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PREFACE

The present work owes its existence to the favorable reception
accorded to Bergen's Foundations of Botany. Whatever better-
ments have been suggested by five years’ use of the earlier book
in the hands of expert teachers will be found here incorporated.
The Principles of Botany also attempts to supply what many
feel to be one of the most valuable portions of botany for edu-
cational purposes, namely, a consecutive series of studies of
representative spore plants, so treated as to outline the evolu-
tionary history of the plant world. Botanical technology cannot
figure largely in any brief general botany. The authors have how-
ever touched frequently upon the economic side of the subject,
and the last two chapters are wholly devoted to practical topics.

The subject-matter has been divided into three parts, treating
respectively :

I. The structure and physiology of seed plants (Bergen).
II. The morphology, evolution, and classification of plants, being
an account of the critical morphology of plants upon which is based

their relationship by descent (Davis).
III. Ecology and economic botany (Bergen).

. The whole will furnish material for a full year’s work, and
it will usually be found necessary to omit portions and thus
shape a course adapted for the exact conditions under which
the work in each case is to be done. It is not the intention
of the authors to frame an inflexible course, but rather to pre-
. sent in orderly fashion the material from which a thoroughly
practical one can be planned. Indeed, the authors believe that
a half-year course can be readily arranged by selections from

the more general sections of the book.
iii
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iv PREFACE

The planning of a course will be materially assisted by the
use of the authors’ Laboratory and Field Manual, which is so
arranged as to offer a choice between the general requirements
of a shorter, elementary course and the details which are only
possible when more time can be given to the subject, under
excellent conditions of laboratory equipment and with fairly
mature students. A glossary of botanical terms employed in
this book will be found in the Laboratory Manual.

Some instructors will prefer to devote most of the year to a
study of seed plants; others will choose to make the story of
plant evolution the chief feature and may even prefer to begin
with Part II. This portion of the book is the outgrowth of ten
years’ experience of the junior author in the University of -
Chicago, where he offered a year’s course in general morphology
along somewhat similar lines. The treatment given to the
thallophytes in Part IT will seem to some readers long in pro-
portion to that allotted to the other groups of plants. This
cannot however be avoided in any account which attempts to
present an outline of plant evolution with the important topics
of the origin and evolution of sex and of the sporophyte. Fur-
thermore, it is very desirable to describe a range of types from
which selections may be made according to the material avail-
able in different regions of the country. The adaptation of the
book to several methods of approach has obviously necessitated
slight repetitions of fundamental matter in certain parts.

Whatever the order of treatment, the authors would urge the
importance of sending the student to the plants for as many as
may be of his facts and then linking these together by read-
ing and class discussion. Undigested laboratory work is little
better than none at all, while a reading course without type
studies and physiological experiments is a quarter of a century
behind the best practice of to-day. No matter where it is to
end, the study of botany should begin with a first-hand knowl-
edge of plants themselves,— best of all, with a knowledge of their
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life in their own natural environment. At the outset there
may be far more botany and more reasoning power gained in
finding out for one’s self the light relations of locust or bean
leaves, or in ascertaining why one pool is teeming with Spiro-
gyra and another with Oscillatoria, than in much reading of
botanical literature.

The earlier chapters of Part I are considerably less difficult
than most of the later portions of the book. It is therefore
suggested that care should be exercised not to consume too
much time in covering this ground, together with the laboratory
work which it presupposes. Classes should rather be carried
along somewhat rapidly to such more difficult topics as are dis-
cussed in Chapters v, viii, x1i, and XV, and in Part I1.

Except where acknowledgment is made in the text, the figures
and plates are all new or from the Foundations or Elements of
Botany of the senior author. Most of the illustrations of
Part II are original and by Dr. Davis. Special thanks for pho-
tographs and plates either reproduced in half tone or redrawn
for zinc etchings are due to F. W. Atkinson, F. Borgesen, F. E.
Clements, E. M. Freeman, G. L. Goodale, and Conway Mac-
Millan. W. M. Davis, A. E. Frye, and F. Roth have kindly
permitted the use of a number of woodcuts and maps.

Parts of the manuscript were read by A. T. Bell, F. E.
Clements, I. S. Cutter, W. F. Ganong, R. A. Harper, W. M. Hays,
J. C. Jensen, Miss Lillian J. MacRae, and Miss Caroline E.
Stringer. Proof was read by W. J. Beal, F. E. Clements,
W. N. Clute, I. S. Cutter, H. S. Pepoon, B. M. Stigall, and
Miss Eva O. Sullivan. To all of these the authors wish to
express their great appreciation for kindly criticisms and most
helpful suggestions. J. Y. B.

B.M.D.
CAMBRIDGE, August, 1906
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PRINCIPLES OF BOTANY

INTRODUCTION

Botany is the science which treats of plants. It considers the
structure and functions of individuals, recognizes their neighbor-
hood relations as citizens of plant communities, and studies their
positions as members of the plant kingdom more or less closely
related by common descent. The study of the individual plant
embraces a variety of topics, and the examination of its relation
to others introduces many more subjects.

Morphology is the science of form and structure. Under this
head are studied the forms of plant bodies and the portions of
which they are composed. All plants except the very simplest
are made up of parts, called organs, which are structures devel-
oped for particular kinds of work. Thus the stems, roots, and
leaves are organs, and so are also the parts of a flower. Morphol-
ogy establishes the relationships of organs which seem at first
glance very dissimilar, as when leaves take the form of bud scales
or spines or tendrils. Morphology traces the degeneration of
parts which frequently cease to perform the work for which
they were originally developed and become much simplified in
structure or almost disappear. Thus the tendrils of the wood-
bine are shown to be morphologically branches reduced to mere
organs of attachment. Although morphology deals with the
plant with less regard to its character as a living being, it
should never be entirely separated from physiology, but should
go hand in hand with that sister subject, equally necessary to
an understanding of plant life.

1
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Plant physiology treats of the plant in action, how it lives,
respires, feeds, grows, and produces others like itself. It dis-
cusses the nature of the material in which the life activities of
the plant have their origin, and the conditions as regards light,
heat, air, and moisture under which life is possible. It considers
the raw materials out of which plant food is made, the processes
by which the manufacture is carried on, and the means by which
food once produced is transported throughout the plant body.
The mode of growth of plants is an extended and most impor-
tant topic, and the processes by which reproduction is carried
on are so numerous and complicated that they constitute one
of the most difficult and interesting departments of botany. In
order to go far into the details of the life activities of plants one
needs to know a good deal of chemistry and some physics. But
there are many of the phenomena of plant physiology which
can be taken up with profit in an elementar) way and investi-
gated with rather simple apparatus.

Plant geography discusses the distribution of the various
kinds of plants over the earth’s surface.

Paleobotany, usually studied along with geology, considers
the history of plant life on the earth from the appearance of
the first plants until the present time.

Taxonomy, or systematic botany, is concerned with the classi-
fication of plants. By this is meant the arrangement or grouping
of the kinds of plants to show their relationships to one another.
It attempts to express the final results of the long processes of
plant evolution, and is far more than the conventional study of
flowering plants, which occupy only the highest grades in the
elaborate system of plant evolution and classification.

Plant ecology treats of the relations of the plant to the con-
ditions under which it lives, together with the origin and devel-
opment of plant associations. Under this division of the science
are studied the effects of soil, climate, and friendly or hostile
animals and plants on the external form, the internal structure,
and the habits of plants. The main lesson to be learned from



ORDER OF STUDY . 8

the study of ecology is that the plant is not an organism of fixed
form, structure, and habits, sprung from a long line of precisely
similar ancestors and destined to leave an indefinite series of
forms like itself to succeed each other in the same area. On the
other hand, each generation is a little more or less numerous
than its predecessors, covering more or less territory than they
did, and varying from them this way or that under the influ-
ence of changing conditions of life. This is an interesting depart-
ment of botany, but it has to be studied mainly out of doors.
Economic botany is the study of the uses of plants to man.

Many of the topics suggested in the above outline cannot
be studied in detail in an elementary course. It ought, however,
to be possible for the student to learn a good deal about the
simpler facts of morphology and of plant physiology. It is
necessary to study plants themselves, to take them to pieces
and to make out the connection of their parts, to examine with
the microscope small portions of the exterior surface and thin
slices of all the variously built ¢Zssues of which the plant consists.
Among the lower plants there will be found a most attractive
study of cell structure, reproductive processes, and life histories,
— all requiring the use of the compound microscope. Living
plants must be watched in order to ascertain what kinds of food
they take, what kinds of waste substances they excrete, how and
where their growth takes place and what circumstances favor it,
how they move, and indeed to get as complete an idea as pos-
sible of what has been called the behavior of plants.

Since the most familiar plants spring from seeds, the beginner
in botany may well examine at the outset the structure of a few
familiar seeds, then sprout them, and watch the growth of the
seedlings which spring from them. Afterwards he can study in a

“few examples the organs, structure, and functions of seed plants,
trace their life history, and so, step by step, follow the process
by which a new crop of seeds at last results from the growth and
development of such a seed as that with which he began.
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After he has come to know in a general way about the struc-
ture and physiology of seed plants, the student may become
acquainted with some typical spore plants. This will open up a
new world, illustrating some of the most interesting and funda-
mental principles of biological science; for an understanding of
the cell theory of organization and development, the nature of
sexual processes, and the evolution of the plant kingdom with
its remarkable alternation of generations, can only be gained
by tracing the chief steps in the processes through the various
groups of alge, fungi, liverworts, mosses, and ferns.

For users of the book who wish to begin in the autumn with
the study of some seed plant as a whole the following scheme
is suggested:

1. Examine a seed plant in flower, to get an idea of its gross
anatomy. Then study the development, structure, and modes
of dissemination of the - fruit. Outline the structure of seeds
and follow the germination of some types. Next take up the
structure and physiology of the vegetative members of the plant
body, root, stem, and leaf. ‘

2. Cover as much as may be of Part II, working out the
story of the evolution of plants.

3. Devote the remainder of the year to study of floral struc-
tures, field work on families of angidsperms, ecological topics,
and an outline of economic botany.

If desired, the course in botany may begin with the simplest
spore plants, tracing the evolution of the plant kingdom through
a consecutive study of types, as described in Part II, followed
by somewhat detailed work on the structure and physiology of
seed plants (Part I), and ecology (Part III).



Part 1

THE STRUCTURE AND PHYSIOLOGY OF

SEED PLANTS .

CHAPTER 1

THE SEED AND ITS GERMINATION

The seed. A seed is a miniature plant,
or embryo, with some accessory parts, in a
resting or dormant state, and capable under
suitable conditions of reproducing the kind
of plant which Dore it.

The power of producing seeds is peculiar
to the higher plants (seed plants, or sper-
matophytes) and sharply distinguishes them
from all lower forms of plant life.

The embryo may nearly or quite fill the
interior of the seed, as in Fig. 1, or it may
constitute only a small part of the bulk of
the latter, as in Figs. 3, 4.

2. Form and position of the embryo.
The embryo shows great diversity of form;
it may have one, two, or several seed leaves,
or cotyledons (Figs. 1, 3, 12). These may
be straight, as in the squash seed, or much
curved and folded, as in the seed of the
four-o’clock, morning-glory, or buckwheat,

Fic. 1. Lengthwise sec-
tion of a squash seed

¢, hypocotyl; co, cotyle-
don; e, endosperm; A,
hilum; p, plumule;
t, testa. Magnified
about two and a half
times

but they are almost always closely packed for economy of space.

b
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The cotyledons are usually borne on a little stem, called the
hypocotyl (meaning beneath the cotyledon) (Fig. 1, ¢; Fig. 2, ¢).
Often a little seed bud, or plumule (Fig. 3), is easily recogni-

Fi6. 2. The castor bean and its
germination

A4, lengthwise section of ripe seed: ¢,
testa; co, cotyledon; c, hypocotyl.
B, sprouting seed covered with en-
dosperm. (', same, with half of en-
dosperm removed. D, seedling: r,
primary root; 7/, secondary roots;
¢, arch of hypocotyl

zable in the embryo, more or
less inclosed by the cotyledons,
if there are two of these.

3. The seed coats. The em-
bryo (and sometimes other seed
contents) is inclosed by one or
more seed coats, which in many
cases preserve the embryo from
injuries of various kinds, and
also serve other purposes. The
principal seed coat is called the
testa; it varies greatly in thick-
ness, hardness, color, and mark-
ings, and also in other respects,
as is evident when one recalls
the varied appearance of such
familiar seeds as those of the
mustard,squash, bean, pea,locust,
apple, poppy, and Brazil nut.

4, Topics for investigation.
The student should learn at first
hand (that is, from the seeds and
the young seedlings themselves),

in connection with the present chapter, something about the

following topics:

1. The anatomy of a few typical seeds.

2. Some of the conditions for germination.

3. Some of the chemical changes produced in germinating
seeds, and their effect upon the surrounding air.

4. The early steps in the development of seeds into plants.

The brief outline of the structure of the seed just given should
be much enlarged by the details learned in the laboratory.
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Every observing person who has grown plants from the seed
has learned that heat and moisture are necessary to insure ger-
mination, but the student will readily discover, too, that air is
necessary for anything more than the ’
beginning of germination.

5. Oxidation involved in germina-
tion. Germinating seeds, like all liv-
ing things, consume much oxygen, —
the gas everywhere present in the
atmosphere which supports the com-
bustion of coal and other fires and of
lamps and gas flames. In place of the
oxygen which they absorb, sprouting
seeds return to the air carbon dioxide, ¥ic- 3. Lengthwise section
— the gas which is produced by burn- of gmm_Of corn
ing charcoal, and which is one of the y’!g:ﬁ:’g;‘ﬁ;i}’:;:ﬁ;;g;
products of bur}nng most k1¥1ds of fuel g‘ t‘l’;dggli’;am(;co{’;’]:’;‘;:‘)‘:l?;
and of the respiration of animals. contact with the endosperm

A thermometer with its bulb im- for absorption of food from

R . . it; », the primary root.
mersed in a jar of sprouting peas  Magnified about three times.
will mark a temperature somewhat — After Sachs
higher than that of the room in which they stand. The eleva-
tion of temperature is at least partly due to the union of
oxygen with combustible materials in the peas. Such a combi-
nation is known as oxidation. This kind of chemical change
is universal in plants and animals while they are in an active
condition, and the energy which they manifest in their growth
and movements is as directly the result of the oxidation going
on inside them as the energy of a steam engine is the result
of the burning of coal or other fuel under its boiler. In the
sprouting seed, much of the energy produced by the action of
oxygen upon oxidizable portions of its contents is expended in
producing growth, but some of this energy is wasted by being
transformed into heat which escapes into the surrounding soil.
It is this escaping heat which is detected by the thermometer.




CHAPTER 1I
THE STORAGE OF FOOD IN THE SEED

6. Importance of stored food for growth of the seedling. A
very large part of the food of man and of many of the higher
animals consists of seeds of various
kinds, particularly of the grains. Every
kind of seed contains some stored food
material, though the amount in the
poppy seed is but an insignificant frac-
tion of that in a
horse-chestnut.
4, asparagus (magnified) ; B, Very Oft’en’ a8

poppy (magnified). —After has already been

Decaisne learned, the food
is stored directly in the embryo, espe-
cially in the cotyledons. Frequently, how-
ever, most of it is deposited in the en-
dosperm, which surrounds or lies along-
side of the cotyledons (Figs. 2, 3, 4). In
either case the slow germination and sub-
sequent growth of seeds from which part
or all of the food material has been
removed shows that its presence is most
important in forcing along the growth
of the seedling (Fig. 5).

7. Usefulness of rapid growth of seed-
lings. The very existence of the young
plant may depend upon its being able to F1¢.5. Germinating
make a rapid start in life. Most areas Ef,zsﬁgmgeﬁ‘ :? tf:;
of fertile land contain far more seeds cotyledons

8

B

F16. 4. Seeds with endo-
sperm, longitudinal sections
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than can mature plants under the conditions of competition
with one another which they must encounter, and so plants
which shoot up rapidly at first possess a decided advantage.
There is also a much better chance for seedlings growing in
woodlands if they can attain considerable size before they are
too much shaded by the foliage of the trees above them. This,
of course, does not
apply to evergreen
woods.

8. Kindsof food
stored in seeds.
The three princi-
pal kinds of plant
food, or reserve
material stored in
seeds, are starch,
oil, and albumi-
nous substances,
or proteids.! Asin-
gle seed may con- Fic. 6. Section through exterior part of a

tain all three of - grain of wheat

these in consider- © cuticle, or outer layer of bran; ep, epidermis; m,
. middle layer; i, ,, layers of hull next to seed coats;
able pl‘OpOl‘thDS, 8, 8, seed coats; p, layer containing proteid grains;
oy 3 st, cells of the endosperm filled with starch. Greatly
or 1t may conbain Lo, iged, — Atter Tschirch
proteids together

with either starch or oil. Some proteids are always present,
since the power of the seed: to live and grow depends upon
these compounds.

9. Starch. Every one is familiar with the appearance of starch
in its commercial form. As found in seeds it occurs in micro-
scopic compartments known as cells (Fig. 6). Each cell contains
many small starch grains, usually of a nearly round or an ovoid

1 As in general throughout the book, the statements of the text pre-
suppose a suitable amount of laboratory work; for example, that of the
manual of the authors.
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shape. The shape and markings of a starch grain, whether
found in the seed or in some other part of the plant, are often
sufficiently definite to serve to identify the kind of plant from
which they came. Frequently the
markings are very regular and beauti-
ful, as in canna starch (Fig. 7). They
are due to the successive layers de-
posited as the starch grain is formed.
During the growth of the seedling,
seeds containing starch rapidly lose
it, and microscopical examination of
a sprouting grain of corn or of the
cotyledons of a bean plant several
weeks old shows the cells compar-
_ atively emptied of starch and those
grains which remain much eaten away, as described below.

10. Action of ferments. A substance which can produce or
excite any one of the chemical changes known as fermentation
is called a ferment. The most familiar kinds of fermentation
are the alcoholic, by which alcohol is produced, and the acid, by
which solutions of alcohol (such as fermented cider) are turned
into vinegar, and by which the sugar of milk is changed into
lactic acid when sweet milk turns sour.

All these fermentations and many others are caused by the
development within the fermenting substances of minute living
organisms, either yeasts or bacteria, described in Chapter xXIi,
which are consequently known as organized ferments.

There is a class of substances which, without the presence of
yeasts or bacteria, can produce active fermentation. From the
absence of the organisms above-mentioned, these are called
unorganized ferments, and they are also known as enzymes.
One of these, diastase, plays a most important part in seeds
during germination, transforming starch into sugar. Diastase is
found in considerable quantities in malt, which is barley sprouted
and then quickly killed by moderate heating. Naturally, as a

Fic. 7. Canna starch
Magnified 300 diameters



OTHER CONSTITUENTS OF SEEDS 11

result of the action of its diastase, malt tastes much sweeter
than barley. The capacity of this enzyme to change starch to
sugar is extraordinary, any quantity of diastase sufficing to trans-
form ten thousand times its weight of starch.

11. Oil. Oil occurs in many seeds — as, for example, flax, cot-
ton seed, and corn—in sufficient quantity to make it worth while
to extract it by pressure. - It may be seen under the microscope in
extremely minute droplets, inclosed in the cells of certain regions
of the seed.

12. Proteids. Sometimes, as in Fig. 6, at p, the proteid con-
stituents of the seed occur in more or less regular grains, but
often they have no well-defined form and size. They have a
chemical composition very similar to that of white of egg or
the curd of milk,and when scorched produce the familiar smell
of burnt hair or feathers, which serves as a rough test for their
presence.

13. Other constituents of seeds. Besides starch, oil, and pro-
teids, other substances occur in different seeds. Seme of these
are of use in feeding the seedling, others are of value in protect-
ing the seed itself from being eaten by animals or in rendering

it less liable to decay. In such seeds as that of the nutmeg,
the essential oil which gives it its characteristic flavor probably
makes it unpalatable to animals and at the same time preserves
it from decay.

Date seeds are so hard and tough that they cannot be eaten
and do not readily decay. Lemon, orange, horse-chestnut, and
buckeye seeds are too bitter to be eaten, and the seeds of the
apple, cherry, peach, and plum are somewhat bitter.

The seeds of larkspur (Datura),! croton, the castor-oil plant,
nux vomica, and many other kinds of plants, contain active

poisons.
1 Commonly called Jimson weed.



CHAPTER III

MOVEMENTS, DEVELOPMENT, AND MORPHOLOGY OF THE
SEEDLING ° :

.
-

14, How the seedling breaks ground. As the student has
already learned by his own observations, the seedling does not
always push its way straight out of the ground. Corn, like all
the other grains and grasses, sends a tightly rolled, pointed leaf
vertically upward into the air; but seedlings
in general are not found to do
anything of the sort. The squash

seedling is a good one in which
cee c .o
G— ¢
--C
4 B ¢ D E

Fie. 8. Successive stages in the life history of the squash seedling

GG, the surface of the ground ; r, primary root; 7, secondary root ; ¢, hypocotyl;
a, arch of hypocotyl; co, cotyledons

to study what may be called the arched type of germination.
If the seed when planted is laid horizontally on one of its broad
surfaces, it usually goes through some such changes of position
as are shown in Fig. 8.

The seed is gradually tilted until, at the time of their emer-
gence from the ground (at C), the cotyledons are almost ver-

tical. The only part above the ground line GG, at this period,
12

.
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is the arched hypocotyl. Once out of ground, the cotyledons
soon rise, until (at E) they are again vertical, but with the
other end up from that which stood highest in C. Then the
two cotyledons separate until they once more lie horizontally,
pointing away from each other.

- Whether the first part of the seedling to emerge from the
ground is a pointed, rolled-up leaf, as in Indian corn, or the hypo-
cotyl arch, as in Figs. 2 and 8, the result is to force the earth
aside without injury to the plumule or the cotyledons.

15. What pushes the cotyledons up? A very little study of
any set of squash seedlings, or even of Fig. 8, is sufficient to
show that the portion of the plant where roots and hypocotyl
are joined neither rises nor sinks, but that the plant grows both
ways from this part (a little above #/ in Fig. 8, 4 and B). Itis
evident that as soon as the hypocotyl begins to lengthen much
it must do one of two things: either push the cotyledons out
into the air or else force the root down into the ground as one
might push a stake down. The plantlet, in passing from the
stage shown at 4 to that of B and of C, develops many lateral
roots, thus making it harder and harder for the root to be thrust
bodily downward.

16. Getting rid of the seed coats. In seeds with thin coats
the latter usually burst open irregularly and allow the opening
cotyledons to escape. But in seeds with as thick a testa as that
of the squash, and still more in the case of nuts, the cotyledons
find their way out through a slit, or opening, which appears in
a definite part of the seed. If for any reason the seed coat does
not open, the embryo cannot grow. In many cases the moisture
and freezing and thawing of a winter in the earth are almost
essential to germination, and some seeds grow more promptly if
they have been scorched by fire, or if they are cracked open
before planting.

17. Discrimination between root and hypocotyl. It is not
always easy to decide by their appearance and behavior what
part of the seedling is root and what part is hypocotyl. In a
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seedling visibly beginning to germinate, the sprout, as it is com-
monly called, which projects from the seed might be either root
or hypocotyl, or might consist of both together, so far as its
appearance is concerned. A microscopic study of the cross sec-
tion of a root, compared with one of the hypocotyl, would show
decided differences of structure between the two. Their mode
of growth is also different, as the pupil may infer from his own
observations.

18. Final position of the cotyledons. As soon as the young
plants of squash, bean, and pea have reached a height of three
or four inches above the ground, it is easy to recognize important
differences in the way in which they set out in life.

The cotyledons of the squash increase greatly in surface,
acquire a green color and a generally leaf-like appearance, and,
in fact, do the work of ordinary leaves. In such a case as this
the appropriateness of the name seed leaf is evident enough, —
one recognizes at sight the fact that the cotyledons are actually
the plant’s first leaves. In the bean the leaf-like nature of the
cotyledons is not so clear. They rise out of the ground like the
squash cotyledons, but then gradually shrivel away, though they
may first turn green and somewhat leaf-like for a time.

In the pea, as in the acorn, the horse-chestnut, and many
other seeds, we have quite another plan, — the underground type
of germination. Here the thick cotyledons no longer rise above
ground at all, because they are so gorged with food that they
could never become leaves ; but the young stem pushes rapidly
up from the surface of the soil.

19. Development of the plumule. The development of the
plumule seems to depend somewhat on that of the cotyledons.
The squash seed has cotyledons which are not too thick to
become useful leaves, and so the plant is in no special haste to
get ready any other leaves. The plumule, therefore, cannot be
found with the magnifying glass in the unsprouted seed, and is
almost microscopic in size at the time when the hypocotyl
begins to show outside of the seed coats.



ROOT, STEM, AND LEAF 15

In the bean, pea, and corn, on the other hand, since the cotyle-
dons cannot serve as foliage leaves, the later leaves must be
pushed forward rapidly. In the bean the first pair are already
well formed in the seed. In the pea they cannot be clearly
made out, since the young plant forms several scales on its stem
before it produces any full-sized leaves, and the embryo contains
only hypocotyl, cotyledons, and a sort of knobbed plumule, well
developed in point of size, representing the lower, scaly part of
the stem. :

20. Root, stem, and leaf. By the time the seedling is well
out of the ground the plant body, in most cases, possesses the
three kinds of wegetative organs, or parts essential to growth, of
ordinary seed plants; that is, the root, stem, and leaf, or, as they
are sometimes classified, root and shoot. All of these organs
may multiply and increase in size as the plant grows older, and
their mature structure will ‘be studied in later chapters; but
some facts concerning them can best be learned by watching
their growth from the outset.

21. Elongation of the root. We know that the roots of seed-
lings grow pretty rapidly from the fact that each day finds them
reaching visibly farther down into the water or other medium
in which they are planted. A sprouted Windsor bean in a ver-
tical thistle tube will send its root downward fast enough so
that ten minutes’ watching through the microscope will suffice
to show growth.

22. Root hairs. Very young seedlings of the grains, or of
mustard or red clover, afford convenient material for studying
root hairs. These are most abundantly developed when the
seed is sprouted in air that is not very moist. Only a certain
zone of the young root is covered with live hairs; the younger
portions have not developed them and the older portions show
only dead ones. Examination with a good lens or a low power
of the microscope shows the gradual lengthening of the hairs,
from very young ones near the root tip to full-grown ones
farther up.
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The root hairs in plants growing under ordinary conditions
are surrounded by the moist soil and wrap themselves around
microscopical particles of earth (Fig. 9). Thus they are able rap-
idly to absorb through their thin walls the soil water, with what-
ever mineral substances it has dissolved in it.

23. The young stem. The hypocotyl, or portion of the stem
which lies below the cotyledons, is the earliest formed portion

Fi1a. 9

Fic. 9. Cross section of a root
A good deal magnified, showing root hairs attached to particles of soil, and some-
times enwrapping these particles. — After Frank and Tschirch
Fic. 10. A turnip seedling, with the cotyledons developed into
temporary leaves

h, root hairs from the primary root; b, bare portion of the root, on whieh no hairs
have as yet been produced

of the stem. Sometimes this grows but little; often, however,
the hypocotyl lengthens enough to raise the cotyledons well
above ground, -as in Fig. 10.

The later portions of the stem are considered to be divided
into successive sections called nodes (places at which a leaf,
or a scale which represents a leaf, appears) and ¢nfernodes
(portions between the leaves).
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The stem increases in length by the simultaneous elongation
of several internodes, as shown by Fig. 11. It will be noticed
that in the plant figured the greatest increase in
length j§s neither in the oldest nor the youngest !
internodes which are growing at all, but in an inter-
mediate region.

Every portion of the entire shoot, shown in the
figure, has elongated except the interval 21-22.

Counting from the top the lengthening of several ™
of the segments is as follows:

PER CENT INCREASE

INTERVALS
IN LENGTH
1 100 1
2 120
3 140
4 140
5 160
6 140
7 120 7
8 . 110
9 " 110
10 100
11 80
24, The first leaves. The cotyledons
are, as already explained, the first leaves % bt b

which the seedling possesses. Even if A B

a plumule is found well developed in Fre. 11-1 Gll‘lomh i;‘ 11;’1""
the seed, it was formed aft?r the coty- i?:ge;ifo b of hedge
ledons. In those Plants which have so A, the shoot divided by
much food stored in the cotyledons asto  ink marks into 22 equal
render them unfit ever to become useful :;i':f;‘tzmgoutrgeh:::“i
foliage leaves, as in the pea, there is  After Bonnier and Sablon
little or nothing in the color, shape, or general appearance of

g pe g ppe

the cotyledon to make one think it really a leaf, and it is only
by studying many cases that the botanist is enabled to class all

1 Convolvulus sepium.



18 MORPHOLOGY OF THE SEEDLING

cotyledons as leaves in their nature, even if they are quite
unable to do the ordinary work of leaves. In seeds which have
endosperm, or food stored outside of the embryo, the cotyledons
usually become green and leaf-like, as they do, for example, in
the four-o’clock, the morning-glory, and the buckwheat; but in
the seeds of the true grains, which contain endosperm, as in the
familiar instance of Indian corn, a large portion of the single
cotyledon remains throughout as a thickish mass buried in the
seed. In a few cases, as in the pea, there are scales instead of
true leaves formed on the first nodes above the cotyledons, and
co it is only at about the third node above that
leaves of the ordinary kind appear. In the bean
and some other plants which in general bear one
leaf at a node along the stem, there is a pair
produced at the first node above the cotyledons,
and the leaves of this pair differ in shape from
those which arise from the succeeding portions
of the stem.
k 25. Classification of plants by thé number of
their cotyledons. In the pine family the germi-
Fic. 12. Germi- pating seed often displays more than two coty-
nating pine  1o4ons, as shown in Fig. 12; in the majority of
common seed plants the seed contains two coty-
ledons, while in the lilies, the rushes, the sedges, the grasses,
and some other plants there is but one cotyledon. Upon these
facts is based the division of most seed plants into two great
groups : the dicotyledonous plants, which have two seed leaves,
and the monocotyledonous plants, which have one seed leaf.
Other important differences nearly always accompany the differ-
ence in number of cotyledons, as will be seen later.

co, cotyledons



CHAPTER 1V
ROOTS

26. Origin of roots. The primary root originates from the
lower end of the hypocotyl, as the student learned from his own
observations on sprout- -
ing seeds. The branches
of the primary root are
called sccondary roots,
and the branches of
these are known as
tertiary roots. Those
rodts which occur on the
stem or in other unusual
places are known as ad-
ventitious roots. The
roots which form so
readily on cuttings of
willow, southernwood,
Tropzolum, French marigold,
cultivated « geranium” (Pelargo-
nium), Tradescantia, and many
other plants, when placed in
damp earth or water, are adven-
titious. ; )
27. Aérial roots. While the oot rootsof z
roots -of most familiar plants .
grow in fhe earth, there are others which are
formed in the air, called aérial roots. They serve various pur-
poses: in some tropical air plants (Fig. 13) they fasten the plant
to the tree on which it establishes itself, as well as take in

19
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water which drips from branches and trunks above them, so
that these plants require no soil and grow suspended in mid air
from trees which serve them merely as supports; many such
air plants are grown in greenhouses. In such plants as the ivy
(Fig. 14) the aérial roots, which are also adventitious, hold the
plant to the wall or other surface up which it climbs.

In the Indian corn (Fig. 15) roots are sent out from nodes at
- some distance above the ground and descend until they enter

IV e—

K
Fi16. 14. Aérial, adventitious roots of the ivy

the ground. They serve to anchor the cornstalk so that it may
resist the wind, and to supply additional water to the plant. They
often produce no rootlets until they reach the ground.

28. Water roots. Many plants, such as the willow, readily
adapt their roots to live either in earth or in water, and some,
like the little floating duckweed, regularly produce roots which
are adapted to live in water only. These water roots often show
large and distinct sheaths on the ends of the roots, as, for
instance, in the so-called water hyacinth (Eickhornia).
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Y 1

ce e e e e e ===aC

¥i16. 16. Lower part of stem and roots of Indian corn, showing aérial roots
(*“ brace roots ")

#. ¢, internodes of the stem; b, d, e, f, nodes of various age bearing roots. Most
of these started as aérial roots, but all except those from b have now reached the
earth
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29. Parasitic roots. The dodder, the mistletoe, and a good
anany other seed plants are called parasites, since they live, at
least in part, upon food which they steal from other plants

st
( \Q\‘m\\\ |

Fic. 16. Dodder, a parasitic seed plant

A, magnified section of stem penetrated by roots of dodder; DB, dodder upon
a golden-rod stem; C, seedling dodder plants growing in earth; A, stem of
host; I, scale-like leaves, r, sucking roots, or haustoria; 8, seedhngs -
A a.nd C after Strasburger

called their hosts. Parasites develop peculiar roots, which pene-

trate the tissues of the host and form most intimate connections
with the interior portions of the stem or root of the latter.
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In the dodder, as is shown in Fig. 16, the seedling parasite is
admirably adapted to the conditions under which it is to live.
Rooted at first in the ground, it develops a slender, leafless stem,
which, leaning this way and that, no sooner comes into perma-
nent contact with a congenial host than it produces sucking
roots at many points, gives up further growth in its soil roots,
and lengthens rapidly on the strength of the supplies of ready-
made sap which it obtains from the host.

30. Forms of roots. The primary root is that which proceeds
like a downward prolongation directly from the lower end of the

Fre. 17 Fre. 18 Fie. 19
A tap root Fibrous roots Fleshy and clustered roots

hypocotyl. In many cases the mature root system of the plant
contains one main root much larger than any of its branches.
This is called a tap root (Fig. 17).

Such a root, if much thickened, may assume some such form
_ as that of the carrot, parsnip, beet, turnip, or radish, and is called
a fleshy root. Some plants produce a cluster of roots from the
lower end of the hypocotyl. Such roots often become thickened,
as in the sweet potato and the dahlia (Fig. 19).

Roots of grasses, etc., are thread-like, and known as fibrous
roots (Fig. 18).
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31. General structure of roots. The general structure of the
very young root can be partially made out by examining the
entire root with a moderate magnifying power. Often the whole

is sufficiently translucent to allow the

Fic. 20. Lengthwise section (somewhat dia-
grammatic) through root tip of Indian corn.
x about 130

W, root cap; ¢, younger part of cap; 2, dead cells
separating from cap; 8, growing point; o, epi-
dermis; p’, intermediate layer between epidermis
and central cylinder ; p, central cylinder, in which
the fibro-vascular bundles arise. — After Wiesner

interior as well as the
exterior portion to be
studied while the root
is still alive and grow-
ing.

The main bulk of
the root is composed of
a central cylinder and
the cortical portion
which surrounds it
The outermost part of
the cortex is a layer of
cells forming a thin
skin known as the epi-
dermis. The tip of the
root is covered by a
massof loosely attached
gells forming the pro-
tective root cap.

On examining Figs.
20 and 21, the cylin-
ders of which the root
is made up are easily
distinguished, and the
main constituent parts
of each can be made -

out without much trouble. The epidermal cells are seen to be .
somewhat brick-shaped, many of them provided with extensions
into root hairs. Inside the epidermis lie several layers of rather
globular, thin-walled cells, and inside these a boundary layer
between the cortical or bark portion of the root and the central
cylinder. This latter region is especially marked by the presence
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of certain groups of cells, shown at w, d, and b (Fig. 21), the two
former serving as channels for air and water, the latter (and w
also) giving toughness to the root. '

Roots of shrubs and trees more than a year old will be found to
have increased in thickness by the process described in Chapter
viI, and a section may look unlike that shown in Fig. 21.

32. storage of re-
serve material in
roots. Many roots
contain large quanti-
ties of stored plant
food, usually in the
shape of starch, sugar,
proteids, or all three
together. Parsnips,
carrots, turnips, and
sweet potatoes are
familiar examples of
storage roots.

Beet roots contain
so much sugar that d
a large part of the Fic.21. Much magnified cross section of a young

sugar supp 1 y of dicotyledonous root

in. R, root haim with adhering bits of sand; e, epi-
Europ?’ and a_n n dermis; s, thin-walled, nearly globular cells of
creasing portion of  bark; b, hard bast; ¢, cambium; w, wood cells;

our own supply, is % duets

obtained from them. Oftentimes the bulk of a fleshy root is
exceedingly large as compared with that of the parts of the
plant above ground.

Not infrequently roots have a bitter or nauseous taste, as in
the case of the chicory, the dandelion, and the rhubarb; and a
good many, like the monkshood, the yellow jasmine, and the
pinkroot, are poisonous. Evidently the plant may be benefited
by the disgusting taste or poisonous nature of its roots, which
renders them uneatable.
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33. Use of the food stored in fleshy roots. The parsnip,
beet, carrot, and turnip are biennial plants; that is, they do
not produce seed until the second summer or fall after they are
planted.

The first season’s work consists mainly in producing the food
which is stored in the roots. To such storage is due their char-
acteristic fleshy appearance. If the root is planted in the fol-
lowing spring, it feeds the rapidly growing stem which proceeds
- from the bud at its summit, and an abun-
dant crop of flowers and seed soon follows;
while the root, if examined in late summer,
will be found to be withered, with its store
of reserve material quite exhausted.

The roots of the rhubarb (Fig. 22), the
sweet potato, and of a multitude of other
perennials, or plants which live for many
years, contain much stored plant food.
Many such plants die to the ground at the
beginning of winter, and in spring make a
rapid growth from the materials laid up in
_ the roots.

Fro. 22. Fleshy roots 34. Extent of the root sys.tem. The total
of garden rhubarb. length of the roots of ordinary plants is-
About one fifteenth much greater than is usually supposed.
natural size They are so closely packed in the earth that

only a few of the roots are seen at a time during the process of

transplanting, and when a plant is pulled or dug up.in the
ordinary way a large part of the whole mass of roots is broken
off and left behind. A few plants have been carefully studied
to ascertain the total weight and length of the roots. Those of
winter wheat have been found to extend to a depth of seven
feet. By weighing the whole root system of a plant, and then
weighing a known length of a root of average diameter, the
total length of the roots may be estimated. In this way the
roots of an oat plant have been calculated to measure about
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154 feet; that is, all the roots, if cut off and strung together
end to end, would reach that distance.

Single roots of large trees often extend horizontally to great
distances, but it is not often possible readily to trace the entire
depth to which they extend. One of the most notable examples
of an enormously developed root system is found in the mesquite
of the far Southwest and Mexico. When this
plant grows as a shrub, reaching the height,
even in old age, of only two or three feet, it is
because the water supply in the soil is very
scanty. In such cases the roots extend down
to a depth of sixty feet or more, until they
reach water, and the Mexican farmers in
digging wells follow these
roots as guides. Where water
is more abundant, the mesquite
forms a’ good-sized tree, with
much shorter roots.

35. The absorbing surface
of roots. The soil roots of
most seed plants are provided
with a highly efficient means
for absorbing water in the
shape of a coating of oot hairs,
-with which their younger por-
tions are thickly covered.

-

Fic. 23

Some idea of their abundance
may be gathered from the
estimate - that on the hair-
bearing portions of the roots
of the common pea about 1437

A, a very young root hair; B, an older
oune (both greatly magnified); e, cells
of the epidermis of the root; n, nu-
cleus; s, watery cell sap; p, proto-
plasm lining the cell wall. — After
Frank

hairs occur on every hundredth of a squase inch of surface.

A root hair is an extremely thin-walled tube, springing from
an epidermal cell, into which it opens. The way in which the
cells give rise to hairs is well shown in Figs. 21 and 23.
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Most water roots are destitute of root hairs, and absorb water
through the general epidermal surface of their younger portions.

Aérial roots, like those shown in Fig. 13, are in many cases
provided with an external absorbent layer of spongy tissue, by
means of which they retain some of the water which trickles
down them during rains. This stored moisture they gradually
give up to the plant.

36. Absorption of water by roots. Just how much water
some kinds of plants give off (and therefore absorb) per day
will be discussed when the uses of the leaf are studied. For
the present it is sufficient to state that even an annual plant
during its lifetime absorbs through the roots very many times
its own weight of water. Grasses have been known to take
in their weight of water in every twenty-four hours of warm,
dry weather. This absorption in most soil roots takes place
mainly through the root hairs. Their walls are extremely thin,
and have no holes or pores visible under even the highest
power of the microscope, yet the water of the soil penetrates
very rapidly to the interior of the root hairs. The soil water
brings with it all the substances which it can dissolve from the
earth about the plant; and the closeness with which the root
hairs cling to the particles of soil, as shown in Figs. 9 and 21,
must cause the water which is absorbed to contain more foreign
matter than underground water in general does, particularly
since the roots give off enough weak acid from their surface to
corrode the surface of stones which they enfold or cover.

37. Substances required by the plant for nutrition. Ordinary
seed plants require for their nutrition ten of the chemical ele-
ments. By far the greater part of the weight of the plant body
is usually due to compounds of carbon, hydrogen, oxygen, and
nitrogen. Besides these there are present the six elements, —
sulphur, phosphorus, potassium, calcitum, magnesium, and iron.
In ordinary green meadow grass there is about 80 per cent of
water and 20 per cent of dry matter. On drying the grass into
hay and then burning thelatter, some 2 per cent of ash will remain,
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and in this will be found the six elements — sulphur, phos-
phorus, potassium, calcium, magnesium, and iron — in the form
of incombustible salts (sulphates, phosphates, and so on).

The plant gets its carbon and oxygen from the air, as will
be explained in Chapter X11. Deprived of air, all green plants
soon die. Thehydrogenis obtained
from water.

The importance of the six ash-
forming constituents mentioned
above is most readily studied by
means of water cultures in which
plants are grown with suitable
proportions of dissolved salts. If
any one of the six elements is
omitted from a solution, the
plants grown in it are dwarfish
and unhealthy.

Ordinary soil water containsg  \
sufficient salts in solution for the _:%
nutrition of plants, but not always
enough to stimulate rapid growth.

38. Sap pressure. Not only S
does much water gain admission Fie. 24. Apparatus to measure
to the plant through the roots, sap pressure
but under ordinary circumstances ?"t}l';r%z;‘;;e :;’i;eie; So the stump :f
it is found forcing its way on, =, rubber stoppers; ¢, bent tube
into, and through the stem (for ~{onienENETOUY: ¥l ser and
explanation see Secs.48—51). The Sachs
force called sap pressure with which the upward-flowing current
of water presses may be estimated by attaching a mercury gauge
to the root of a tree or the stem of a small sapling. This is best
done in early spring after the thawing of the ground, but before
the leaves have appeared. The experiment may also be per-
formed indoors upon almost any plant with a moderately firm
stem, through which the water from the soil rises freely.
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A dahlia plant or a tomato plant answers well, though the
sap pressure from one of these will not be nearly as great as that
from a larger shrub or a tree growing out of doors. In Fig. 24
the apparatus is shown attached to the stem of a dahlia. The
difference of level of the mercury in the bent tube serves to
measure the pressure. For every foot of difference in level there
must be a pressure of nearly six pounds per square inch on the
stump at the base of the tube 7!

A Dblack birch root tested at the end of April has given a
sap pressure of thirty-seven pounds to the square inch. This
would sustain a column of water about eighty-six feet high.

39. Root absorption and temperature of the soil. The tem-
perature of roots and the earth about them has much to do
with the rate at which they absorb water. Some plants can
absorb it at temperatures as low as 25° F. (—4°C.), while
others cannot do so at any temperature below 39° F. (4°C.).
This fact of the power to get water from the soil ceasing at tem-
peratures in the neighborhood of the freezing point has most
important consequences, since it implies that a plant may die
for lack of water with its roots immersed in cold, wet soil.
" Hence the parched appearance often noticed in leaves killed
by frost. S

40. Movements of young roots. The fact that roots usually
grow downward is so familiar that we do not generally think of
it as a thing that needs discussion or explanation. Since they
are pretty flexible, it may seem as though young and slender
roots merely hung down by their own weight, like so many bits
of wet cotton twine. But the root of a young Windsor bean
seedling or of a sprouting pea will force itself down into mer-
cury. By comparing the weights of equal bulks of mercury and
Windsor bean roots, it is found that the mercury is about four-
teen times as heavy as the substance of the roots. Evidently,
then, the submerged part of the root must have been held under
by a force about fourteen times its own weight.

1 For a more accurate method see Handbook.
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A more accurate measurement of the force exerted by the
root may be made by confining it so it cannot bend, and letting
it push down on a spring. In this way it is found that the root
of the Windsor bean can push with a pressure of about ten
ounces. A _ :

Making fine equidistant cross marks with ink along the upper
and the lower surface of a root that is about to bend downward
at the tip readily shows that those of the upper series soon
come to be farther apart,—in other words, that the root 7s
Jorced to bend downward by the more rapid growth of its upper
as compared with its under surface.

41. Geotropism. The property which plants or their organs
manifest, of assuming a definite direction with reference to grav-
ity,! is called geotropism. When, as in the case of the primary
root, the effect of gravity is to make the part, if unobstructed,
turn or move downward, we say that the geotropism is positive.
If the tendency is to produce upward movement, we say that -
the geotropism is negative; if horizontal movement, that it is
lateral. It was stated in the preceding section that the direct
cause of the downward extension of roots is unequal growth.
We might easily suppose that this unequal growth is not due
to gravity, but to some other cause. To test this supposition,
the simplest plan, if it could be carried out, would be to remove
the plants studied to some distant region where gravity does not
exist. This of course cannot be done, but we can easily turn a
young seedling over and over so that gravity will act on it now
in one direction, now in another, and so leave no more impres-
sion than if it did not act at all. Or we can whirl a plant so
fast that not only is gravity done away with, but another force
is introduced in its place. If a vertical wheel, like a carriage
wheel, were provided with a few loosely fitting iron rings strung
on the spokes, when the wheel was revolved rapidly the rings
would all fly out to the rim of the wheel. So in Fig. 25 it will

1 Gravity means the pull which the earth exerts upon all objects on or
near its surface,
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be noticed that the growing tips of the roots of the sprouting
peas point almost directly outward from the center of the disk

- on which the seedlings are fastened.
In this case the so-called «centrif-
ugal force” due to the rotation of
the wheel is sufficient wholly to
overcome geotropism.

42. Direction taken by secondary
roots. As the student has already
noticed in the seedlings which he
has studied, the branches of the
primary root usually make a con-
Fio. i:- i(?]pm;ltiil;lginpeda;k on 8 siderable angle with it (Fig. 2).
Theyouige:; pmionsgof tho roots Often they run out for long dis-

all point directly away from the tances almost horizontally. This is

axis about which they were re- egpecially common in thé roots of

volved. — After Detmer . .

forest trees, above all in cone-bearing
trees, such as pines and hemlocks (Fig. 26). This horizontal,
or nearly horizontal, position of large secondary roots is the

. Rl
Fic. 26. Roots of a white pine

most advantageous arrangement to make them useful in stay-
ing or guying the stem above to prevent it from being blown
over by the wind. '
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43. Fitness of the root for its position and work. The dis-
tribution of material in the woody roots of trees and shrubs and
their behavior in the soil show many adaptations to the condi-
tions by which the roots are surrounded. The growing tip of
the root, as it pushes its way through the soil, is exposed to
bruises ; but these are largely warded off by the root cap. The
tip also shows a remarkable sensitiveness to contact with hard
objects, so that when touched by one it swerves aside and thus
finds its way downward by the easiest path. Roots with an
unequal water supply on either side grow toward the moister
soil; when unequally heated they grow in the direction of the
most desirable temperature, and they usually grow away from
the light. Roots are very tough, because they need to resist
strong pulls, but not as stiff as stems and branches of the same
size, because they do not need to withstand sidewise pressure,
acting from one side only. The corky layer which covers the
outsides of roots is remarkable for its power of preventing evapo-
ration. It must be of use in retaining in the root the moisture
which otherwise must be lost on its way from the deeper root-
lets (which are buried in damp soil), through the upper portions
of the root system, about which the soil is often very dry.



CHAPTER V

SOME PROPERTIES OF CELLS AND THEIR FUNCTIONS IN
THE ROOT

44. Definition of cell. This is not the best place to consider
the nature of cells in much detail (see Chapter xvii1); but some
of the facts learned in Chapter 1v cannot be understood with-
out a few words of explanation of cell structure and functions.

Protoplasm is the nitrogenous living substance of which
the most rapidly growing parts of plants are mainly composed.
The activities of the plant are due to the peculiar qualities and
powers of protoplasm. A cell is a unit of protoplasm, called
a protoplast. The protoplast of plants is usually inclosed in a
case or covering whose walls (cell walls) are composed of a sub-
stance known as cellulose. Each protoplast usually contains a
single denser protoplasmic structure, called the nucleus.

In form and size cells vary greatly. Those of the root hair
(Fig. 23) are good examples of the slender, thread-like form ;
those of Fig. 27 well illustrate forms commonly assumed when
cells are pressed upon by others on all sides, as they usually
are in the interior portions of the organs of higher plants.

45. Growth and reproduction. The most remarkable property
of cells is their power of growth and reproduction. Growth
results not only from an increase in the size of cells but also
in their number as a result of cell division. This is the separa-
tion of a protoplast, generally into two independent protoplasts
or daughter cells, and is the fundamental cause of all growth
and development. The full-grown seed plant, composed of
millions of cells, arises from the embryo (with perhaps only a
few thousand), which had its beginning in a single cell. Cell
division is preceded by division of the nucleus (Fig. 170).

34
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Reproduction, or the formation of new organisms similar to
the parents, is possible only for protoplasm, not for any other

known substance.

46. Irritabil-
ity. Another
characteristic of
protoplasm is its
wrritability. By
this is meant its
power of re-
sponding in
seme way to an
application of
energy which
serves as a stim-
wlus. A famous
plant physiolo-
gist! has illus-
trated the matter
very simply
thus: A wound-
up alarm clock,
which is not
going, is given a
shake (stimulus),
which starts the
clock, and after
an interval of
time (latent

Fic. 27. Protoplasts in ovule and fruit of snowberry
(Symphoricarpus racemosus)

A, cells from ovule (x 340); B, cells from an ovule further
developed (x 340); C, D, cells from pulp of fruit (x 110);
n, nucleus ; p, protoplasm; s, cell sap. — After Prantl

In the young and rapidly growing cells 4 and B the cell
sap is not present, or present only in small quantities,
while in the older cells C and D it occupies a large por-
tion of the interior of the cell

period) rings the alarm (result). The sensitiveness of the clock
to any jar which sets it going corresponds to the irritability of
living protoplasm. This extremely delicate responsiveness may
be manifested in a simple cell or in an organ or entire plant
composed of multitudes of cells.

1 Professor W. Pfeffer, of Leipzig, Germany.
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Some of the most important stimuli which call out manifes-
‘tations of irritability in protoplasm are heat, light, electricity,
gravity, pressure of external objects, and contact with substances
which act chemically on the protoplasm. Many instances of
irritability will come up in later chapters. A notable example
of response to e stimulus is the beginning of germination in
seeds subjected to a sultable degree of heat in presence of
moisture.

The ways in which the responses to stimulation may show
themselves are very numerous, and the same individual or organ
may be favorably affected by a certain amount of a given stimu-
lus and unfavorably by a greater amount of the same stimulus.
Every one has had the experience of drawing near to a moder-
ately heated stove in cold weather and then retreating from it
when the fire grew too hot. So, too, certain microscopic uni-
cellular plants, living in water, move toward the light until it
reaches-a certain intensity, but when that intensity is passed,
they move in the opposite direction, toward the dark.

47, Selective absorption. Another extremely important power

“of live protoplasm is that of selective absorption. By this is
meant the ability to take up from liquids or gases certain sub-
stances and leave unabsorbed other elements or compounds
which are also present.

Thus plants of two different species, both growing in the
same soil, usually take from it very various amounts or kinds
of mineral matter. For instance, barley plants in flower and
red clover plants in flower contain about the same proportion
of mineral matter (left as ashes after burning). But the clover
contains 5% times as much lime as the barley, and the latter
contains about 18 times as much silica as the clover. This dif-
ference must be due to the selective action of the protoplasm

. in the absorbing cells of the roots.

- 48. Osmosis. The process by which two liquids of different
densities separated by membranes pass through the latter and
mingle, as soil water does with the liquid contents of root hairs,
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is called osmosis. It is readily demonstrated by experiments
with thin animal or vegetable membranes. For instance, when
prunes, raisins, or other dried fruit, are put in water to soak,
water penetrates the outer skin and swells the seed or fruit,
while some of the material from within comes out through the
skin and flavors or discolors the water. If whole cranberries,
cherries, or plums are put in-
to boiling sirup, a similar ex-
change takes place, but in this
case the fruit is shriveled.

A still better experiment is
that with an egg from which
a bit of the shell has been
chipped away at the bottom,
arranged as shown in Fig. 28.
The entrance of water is shown
by the rise of some of the con-
tents of the egg in the tube.

49. Inequality of osmotic
exchange. The nature of the
two liquids separated by any
given membrane determines

; Fic. 28. Egg on beaker of water,
in which direction the greater to show osmosis

flow shall take place unless The tube is cemented to the eggshell, into

which it opens. At the bottom a large
what would natw ral]y be the piece of the shell has been chipped

direction of flow is overruled away, leaving the thin skin which lines
by the selective action of liv- the egg in contact with the water in the

. beaker
ing protoplasm.

If one of the liquids is pure water and the other is water
containing solid substances dissolved in it, the greater flow of
liquid will be away from the pure water into the solution, and
the stronger or denser the latter, the more unequal will be the
flow. This principle is well illustrated by the egg-osmosis
experiment. Another important principle is that substances
which readily crystallize and are easily soluble, like salt or
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sugar, pass rapidly through membranes, while jelly-like sub-
stances, like white of egg, can hardly pass through them
at all.

50. Study of osmotic action of living protoplasm ; plasmol-
ysis. The obvious parts of most living and growing plant cells
are a cell wall, which is a skin or inclosure made of cellulose, and
the living, active cell contents, or protoplasm (Sec.44). Every
one is familiar with cellulose in various forms, one of the best
examples being that afforded by clean cotton. It is a tough,
white, or colorless substance, and chemically rather inactive.
Often, in living cells,
the spaces between
strands and protoplas-
mic lining are filled
with a watery liquid
called the cell sap.

The action of living
protoplasm in control-
ling osmosis is well
shown by the process
known as plasmolysts.

If thin-walled cells
with liquid or semi-

Fi1c. 29. Cells from root of Indian corn

A, in natural condition; B, plasmolyzed in 5 per li id tool
cent solution of potassium nitrate; w, cell wall; 1qui protoplasm,

p, denser part of protoplasm; s, cell sap. Much guch as those of one
magnified. — After Pfeffer
of the pond scums, are
put into a salt solution, the cell contents will shrink away from
the cell wall (Fig. 168, B) because the direction of flow, toward
the denser liquid, draws water out of the cell. Repeating the
experiment with a cell which has been killed by a few minutes’
immersion in a poisonous solution (e.g. of chromlc acid) shows
no plasmolysis.
So, too, slices of a red beet impart little color to water in which
they are placed, but after the cells are killed by boiling the color
comes out freely.
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51. Osmosis in root hairs. The soil water, practically identi-
cal with ordinary spring or well water, is separated from the
more or less sugary or mucilaginous sap inside of the root hairs
only by their delicate cell walls, lined with a thin layer of pro-
toplasm. This soil water will pass rapidly into the plant, while
very little of the sap will come out. The selective action,
which causes the flow of liquid through the root hairs to be
almost wirolly inward, is due to the living layer of protoplasm,
which covers the inner surface of the cell wall of the root hair.
Traveling by osmotic action from cell to cell, a current of water
derived from the root hairs is forced up through the roots and
into the stem, somewhat as the contents of the egg was forced
up into the tube shown in Fig. 28.

But there is this important difference in the two cases, that
while the process in the tube was all due to the impulse received
at the start from the egg membrane, in the plant stem the origi-
nal pressure due to osmosis in the root hairs may be affected by
osmosis in countless thousands of cells higher up.

52. Behavior of roots due to irritability. In Chapter 1v a
little was said about the geotropism of roots, their tendency to
put themselves into the most favorable conditions as regards
moisture, heat, and light, and their manner of avoiding obstacles.
All these actions are manifestations of irritability.

The subject of geotropism of roots is a very complicated one,
but it seems pretty certain that gravity somehow acts as a stim-
ulus on the sensitive cells of the root tip, this stimulus is trans-
mitted to the cells of the most rapidly growing portion of the
root (a little farther back), unequal growth of the upper and
under cells of this portion follows, and so the root is bent, if its
position 1s not vertical in the beginning.

Moisture and heat (in the case of Indian corn up to 99.5° F.
or 37.5° C.) are favorable to the growth of roots, and so as stimuli
produce growth toward the source of moisture or heat, while
light is usually slightly unfavorable and therefore generally
results in growth of the root toward darkness.



CHAPTER VI

STEMS

53. Nature of the stem. The work of taking in the raw
materials which the plant makes into its own food is done
mainly by the roots and the leaves. These raw materials are

..-bsc

’

Fic. 30. A quickly
grown twig of
cherry, with
lateral and termi-
nal buds in Oc-
tober

b sc, bud-scale scars.
All above these
scars is the growth
of the spring and
summer of the
same year

taken from earth, from water, and from the
air (see Chapter x11). The stem is that part or
organ of the plant which serves to bring roots
and leaves into communication with each
other. In most seed plants the stem also
serves the important purpose of lifting the
leaves up into the sunlight, where they can
best do their special work.

The student has already, in Chapter 111,
learned something of the development of the
stem and the seedling; he has now to study
the external and internal structure of the
mature stem. Much in regard to this struc-
ture can be learned most easily from the
examination of twigs and branches of our
common forest trees in their winter condition.

54. Position of leaf buds. The winter buds
of most of our trees and shrubs are formed at
points on the twig just above the origins of
the leafstalks, as shown in Fig. 79. After the
fall of the leaves the buds by their positions
indicate where the leaves were formerly at-
tached. They may be arranged in pairs, a bud
on one side of the stem and its mate exactly
opposite, or they may form a spiral around

) 40
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the stem, as shown in Fig. 30. Since every leaf bud — that is,
every bud which contains rudimentary leaves — will, if success-

ful, grow into a branch, the position of
the buds is most important in deter-
mining the shape of the tree.

55. Opposite branching. Trees with
opposite leaves and buds show a tend-
ency to form twigs in four rows about
at right angles to each other along the
sides of the branch, as shown in Fig. 31.

This arrangement will not usually
be perfectly carried out, as most of the

\,
~,

{,/ 7 f g /0
"v.‘
sl
’ 'g [
Fic. 32. Alternate
branching in a very
young apple tree

buds never grow,
since they are
shaded and starved,
or some may grow
much faster than
others and so make Fic. 31. Opposite branch-
the plan of branch-  ing in a very young sap-
ing less evident lingof ash

than it would be if all grew alike.

56. Alternate branching. In trees like
the beech the twigs will be found to be
arranged in a more or less regular spiral
line about the branch. This, which is known
as the alternate arrangement (Fig. 32), is
more commonly met with in trees and shrubs
than the opposite arrangement. It admits of
many varieties, since the spiral may wind
more or less rapidly round the stem. In the
apple, pear, cherry, poplar, oak, and walnut,
one passes over five spaces before coming to
a leaf which is over the first, and in doing

this it is necessary to make two complete turns around the

stem (Fig. 100).
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57. Growth of the terminal bud. In some trees the termi-
nal bud from the outset keeps
the lead and produces a slen-
der, upright tree (Fig. 33), as
in the pines, spruces, and firs.

In such trees as the apple
and many oaks the terminal
bud has no preéminence over
others, and the form of the
tree is round-topped and
spreading (Fig. 34). Most
forest trees are intermediate
between these extremes.

Branches owe their char-
acteristics to several factors.
Most of our trees and larger
shrubs make a definiteannual
growth,with the buds ripened
before the coming of winter
(Fig. 79). In these the ter-
minal bud is likely to grow
and continue the branch.
Such shrubs and trees as the
raspberry and blackberry, the
sumach and the ailanthus,
make an ndefinite annual
growth, that is, the tips of the
branches are usually killed
by frost, and so the tree forks
often. Terminal flower buds
(Figs. 36, 37) also cause fork-
ing and allow the tree to form

Fie. 33. California giant redwoods no ]ong, straight, branches.
(Sequoia), illustrating upright growth If the terminal buds of
After J. H. White branches keep the lead of the
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Fi16. 34. An American elin, illustrating spreading growth

lateral ones, but the latter are numerous and most of those
which survive grow into slender twigs, the delicate spray of
the elm and many birches is produced (Fig. 38).

The general effect of the branching depends much upon the
angle which each branch or twig forms with that one from which
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it springs. The angle may be quite acute, as in the birch
(Fig. 38); or more nearly a right angle, as in the ash (Fig. 31).
The inclination of lateral branches is due to geotropism, just
as is that of the branches of primary roots. The vertically
‘upward direction of the shoot which grows from the terminal
bud is also due to geotropism, which, however, in the shoot, is
exactly opposite to that in the root.

This is really only a brief way of saying that the growing tip
of the main stem of the tree, or of any branch, is made to take
and keep its proper direc-
tion, whether vertically
upward or at whatever
angle is desirable for the
tree, by the steering action

of gravity. After growth E )

has ceased this steering \\ /' R\

action can no longer be W 4
e <000 M 2

exerted, and so a tree ‘ \
that has been bent over = J. ( \
—as, for instance, by a )’;/30,
heavy load of snow — -
. . N\
cannot right itself unless  Fic. 35. Leaf-bearing
it is elastic enough to thorn of honey locust
spring back when the load is removed. The tip of
the trunk and of each branch can grow and thus
become vertical, but the old wood cannot do so.
58. Thorns as branches. In many trees some
branches show a tendency to remain dwarfish
and incompletely developed. Such imperfect =
branches may form thorns, as in the familiar wild
crab-apple trees and in the pear trees which occur in old pas-
tures in the northeastern states. In the honey locust very for-
midable branching thorns spring from adventitious or dormant
buds on the trunk or limbs. They sometimes show their true
nature as branches by bearing leaves (Fig. 35).
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59. Trees, shrubs, and herbs. Plants of the largest size, with
a main trunk of a woody structure, are called ¢rees. Shrubs
differ from trees in their smaller size, and generally in having
several stems which proceed from the ground or near it, or in
having much-forked stems. The witch-hazel, the dogwoods, and

Fic. 36. Tip of a branch of magnolia, illustrating forking due to
terminal flower buds

4, oldest flower-bud scar; B, C, D, scars of successive seasons after 4; L, leaf
buds; F, flower buds

the alders, for instance, are most of them classed as shrubs for
this reason, though in height some of them equal the smaller
trees. Some of the smallest shrubby plants, like the dwarf blue-
berry, the wintergreen, and the trailing arbutus, are only a few
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inches in height, but are ranked as shrubs because their woody
stems do not die to the ground in winter.

Herbs are plants whose stems above ground die every winter.

60. Annual, biennial,
and perennial plants.
Annual plants are those
which live but one year,
biennials those which
livetwo yearsor nearly so.

Some winter annuals
do not flower until
their second summer.
This is true of the even-
ing primrose and the
fringed gentian, and of winter wheat and rye }
among cultivated plants.

Perennial plants live for a series of years. Many kinds of
trees last for centuries. The California giant redwoods, or
Sequoias (Fig. 33), which reach a height of over 300 feet under

Fic. 87. A portion of a
branch of Fig. 36

Natural size
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