T >1proot , 5,') 

T axonomy, 2 
T eal, green-Iying("\. 237 
Teeth 

frog, 125 
ma nunaliafl , 2JO- 242 , 240, 241 

T entadC', 11.5, 116, 117 
Te~t:l, 109, 110, 111 
Testps 

e:u-thwonn , 123 
frog, 133 
h."rlm , 117, 118 

Thalloph~,tes , 4:3, 54 
Th:dlus, 41 , 43, 4n 
Tick, cattle, 143 
T issues, 3:3 

chief :lnim:tl, 38-40,41 
chief plant, 3;')- 37, 36 

Tortoise, rlc~ert. 146 
Trachea, 126, 153 
Transpirution , 79-81, 80 
'i')'icel'oto]!s, 298 
Trihybrid, 204 

1'I1\.io , 20-1 
T"illiullI. 53 

Trilo"ite, 290 
'l'1"ilo)'/wr/ol!, 306, 307 
'l'r'i nocrolner·iwll., 296 

Tryp~ i ll , l SI 
'['1111('1' , 64, 9\\ 
Twins, 177, 190, 2 17 
Typhlosolc, 120, 121 

U 

l 'loi.hl"i,~, 34, 94, 98 
Umb il ical cord, 170 
Ungulates, 241- 243 
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