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PREFACE TO THE FOURTH EDITION.

WHEN the revision of the present edition was begun it
became obvious that some fundamental change would
be necessary in the treatment. Since the first edition
was published in June, 1912, the subject has grown
enormously : it has now completely run away from the
166 pages that proved a sufficient allowance in those
days. Several courses were open ; the one chosen was
to retain the general characteristics of the older editions,
dealing broadly with the whole subject, emphasising the
outlines and endeavouring to maintain a dispassionate
balance between the various parts. Detailed treatment
has been avoided, partly because it is now hopeless for
any one individual to attempt it, and partly because I
did not wish to overload the book and make it into a
huge “ Handbuch ” where the outlines are all obscured
and the perspective lost.

At the same time, however, the student must have
access to the more detailed treatment, and it would have
helped him little had I simply published a card index
and left him to find out the rest for himself.

The problem was solved by enlisting the sympathy
of the Heads of the Departments at Rothamsted, who
each undertook to write a monograph dealing with his
or her special branch, and which Messrs. Longmans will
publish uniformly with this volume. Each one has

discussed with me the corresponding sections of this
v
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vi SOIL CONDITIONS AND PLANT GROWTH

book, with the results that the book is much improved,
and a definite continuity is assured between this general
monograph and the detailed monographs to which it
will serve as a link. The whole series is to be called
“The Rothamsted Monographs on Agricultural Science’’.

It is hoped that this new arrangement will prove
satisfactory to students. It has the advantage that the
book still covers the whole ground, while remaining of
a manageable size, and that it is closely linked up with
a series of similar books, each dealing with separate
sections, in which more complete treatment and more
fully informed criticism are given than I could myself
undertake.

On the other hand, the necessity for freedom of
treatment, and the difficulty of placing such subjects as
.Soil Physics or Soil Protozoa under the heading of
Biochemistry, compelled the withdrawal of the book
from the important *“ Biochemical Series,” of which it has
hitherto been a member. And, although Drs. Plimmer
and Hopkins willingly consented, this course was not
taken without serious consideration and regret: it in-
volves the separation of the book from a very useful
series of volumes.

.Perhaps the most striking feature of the past ten
years’ developments has been the increasing recognition
of the complexity of soil phenomena. The American
investigations have shown how complex are the physico-
chemical relations of the soil, the soil solution and the
plant. English work has shown that the soil population
is numerous and very varied. It is not sufficiently
recognised, however, that this complexity necessitates a
difference in method of investigation from that usually
adopted in scientific laboratories, and this I have tried
to bring out in the course of the book. A chemist
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dealing with a single substance can treat it in a certain
way, and be reasonably certain that the result obtained
is the direct consequence of the treatment. The soil
investigator has no such certainty : definite treatment
of a soil may be followed by a definite result, but there
may be no direct relationship with the factor under in-
vestigation—the result may be merely a reflex of some
far-reaching change produced in some other factor which
is entirely overlooked. Further, if observations are
attempted in the field it is impossible to ensure such
simple variation as the recorded data seem to suggest.
It follows that the ordinary laboratory method in which
factors are varied only one at the time requires con-
siderable modification when used for soil work.

The methods in use at Rothamsted fall into two
groups :—

1. Observations are made in natural conditions as ac-
curately as is feasible, and repeated sufficiently frequently
to allow of treatment by modern statistical methods.
These enable the investigator to study the variations,
and hence to make deductions as to the numbers and
properties of the factors involved. The factors can then
be studied in the laboratory as single factors, using more
precise methods and more rigid controls than are possible
in the field.

2. Experiments are made on the soil, and from the
results deductions are drawn as to’ the probable nature
of some new factor. Direct experiment is then made
to test the operation of the factor in the field, and precise
laboratory experiments are also undertaken.

Further, just as the ordinary methods of investigation
are insufficient, so also the customary divisions of science
cannot be rigidly maintained in soil work. The chemist
is constantly confronted with physical and biological
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problems: the biologist constantly needs the help of
the statistician, the physiologist and chemist: most of
the work is essentially *“team work,” requiring close
co-operation between experts in different branches ot
science.

The recognition of these considerations, and the fact
that the Ministry of Agriculture has now, through the
Development Fund, enabled Rothamsted to interest
some of the more promising of the younger scientific
workers in agricultural problems, justifies the hope that
the future will see even greater advances than the
past.

In preparing this edition thanks are due to my
colleagues at Rothamsted who have read sections or
chapters of the book and made useful comments, es-
pecially to Miss Aslin, Dr. B. Muriel Bristol, Miss
Jewson, Messrs. W. B. Brierley, D. W. Cutler, E. M.
Crowther, B. A. Keen, and H. ]. Page; to Professor
V. H. Blackman, Mr. G. W. Robinson, of University
College, Bangor, and Dr. E. ]J. Salisbury; to M.
Georges Matisse, of Paris, who is translating this
edition into French; and in America to Dr. H. L.
Walster for a valuable critical review and list of refer-
ences, and others for useful suggestions. The book has
been helped by so many that I hope it will still find
friends in spite of its larger size.



PREFACE TO THE THIRD EDITION.

ConsIDERABLE alterations have been made in the text
and a new chapter has been added discussing the col-
loidal properties of the soil. It is abundantly clear that
the soil investigator of the future will have to be
thoroughly familiar with the ways of colloids, and I fully
expect that much of the older work will require careful
re-examination in the light of what has been done in
this direction by chemists and physicists.

Although the volume has necessarily expanded I
have tried to keep it as a monograph: 1 have not
attempted to turn it into an extended card index by re-
ferring to every paper published on the subject since the
first edition came out. Many papers have been omitted ;
the guiding principle has been to include only those that
brought in some new idea or profoundly modified an old
one. Some of the papers omitted from the last edition
have been included in this because they now fall into
their place, while before they did not. Doubtless this
will happen again.

Continued progress is being made. Since the book
was first begun two Journals have sprung up devoted
entirely to soil : Soi/ Science, under the editorship of
the indefatigable J. G. Lipman, and the Znternational
Mittetlungen fiir Bodenkunde. Another Journal, the
Journal of Ecology, has also arisen and is vigorously
developing another aspect of the same subject, while the
older agricultural journals are finding more and more of
their space taken up by soil papers. The subject now
only lacks a name, and though many have been pro-
posed—pedology, agrogeology, edaphology, etc.—I have
not felt drawn to any of them.












CHAPTER L
HISTORICAL AND INTRODUCTORY.

IN all ages the growth of plants has interested thoughtful men,
The mystery of the change of an apparently lifeless seed to a
vigorous growing plant never loses its freshness, and consti-
tutes, indeed, no small part of the charm of gardening. The
economic problems are of vital importance, and become more
and more urgent as time goes on and populations increase and
their needs become more complex.

There was an extensive literature on agriculture in Roman
times which maintained a pre-eminent position until compara-
tively recently. In this we find collected many of the facts
which it has subsequently been the business of agricultural
chemists to classify and explain. The Roman literature was
collected and condensed into one volume about the year 1240
by a senator of Bologna, Petrus Crescentius, whose book! was
one of the most popular treatises on agriculture of any time,
being frequently copied, and in the early days of printing,
passing through many editions—some of them very handsome,
and ultimately giving rise to the large standard European
treatises of the sixteenth and seventeenth centuries. Many
other agricultural books appeared in the fifteenth and early
sixteenth centuries, notably in Italy, and later in France. In
some of these are found certain ingenious speculations that
have been justified by later work. Such, for instance, is
Palissy’s remarkable statement in _1563 (222)%: “ You will
admit that when you bring dung into the field it is to return
to the soil something that has been taken away. . . . When a.

Y De agricultura vulgare, Augsburg, 1471, and many subsequent editions.

2 The numbers in brackets refer to the Bibliography at the end of the book.
I
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plant is burned it is reduced to a salty ash called alcaly by
apothecaries and philosophers. . . . Every sort of plant with-
out exception contains some kind of salt. Have you not seen
certain labourers when sowing a field with wheat for the second
year in succession, burn the unused wheat straw which had
been taken from the field? In the ashes will be found the
salt that the straw took out of the soil ; if this is put back the
soil is improved. - Being burnt on the ground it serves as
manure because it returns to the soil those substances that had
been taken away.” But for every speculation that has been
confirmed will be found many that have not, and the begin-
nings of agricultural chemistry must be sought later, when men
had learnt the necessity for carrying on experiments.

The Search for the “ Principle” of Vegetation, 1630-1750.

)

The earlier investigators sought for a ‘ principle” of
vegetation to account for the phenomena of soil fertility and
plant growth. The great Lord Bacon (8) believed that water
formed the “ principal nourishment ” of plants, the purpose of
the soil being to keep them upright and protect them from
excessive cold or heat, but he also considered that each plant
drew a “particular juyce” from the soil for its sustenance,
thereby impoverishing the soil for that particular plant and
similar ones, but not necessarily for other plants. Van Hel-
mont regarded water as the sole nutrient for plants, and his son
thus records his famous Brussels experiment (131): “ I took
an earthen vessel in which I put 200 pounds of soil dried in an
oven, then I moistened with rain water and pressed hard into
it a shoot of willow weighing 5 pounds. After exactly five
years the tree that had grown up weighed 169 pounds and
about three ounces. But the vessel had never received anything
but rain water or distilled water to moisten the soil when this
was necessary, and it remained full of soil, which was still
tightly packed, and, lest any dust from outside should get into
the soil, it was covered with a sh:et of iron coated with tin
but perforated with many holes. I did not take the weight of
the leaves that fell in the autumn. In the end I dried the soil
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once more and got the same 200 pounds that I started with,
less about two ounces. Therefore the 164 pounds of wood,
bark, and root, arose from the water alone.”

The experiment is simple and convincing, and satisfied
Boyle (50), who repeated it with “squash, a kind of Indian
pompion ” and obtained similar results. Boyle further dis-
tilled the plants and concluded, quite justifiably from his prem-
ises, that the products obtained, “ salt, spirit, earth, and even
oil (though that be thought of all bodies the most opposite to
water), may be produced out of water”. Nevertheless, the
conclusion is incorrect, because two factors had escaped Van
Helmont’s notice—the parts played by the air ‘and by the
missing two ounces of soil. But the history of this experiment
is thoroughly typical of experiments in agricultural chemistry
generally : in no other subject is it so easy to overlook a vital
factor and draw from good experiments a conclusion. that
appears to be absolutely sound, but is in reality entirely
wrong. :

Some years later—about 1650—Glauber (107) set up the
hypothesis that saltpetre is the “principle” of vegetation.
Having obtained saltpetre from the earth cleared out from-
cattle sheds, he argued that it must have come from the urine
or droppings of the animals, and must, therefore, be contained
in the animal’s food, 7ze. in plants. He also found that addi-
tions of saltpetre to the soil produced enormous increases in
crop. He connected these two observations and supposed
that saltpetre is the essential principle of vegetation. The
fertility of the soil and the value of manures (he mentions dung,
feathers, hair, horn, bones, cloth cuttings) are entirely due to
saltpetre.

This view was supported by Mayow’s experiments (195).
He estimated the-amounts of nitre in the soil at different times
of the year, and showed that it occurs in greatest quantity in
spring when plants are just beginning to grow, but is not to
be found ““in soil on which plants grow abundantly, the reason
being that all the nitre of the soil is sucked out by the plants”.
Kiilbel (quoted in 293), on the other hand, regarded a magma

I*



4 SOIL CONDITIONS AND PLANT GROWTH

unguinosum obtainable from humus as the ¢ principle ” sought
for.

The most accurate work in this period was published by
John Woodward, in a remarkable paper in 1699 (321). Set-
ting out from the experiments of Van Helmont and of Boyle,
but apparently knowing nothing of the work of Glauber and
of Mayow, he grew spearmint in water obtained from various
sources with the following results among others :—

Weight of Plants. - 3 Ié\;:pense of PIroportion Ff
ained in ater (i.e. ncrease o
Soutceotaivater, 77 days. | Transpira- [Plant to Expense
When put |  When tion). of Water.
in, taken out.
. Grains. Grains, Grains. Grains.
Rain water . 5 28% 45% 173 3004 I to 17133
River Thames - 28 54 26 2493 Ito 9523
Hyde Park conduit 110 249 139 13140 It0 94v%%
+
" " il
14 ozs. garden mould 92 376 284 14950 1to 523§2

Now all these plants had abundance of water, therefore all
should have made equal growth had nothing more been needed,
The amount of growth, however, increased with the impurity
of the water.  Vegetables,” he concludes, “are not formed
of water, but of a certain peculiar terrestrial matter. It has
been shown that there is a considerable quantity of this matter
contained in rain, spring, and river water, that the greatest
part of the fluid mass that ascends up into plants, does not
settle there but passes through their pores and exhales up into
the atmosphere: that a great part of the terrestrial matter,
mixed with the water, passes up into the plant along with it
and that the plant is more or less augmented in proportion as
the water contains a greater or less quantity of that matter
from all of which we may reasonably infer, that earth, and not
water, is the matter that constitutes vegetables.”

He discusses the use of manures and the fertility of the
soil from this point of view, attributing the well-known falling
off in crop yield when plants are grown for successive years on
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unmanured land to the circumstance that “the vegetable
matter that it at first abounded in being extracted from it by
those successive crops, is most of it borne off. . . . The land
may be brought to produce another series of the same vege-
tables, but not until it is supplied with a new fund of matter,
of like sort with that it at first contained ; which supply is
made several ways, either by the ground’s being fallow some
time, until the rain has poured down a fresh stock upon it ; or
by the tiller’s care in manuring it.” The best manures, he
continues, are parts either of vegetables or of animals, which
ultimately are derived from vegetables.

In his celebrated textbook of chemistry Boerhaave (41)
taught that plants absorb the juices of the earth and then work
them up into food. The raw material, the ¢ prime radical
juice of vegetables, is a compound from all the three kingdoms,
viz. fossil bodies and putrified parts of awimals and vege-
tables”. This “ we look upon as the ckyle of the plant ; being
chiefly found in the first order of vessels, vzz., in the rootsand
the body of the plant, which answers to the stomach and intes-
tines of an animal ”.

For many years no such outstanding work as that of
Glauber and Woodward was published, if we except Hales’
Vegetable Staticks (119), the interest of which is physiological
rather than agricultural! Advances were, however, being
made in agricultural practice. One of the most important
was the introduction of the drill and the horse hoe by Jethro
Tull (286), an Oxford man of a strongly practical turn of
mind, who insisted on the vital importance of getting the soil
into a fine crumbly state for plant growth, Tull was more
than an inventor ; he discussed in most picturesque language
the sources of fertility in the soil. In his view it was not the
juices of the earth, but the very minute particles of soil
loosened by the action of moisture, that constituted the
“ proper pabulum ” of plants. The pressure caused by the
swelling of the growing roots forced these particles into the
“lacteal mouths of the roots,” where they entered the circula-
tory system. All plants lived on these particles, ze. on the

! He shows, however, that air is “ wrought into the composition ” of plants.
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same kind of food ; it was incorrect to assert, as some had
done, that different kinds of plants fed as differently as
horses and dogs, each taking its appropriate food and no
other. Plants will take in anything that comes their way,
good or bad. A rotation of crops is not a necessity, but only
a convenience. Conversely, any soil will nourish any plant
if the temperature and water supply are properly regulated.
Hoeing increased the surface of the soil or the ¢ pasture of
the plant,” and also enabled the soil better to absorb the
nutritious vapours condensed from the air. Dung acted in
the same way, but was more costly and less efficient.

So much were Tull's writings esteemed, Cobbett tells us,
that they were “ plundered by English writers not a few and
by Scotch in whole bandittis ”.

The position at the end of this period cannot better be
summed up than in Tull's own words: ‘It is agreed that all
the following materials contribute in some manner to the in-
crease of plants, but it is disputed which of them is that very
increase or food: (1) nitre, (2) water, (3) air, (4) fire, (5)
earth .

The Search for Plant Nutrients.
1. The Phlogistic Period, 1750-1300.

Great interest was taken in agriculture in this country dur-
ing the latter half of the eighteenth century. ¢ The farming
tribe,” writes Arthur Young during this period, ‘‘is now made
up of all ranks, from a duke to an apprentice.” Many experi-
ments were conducted, facts were accumulated, books written,
and societies formed for promoting agriculture. The Edin-
burgh Society, established in 1755 for the improvement of arts
and manufactures, induced Francis Home (137) “ to try how
far chymistry will go in settling the principles of agriculture ”,
The whole art of agriculture, he says, centres in one point : the
nourishing of plants. I[nvestigation of fertile soils showed that
they contain oil, which is therefore a food of plants. But
when a soil has been exhausted by cropping, it recovers its
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fertility on exposure to air,! which therefore supplies another
food. Home ‘made pot experiments to ascertain the effect of
various substances on plant growth. “ The more they (Ze.
farmers) know of the effects of different bodies on plants, the
greater chance they have to discover the nourishment of plants,
at least this is the only road.” Saltpetre, Epsom salt, vitriol-
ated tartar (7.e. potassium sulphate) all lead to o increased plant
growth, yet they are three distinct salts. Olive oil was also
useful. It is thus clear that plant food is not one thing only,
but several ; he enumerates six : air, water, earth, salts of
different kinds, oil, and fire in a fixed state. As further proof
he shows that « all vegetables and vegetable juices afford those
very principles, and no other, by all the chymical experi-
ments which have yef been made on them with or without
fireles

The book is a great advance on anything that had gone
before it, not only because it recognises that plant nutrition
depends on several factors, but because it indicates so clearly
the two methods to be followed in studying the problem—pot
cultures and plant analysis. Subsequent investigators, Wal-
lerius (293), the Earl of Dundonald (90), and Kirwan (149)
added new details but no new principles. The problem indeed
was carried as far as was possible until further advances were
made in plant physiology and in chemistry. The writers just
mentioned are, however, too important to be passed over com-
pletely. Wallerius, in 1761, professor of chemistry at Upsala,
after analysing plants to discover the materials on which they
live, and arguing that Nutritio non fieri potest a vebus hetero-
geneis, sed homogeners, concludes that humus, being Zomogeneis,
is the source of their food-—the nusritiva—while the other soil
constituents are zustrumentalia, making the proper food mix-
ture, dissolving and attenuating it, till it can enter the plant
root. Thus chalk and probably salts help in dissolving the
‘“fatness ” of the humus. Clay helps to retain the “fatness”
and prevent it being washed away by rain: sand keeps the
soil open and pervious to air. The Earl of Dundonald, in

! Recorded by most early writers, e.g. Evelyn (Terra, 1674) (96).
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1795, adds alkaline phosphates to the list of nutritive salts,
but he attaches chief importance to humus as plant food.
The “oxygenation” process going on in the soil makes the
organic matter insoluble and therefore useless for the plant;
lime, “alkalis and other saline substances” dissolve it and
change it to plant food ; hence these substances should be used
alternately with dung as manure. Manures were thus divided,
as by Wallerius, into two classes : those that afford plant food,
and those that have some indirect effect.

Throughout this period it was believed that plants could
generate alkalis. “ Alkalies,” wrote Kirwan in 1796, ‘ seem
to be the product of the vegetable process, for either none, or
scarce any, is found in the soils, or in rain water.” In like
manner Lampadius thought he had proved that plants could
generate silica. The theory that plants agreed in all essentials
with animals was still accepted by many men of science ; some
interesting developments were made by Erasmus Darwin in
1803 (77).

Between 1770 and 1800 work was done on the effects of
vegetation on air that was destined to revolutionise the ideas
of the function of plants in the economy of Nature, but its
agricultural significance was not recognised until later. In
1771 Priestley (230), knowing that the atmosphere becomes
vitiated by animal respiration, combustion, putrefaction, etc.,
and realising that some natural purification must go on, or life
would not longer be possible, was led to try the effect of sprigs
of living mint on vitiated air. He found that the mint made
the air purer, and concludes “that plants, instead of affecting
the air in the same manner with animal respiration, reverse the
effects of breathing, and tend to keep the atmosphere pure and
wholesome, when it is become noxious in consequence of
animals either living, or breathing, or dying, and putrefying in
it”. But he had not yet discovered oxygen, and so could not
give precision to his discovery: and when, later on, he did
discover oxygen and learn how to estimate it, he unfortunately
failed to confirm his earlier results because he overlooked a
vital factor, the necessity of light. He was therefore unable to
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answer Scheele, who had insisted that plants, like animals,
vitiate the air. It was Ingen-Housz (142) who reconciled both
views and showed that purification goes on in light only, whilst
vitiation takes place in the darkness. Jean Senebier at Geneva
had also arrived at the same result. He also studied the con-
verse problem—the effect of air on the plant, and in 1782
argued (259) that the increased weight of the tree in Van
Helmont’s experiment (p. 2) came from the fixed air. “Si
donc lair fixe, dissous dans 'eau de l'atmosphére, se combine
dans la parenchyme avec la lumiere et tous les autres élémens
de la plante; si le phlogistique de cet air fixe est sirement
précipité dans les organes de la plante, si ce précipité reste,
comme on le voit, puisque cet air fixe sort des plantes sous la
forme d’air déphlogistiqué, il est clair que l'air fixe, combiné
dans la plante avec la lumiére, y laisse une matiére qui n’y
seroit pas, et mes expériences sur ’étiolement suffisent pour le
démontrer.” Later on Senebier translated his work into the
modern terms of Lavoisier’s system.,

2. The Modern Period, 1800-1860.

(@) The Foundation of Plant Physiology.—We have seen
that Home in 1756 pushed his inquiries as far as the methods
in vogue would permit,and in consequence no marked advance
was made for forty years. A new method was wanted before
further progress could be made, or .before the new idea intro-
duced by Senebier could be developed. Fortunately, this was
soon forthcoming. To Théodore deSau\ssure, in 1804 (244),
son of the well-known de Saussure of Geneva, is due the quan-
titative experimental method which more than anything else
has made modern agricultural chemistry possible : which formed
the basis of subsequent work by Boussingault, Liebig, Lawes
and Gilbert, and indeed still remains our safest methaod of in-
vestigation. Senebier tells us that the elder de Saussure was
well acquainted with his work, and it is therefore not surpris-
ing that the son attacked two problems that Senebier had also
studied—the effect of air on plants and the nature and origin

I
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of salts in plants. De Saussure grew plants in air or in known
mixtures of air and carbon dioxide, and measured the gas
changes by eudiometric analysis and the changes in the plant
by “carbonisation”. He was thus able to demonstrate the
central fact of plant respiration—the absorption of oxygen and
the evolution of carbon dioxide, and further to show the de-
composition of carbon dioxide and evolution of oxygen in
light. Carbon dioxide in small quantities was a vital neces-
sity for plants, and they perished if it was artificially removed
from the air. It furnished them not only with carbon, but
also with some oxygen. Water is also decomposed and fixed
by plants. On comparing the amount of dry matter gained
from these sources with the amount of material that can enter
through the roots even under the most favourable conditions,
he concludes that the soil furnished only a very small part of
the plant food. Small as it is, however, this part is indispens-
able : it supplies nitrogen—une partie essentielle des végétaux
—which, as he had shown, was not assimilated direct from the
air ; and also ash constituents, gui peuvent contribuer a former,
comme dans les animaux, leur parties solides ou osseuses. Fur-
ther, he shows that the root is not a mere filter allowing any
and every liquid to enter the plant ; it has a special action and
takes in water more readily than dissolved matter, thus effect-
ing a concentration of the solution surrounding it; different
salts, also, are absorbéd to a different extent. Passing next
to the composition of the.plant ash, he shows that it is not
constant, but varies with the nature of the soil and the age of
the plant ; it consists mainly, however, of alkalis and phos-
phates. All the constituents of the ash occur in humus. If a
plant is grown from seed in water there is no gain in ash: the
amount found at the end of the plant’s growth is the same as
was present in the seed excepting for a relatively small amount
falling on the plant as dust. Thus he disposes finally of the
idea that the plant generated potash.

After the somewhat lengthy and often wearisome works of
the earlier writers it is very refreshing to turn to de Saussure’s
concise and logical arguments and the ample verification he
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gives at every stage. But for years his teachings were not
accepted, nor were his methods followed.

The two great books on agricultural chemistry then
current still belonged to the old period. Thaer and Davy,
while much in advance of Wallerius, the textbook writer of
1761, nevertheless did not realise the fundamental change
introduced by de Saussure; it has always been the fate of
agricultural science to lag behind pure science. Thaer pub-
lished his Grundsitze der rationellen Landwirtschaft in 1809-
1812: it had a great success on the Continent as a good,
practical handbook, and was translated into English as late
as 1844 by Cuthbert Johnson. Davy’s book (79) grew out of
the lectures which he gave annually at the Royal Institu-
tion on agricultural chemistry between 1802 and 1812; it
was published in 1813, and forms the last textbook of the
older period. Whilst no great advance was made by Davy
himself (indeed his views are distinctly behind those of de
Saussure) he carefully sifted the facts and hypotheses of
previous writers, and gives us an account, which, however de-
fective in places, represents the best accepted knowledge of
the time, set out in the new chemical language. He does not
accept de Saussure’s conclusion that plants obtain their carbon
chiefly from the carbonic acid of the air: some plants, he says,
appear to be supplied with carbon chiefly from this source
but in general he supposes the carbon to be taken in through
the roots. Qils are good manures because of the carbon and
hydrogen they contain; soot is valuable, because its carbon
is “in a state in which it is capable of being rendered soluble
by the action of oxygen and water”. Lime is useful because
it dissolves hard vegetable matter. Once the organic matter
has dissolved there is no advantage in letting it decompose
further: putrid urine is less useful as manure than fresh
urine, whilst it is quite wrong to cause farmyard manure to
ferment before it is applied to the land. All these ideas
have long been given up, and indeed there never was any
sound .experimental evidence to support them. It is even
arguable that they would not have persisted so long as they
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. did had it not been for Davy’s high reputation. His insistence
on the importance of the physical properties of soils—their
relationship to heat and to water—was more fortunate and
marks the beginning of soil physics, afterwards developed con-
siderably by Schiibler (254). On the Continent, to an even
greater extent than in England, it was held that plants drew
their carbon from the soil and lived on humus, a view sup-
ported by the very high authority of Berzelius.!

(6) The Foundation of Agricultural Science.—Hitherto ex-
periments had been conducted either in the laboratory or in
small pots: about 1834, however, Boussingault, who was
already known as an adventurous traveller in South America,
began a series of field experiments on his farm at Bechelbronn
in Alsace. These were the first of their kind: to Boussin-
gault, therefore, belongs the honour of having introduced the
method by which the new agricultural science was to be de-
veloped. He reintroduced the quantitative methods of de
Saussure, weighed and analysed the manures used and the
crops obtained, and at the end of the rotation drew up a bal-
ance sheet, showing how far the manure had satisfied the needs
of the crop and how far other sources of supply—air, rain, and
soil—had been drawn upon. The results of one experiment
are given in Table L. on the opposite page. At the end of the
period the soil had returned to its original state of productive-
ness, hence the dry matter, carbon, hydrogen, and oxygen not
accounted for by the manure must have been supplied by the
air and rain, and not by the soil. On the other hand, the
manure afforded more mineral matter than the crop took off,
the balance remaining in the soil. Other things being equal,
he argued that the best rotation is one which yields the great-
est amount of organic matter over and above what is present
in the manure. No fewer than five rotations were studied,
but it will suffice to set out only the nitrogen statistics (Table
I1. on the opposite page), which show a marked gain of nitrogen

1]. J. Berzelius, Lehrbuch d. chemie, ubersetz, v. F. Wéhler, 3 Aufl., 1839,
Bd. 8.
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TaBLE I.—STATISTICS OF A ROTATION. BOUSSINGAULT (46).
Wéight in kilograms per hectare of
Mlztrt);r. Carbon. |Hydrogen.| Oxygen. |Nitrogen. %l:&;:l
1. Beets ¢ 3172 13577 184:0] 13767 539 199°8
2. Wheat . 5 4 3006 | 1431°6 164°4] 1214°9 3173 1638 |
3. Clover hay 3 4029 | 190Q'7 201°5| 1523'0 846 310°2 |
4. Wheat. 4 4208 | 2004°2| 230°0|{ 17007 438 229°3
Turnips (catch )
crop) 716 307°2 393 302°9 I2°2 54°4 |
5. Oats . X 2347 1182°3 137°3 8gog 284 1080
Total during rotation 17478 | 8192'7| 0956°5| 7009'0| 254'2| IT065°'5
Added in manure 10161 | 3637°6| 420:8| 26215| 203'2| 32719
Difference not ac- |+ 7317 |+ 4555°I | + 5297 |+ 4387°'5 | + 5I'0 |— 22064
counted for, taken
from air, rain, or soil.
1000 kilograms per hectare = 16 cwt. per acre.
TaBLE II.—NITROGEN STATIS1ICS OF VARIOUS ROTATIONS.
BoussINGAULT (46).
Kilograms per hectare.
4 Excess in Crop over that
Retaiion; Nitrogen in | Nitrogen ElEplisdiniMapuze:
Manure. | in Crop.
Per Rotation.| Per Annum. ||
(1) Potatoes, (2) wheat, (3) clover,
(4) wheat, turnips,! (5) oats .| 2032 250°7 47°s 95
(x) Beets, (2) wheat, (3) clover,
(4) wheat, turnips,! (5) oats 2032 254°2 5I'0 10°2
(1) Potatoes, (2) wheat, (3) clover,
4) wheat, turnips,! (5) peas, (6)rye | 2438 3536 1098 183
Jerusalemartichokes,two years | 1882 2742 860 43'0%
(1) Dunged fallow, (2) wheat,
(3) wheat . J g 828 874 4°6 I'5
Lucerne, five years o .| 2240 |10780 854 170°8

! Catch crop, i.e. taken in autumn after the wheat.
2 This crop does not belong to the leguminosz, but it is possible that the
nitrogen came from the soil, and that impoverishment was going on.
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when the newer rotations are adopted, but not where wheat
only is grown.

Now the rotation has not impoverished the soil, hence he
concludes that “l’azote peut entrer directement dans l'organ-
isme des plantes, si leur parties vertes sont aptes a le fixer”.
Boussingault’s work covers the whole range of agriculture and
deals with the composition of crops at different stages of their
growth, with soils, and with problems in animal nutrition
Unfortunately the classic farm of Bechelbronn did not remain
a centre of agricultural research and the experiments came to
an end. Some of the work was summarised by Dumas in a
very striking essay (88, see also 47) that has been curiously
overlooked by agricultural chemists.

During this period (1830 to 1840) Carl Sprengel was
studying the ash constituents of plants, which he considered
were probably essential to nutrition (270). Schiibler was
working at soil physics (254), and a good deal of other work
was quietly being done. No particularly important discoveries
were being made, no controversies were going on, and no
great amount of interest was taken in the subject.

But all this was changed in 1840 when Liebig’s famous
report to the British Association upon the state of organic
chemistry, afterwards published as Chemistry in its Application
to Agriculture and Physiology (174a), came like a thunderbolt
upon the world of science. With polished invective and a fine
sarcasm he holds up to scorn the plant physiologists of his day
for their continued adhesion, in spite of accumulated evidence,
to the view that plants derive their carbon from the soil and
not from the carbonic acid of the air. *“All explanations of
chemists must remain without fruit, and useless, because, even
to the great leaders in physiology, carbonic acid, ammonia,
acids, and bases, are sounds without meaning, words without
sense, terms of an unknown language, which awake no thoughts
and no associations.” The experiments quoted by the physi-
ologists in support of their view are all “valueless for the de-
cision of any question”. “These experiments are considered
by them as convincing proofs, whilst they are fitted only to
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awake pity.” Liebig’s ridicule did what neither de Saussure’s
nor Boussingault’s logic had done : it finally killed the humus
theory. Only the boldest would have ventured after this to
assert that plants derive their carbon from any source other
than carbon dioxide, although it must be admitted that we have
no proof that plants really do obtain all their carbon in this
way. Thirty years later, in fact, Grandeau (112) adduced
evidence that humus may, after all, contribute something to
the carbon supply, and his view still finds acceptance in
France ;! for this also, however, convincing proof is lacking.
But for the time carbon dioxide was considered to be the sole
source of the carbon of plants. Hydrogen and oxygen came
from water, and nitrogen from ammonia. Certain mineral
substances were essential: alkalis were needed for neutrali-
sation of the acids made'by plants in the course of their vital
processes, phosphates were necessary for seed formation, and
potassium silicates for the development of grasses and cereals.
The evidence lay in the composition of the ash: plants might
absorb anything soluble from the soil, but they excreted from
their roots whatever was non-essential. The fact of a sub-
stance being present was therefore sufficient proof of its
necessity.

Plants, Liebig argued, have an inexhaustible supply of
carbonic acid in the air. But time is saved in the early stages
of plant growth if carbonic acid is being generated in the soil,
for it enters the plant root and affords extra nutriment over
and above what the small leaves are taking in. Hence a
supply of humus, which continuously yields carbonic acid, is
advantageous. Further, the carbonic acid attacks and dissolves
some of the alkali compounds of the soil and thus increases
the mineral food supply. The true function of humus is to
evolve carbonic acid.

The alkali compounds of the soil are not all equally soluble.
A weathering process has to go on, which is facilitated by
liming and cultivation, whereby the comparatively insoluble

1See e.g. L. Cailletet (64), Jules Lefévre (169), and J. Laurent, Rev. gén,
bot., 1904, 16, 14.

L
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compounds are broken down to a more soluble state. The
final solution is effected by acetic acid excreted by the plant
root, and the dissolved material now enters the root.

The nitrogen is taken up as ammonia, which may come
from the soil, from added manure, or from the air. In order
that a soil may remain fertile it is necessary and sufficient to
return in the form of manure the mineral constituents and the
nitrogen that have been taken away. When sufficient crop
analyses have been made it will be possible to draw up tables
showing the farmer precisely what he must add in any par-
ticular case.

An artificial manure known as Liebig’s patent manure was
made up on these lines and placed on the market.

Liebig’s book was meant to attract attention to the subject,
and it did; it rapidly went through several editions, and as
time went on Liebig developed his thesis, and gave it a quan-
titative form: ““The crops on a field diminish or increase in
exact proportion to the diminution or increase of the mineral
substances conveyed to it in manure”. He further adds what
afterwards became known as the Law of the Minimum,* “by
the deficiency or absence of oze necessary constituent, all the
others being present, the soil is rendered barren for all those
crops to the life of which #4a¢ one constituent is indispensable ”.
These and other amplifications in the third edition, 1843, gave
rise to much controversy. So much did Liebig insist, and
quite rightly, on the necessity for alkalis and phosphates, and
so impressed was he by the gain of nitrogen in meadow land
supplied with alkalis and phosphates alone, and by the con-
tinued fertility of some of the fields of Virginia and Hungary
and the meadows of Holland, that he began more and more
to regard the atmosphere as the source of nitrogen for plants.
Some of the passages of the first and second editions urging
the necessity of ammoniacal manures were deleted from the
third and later editions. “ If the soil be suitable, if it con-

1The underlying principle was not discovered by Liebig, having already
been enunciated by political economists of the Malthus School. He was, how-
ever, the first to apply it to plant nutrition.
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tains a sufficient quantity of alkalis, phosphates, and sulphates,
nothing will be wanting. The plants will derive their
ammonia from the atmosphere as they do carbonic acid,” he
writes in the Farmer's Magasine Ash analysis led him to
consider the turnip as one of the plants “which contain the
least amount of phosphates and therefore require the smallest
quantity for their development”. These and other practical
deductions were seized upon and shown to be erroneous by
Lawes (161-162) who had for some years been conducting
vegetation experiments. Lawes does not discuss the theory
as such, but tests the deductions Liebig himself draws and
finds them wrong- Further trouble was in store for Liebig ;
his patent manure when tried in practice %ad failed. This
was unfortunate, and the impression in England at any rate
was, in Philip Pusey’s words: “The mineral theory, too
hastily adopted by Liebig, namely, that crops rise and fall in
direct proportion to the quantity of mineral substances present
in the soil, or to the addition or®abstraction of these sub-
stances which are added in the manure, has received its
death-blow from the experiments of Mr Lawes”.

And yet the failure of the patent manure was not entirely
the fault of the theory, but only affords further proof of the:
numerous pitfalls of the subject. The manure was sound in
that it contained potassium compounds and phosphates (it
ought, of course, to have contained nitrogen compounds), but
it was unfortunately rendered insoluble by fusion with lime
and calcium phosphate so that it should not too readily wash
out in the drainage water. Not till Way had shown in 1850
that soil precipitates soluble salts of ammonium, potassium and
phosphates was the futility of the fusion process discovered,
and Liebig saw the error he had made (1744).

Meanwhile the great field experiments at Rothamsted had
been started by Lawes and Gilbertin 1843. These experiments.
were conducted on the same general lines as those begun.

1 Farmer's Magazine, 1847, vol. xvi., p. 511. A good summary of Liebig’s.
position is given' in his Letters on Chemistry, 34th letter, 3rd edition, p. 519,,
1851,

2



18 SOIL CONDITIONS AND PLANT GROWTH

earlier by Boussingault, but they have the advantage that they
are still going on, having been continued year after year on the
same ground without alteration, except in occasional details,
since 1852. The mass of data now accumulated is consider-
able and it is being treated by modern statistical methods.
Certain conclusions are so obvious, however, that they can
be drawn on mere inspection of the data. By 1855 the fol-
lowing points were definitely settled (166¢) :—

(1) Crops require phosphates and salts of the alkalis, but
the composition of the ash does not afford reliable information
as to the amounts of each constituent needed, eg. turnips re-
quire large amounts of phosphates, although only little is
present in their ash. Some of the results are:—

Composition of ash, per cent. Yield of turnips, tons per acre (1843)—
(1860 crop)— Unmanured o ° . 45
K,0 . 44°8 Superphosphate . 5 . 1278
B30, . 3 S RoA) » + potassic salts r1°'g

(2) Non-leguminous crops require a supply of some nitro-
genous compounds, nitrates and ammonium salts being almost
equally good. Without an adequate supply no increases of
growth are obtained, even when ash constituents are added,
The amount of ammonia obtainable from the atmosphere is
insufficient for the needs of crops. Leguminous crops behaved
abnormally.

(3) Soil fertility may be maintained for some years at
least by means of artificial manures.

(4) The beneficial effect of fallowing lies in the increase
brought about in the available nitrogen compounds in the
soil.

Although many of Liebig’s statements were shown to be
wrong, the main outline of his theory as first enunciated
stands. It is no detraction that de Saussure had earlier
published a somewhat similar, but less definite view of
nutrition: Liebig had brought matters to a head and made
men look at their cherished, but unexamined, convictions.
The effect of the stimulus he gave can hardly be over-
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estimated, and before he had finished, the essential facts of
plant nutrition were settled and the lines were laid down
along which scientific manuring was to be developed. The
water cultures of Knop and other plant physiologists showed
conclusively that potassium, magnesium, calcium, iron, phos-
phorus, along with sulphur, carbon, nitrogen, hydrogen, and
oxygen are all necessary for plant life. The list differs from
Liebig’s only in the addition of iron and the withdrawal of
silica; but even silica, although not strictly essential, is ad-
vantageous to cereals.

In two directions, however, the controversies went on for
many years. Farmers were slow to believe that ‘chemical
manures’ could ever do more than stimulate the crop, and
declared they must ultimately exhaust the ground. The
Rothamsted plots falsified this prediction; manured year after
year with the same substances and sown always with the same
crops, they even now, after sixty years of chemical manuring,
continue to produce good crops, although secondary effects
have sometimes set in. In France the great missionary was
Georges Ville, whose lectures were given at the experimental
farm at Vincennes during 1867 and 1874-5 (288). He went
even further than Lawes and Gilbert, and maintained that
artificial manures were not only more remunerative than dung,
but were the only way of keeping up fertility. In recom-
mending mixtures of salts for manure he was not guided by
ash analysis but by field trials. For each crop one of the
four constituents, nitrogen compounds, phosphates, lime, and
potassium compounds (he did not consider it necessary to
add any others to his manures) was found by trial to be more
wanted than the others and was therefore called the
“dominant” constituent. Thus for wheat he obtained the
following results, and therefore concluded that on his soil
wheat required a good supply of nitrogen, less phosphate, and
still less potassium :—
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Crop per acre.

Bushels.
Normal manure . a o 5 . 5 . . . 43
Manure without lime . 5 : 5 0 % : . 41
” ,»  potash . 9 5 3 5 . . . 3I
A ,»  phosphate . : g 5 J . . 263
& ,  nitrogen 5 3 > : 2 3 ST
Soil without manure . 3 5 3 5 9 5 o 1283

Other experiments of the same kind showed that nitrogen
was the dominant for all cereals and beetroot, potassium for
potatoes and vines, phosphates for the sugar cane. An excess
of the dominant constituent was always added to the crop
manure. The composition of the soil had to be taken into
account, but soil analysis was no good for the purpose. In-
stead he drew up a simple scheme of plot trials to enable
farmers to determine for themselves just what nutrient was
lacking in their soil. ~His method was thus essentially
empirical, but it still remains the best we have; his view that
chemical manures are always better and cheaper than dung is,
however, too narrow and has not survived.

The second controversy dealt with the source of nitrogen
in plants. Priestley had stated that a plant of Epilobium
hirsutum placed in a small vessel absorbed during the course
of the month seven-eighths of the air present. De Saussure,
however, denied that plants assimilated gaseous nitrogen.
Boussingault’s pot-experiments showed that peas and clover
could get nitrogen from the air while wheat could not (45),
and his rotation experiments emphasised this distinction.
He himself did not make as much of this discovery as he
might have done, but Dumas (88) fully realised its importance.

Liebig, as we have seen, maintained that ammonia, but
not gaseous nitrogen, was taken up by plants, a view con-
firmed by Lawes, Gilbert, and Pugh (164) in the most rigid
demonstration that had yet been attempted. Plants of several
natural orders, including the leguminosz, were grown in
surroundings free from ammonia or any other nitrogen com-
pound. The soil was burnt to remove all trace of nitrogen
compounds while the plants were kept throughout the ex-
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periment under glass shades, but supplied with washed and
purified air and with pure water. In spite of the ample
supply of mineral food the plants languished and died: the
conclusién seemed irresistible that plants could not utilise
gaseous nitrogen. For all non-leguminous crops this con-
clusion agreed with the results of field trials. But there re-
mained the very troublesome fact that leguminous crops
required no nitrogenous manure and yet they contained large
quantities of nitrogen, and also enriched the soil considerably
in this element. Where had the nitrogen come from? The
amount of combined nitrogen brought down by the rain was
found to be far too small to account for the result. For years
experiments were cartied on, but the problem remained un-
solved. Looking back over the papers! one can see how very
close some of the older investigators were to the discovery of
the cause of the mystery: in particular Lachmann (158) in
1858 and Bretschneider (54) in 1861. ILachmann showed
that the nodules invariably present on the roots contained
“vibrionenartige” organisms, while Bretschneider showed
that the nitrogen fixation which occurred in normal soil did
not take place in ignited soil. But these papers were both
published in obscure journals and attracted little attention,
and once again an investigation in agricultural chemistry had
been brought to a standstill for want of new methods of
attack.

The Beginnings of Soil Bacteriology.

It had been a maxim with the older agricultural chemists
that “corruption is the mother of vegetation”. Animal and
vegetable matter had long been known to decompose with
formation of nitrates : indeed nitre beds made up from such
decaying matter were the recognised source of nitrates for
the manufacture of gunpowder during the European Wars of
the seventeenth and eighteenth centuries.? No satisfactory

1A good summary of the voluminous literature is contained in Lohnis
Handbuch der Landw. Bakteriologie, pp. 646 et seq.

%¢ Instructions sur 1’établissement des nitriéres, publié par les.Régisseurs
généraux des Poudres et Salpétre. Paris, 1777.
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explanation of the process had been offered, although the
discussion of rival hypotheses continued up till 1860, but the
conditions under which it worked were known and on the
whole fairly accurately described.

No connection was at first observed between nitrate
formation and soil productiveness. Liebig rather diverted
attention from the possibility of tracing what now seems an
obvious relationship by regarding ammonia as the essential
nitrogenous plant nutrient, though he admitted the possible
suitability of nitrates (174¢). Way came much nearer to the
truth. In 1856 (2984) he showed that nitrates were formed
in soils to which nitrogenous fertilisers were added. Un-
fortunately he failed to realise the significance of this discovery.
He was still obsessed with the idea that ammonia was essential
to the plant, and he believed that ammonia, unlike other
nitrogen compounds, could not change to nitrate in the soil,
but was absorbed by the soil by the change he had already
described (p. 17). But he,only narrowly missed making an
important advance in the subject, for after pointing out that
nitrates are comparable with ammonium salts as fertilisers he
writes : “ Indeed the French chemists are going further, several
of them now advocating the view that it is in the form of
nitric acid that plants make use of compounds of nitrogen.
With this view I do not myself at present coincide: and it is
sufficient here to admit that nitric acid in the form of nitrates
has at least a very high value as a manure.”

It was not till ten years later, and as a result of work by
plant physiologists, that the French view prevailed over
Liebig’s and agricultural investigators recognised the im-
portance of nitrates to the plant and of nitrification to soil
fertility. It then became necessary to discover the cause of
nitrification.

During the sixties and seventies great advances were
being made in bacteriology, and it was definitely established
that bacteria bring about putrefaction, decomposition and
other changes; it was therefore conceivable that they were |
the active agents in the soil and that the process of decom-
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position there taking place was not the purely chemical
“ eremacausis” Liebig had postulated. Pasteur himself had
expressed the opinion that nitrification was a bacterial pro-
cess. The new knowledge was first brought to bear on
agricultural problems by Schloesing and Miintz (2435) in 1877
during a study of the purification of sewage water by land
filters. A continuous stream of sewage was allowed to trickle
down a column of sand and limestone so slowly that it took
eight days to pass. For the first twenty days the ammonia
in the sewage was not affected, then it began to be converted
into nitrate; finally all the ammonia was converted during its
passage through the column, and nitrates alone were found in
the issuing liquid. Why, asked the authors, was there a
delay of twenty days before nitrification began? If the pro-
cess were simply chemical, oxidation should begin at once.
They therefore examined the possibility of bacterial action
and found that the process was entirely stopped by a little
chloroform vapour, but could be started again after the
chloroform was removed by adding a little turbid extract of
dry soil. Nitrification was thus shown to be due to micro-
organisms—** organised ferments,” to use their own expression.

Warington (295-6) had been investigating the nitrates in
the Rothamsted soils, and at once applied the new discovery
to soil processes. He showed that nitrification in the soil is
stopped by chloroform and carbon- disulphide ; further, that
solutions of ammonium salts could be nitrified by adding a
trace of soil. By a careful series of experiments described in
his four papers to the Chemical Society he found that there
were two stages in the process and two distinct organisms :
the ammonia was first converted into nitrite and then to
nitrate. But he failed altogether to obtain the organisms, in
spite of some years of study, by the gelatin plate methods then
in vogue, The reason was discovered later: the organisms
will inot grow in presence of nitrogenous- organic matter.
Not till 1890 did Winogradsky (311) succeed in isolating
them, and thus complete the evidence.

Warington established definitely the fact that nitrogen
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compounds rapidly change to nitrates in the soil, so that what-
ever compound is supplied as manure plants get practically
nothing but nitrate as food. This closed the long discussion
as to the nitrogenous food of non-leguminous plants: in
natural conditions they take up nitrates only (or at any rate
chiefly), because the activities of the nitrifying organisms
leave them no option. The view that plants assimilate
gaseous nitrogen has from time to time been revived,' but has
not been taken seriously.

.
TaBLE III.—RELATION BETWEEN NITROGEN SuPPLY AND PLANT GROWTH.
HELLRIEGEL AND WILFARTH (130¢).

cium nitrate sup-
plied per pot, grams
Weight of oats ob- 5'9024 . )
tained ain  and|{ 3995 | 5-8s10 {Io 9814 | ;.. {21.2732 .
straw) (f;r 4191 2'2367 109413 | 139974 |\ 214409 3077750

Weight of peas ob- ‘551 {'9776 { 49146

Nitrogen in the cal-
} none 056 ‘112 ‘168 224 ‘336

tained (grain and|{ 3496 | 13037/ 9°7671| 56185 ggzsg 11°3520
straw) . ; . | \5°233 4'1283| 8°4969 45

The apparently hopeless problem of the nitrogen nutrition
of leguminous plants was soon to be solved. In a striking
series of sand cultures Hellriegel and Wilfarth (130) showed
that the growth of non-leguminous plants, barley, oats, etc.,
was directly proportional to the amount of nitrate supplied,
the duplicate pots agreeing satisfactorily ; while in the case of
leguminous plants no sort of relationship existed and duplicate
pots failed to agree. After the seedling stage was passed the
leguminous plants grown without nitrate made no further
progress for a time, then some of them started to grow and
did well, while others failed. This stagnant period was
not seen where nitrate was supplied. Two of their experi-
ments are given in Table III.

Analysis showed that the nitrogen contained in the oat
crop and sand at the end of the experiment was always a little
less than that originally supplied, but was distinctly greater
in the case of peas; the gain in three cases amounted to ‘g10,

le.g. see (224b).
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1242 and ‘789 grm. per pot respectively. They drew two
conclusions: (1) the peas took their nitrogen from the air;
(2) the process of nitrogen assimilation was conditioned by
some factor that did not come into their experiment except
by chance. In trying to frame an explanation they connected
two facts that were already known. Berthelot (26) had made
experiments to show that certain micro-organisms in the soil
can assimilate gaseous nitrogen. It was known to botanists
that the nodules on the roots of leguminosz contained bacteria.
Hellriegel and Wilfarth, therefore, supposed that the bacteria
in the nodules assimilated gaseous nitrogen, and then handed
on some of the resulting nitrogenous compounds to the plant.
This hypothesis was shown to be well founded by the follow-
ing facts :—

1. In absence of nitrates peas made only small growth
and developed no nodules in sterilised sand; when calcium
nitrate was added they behaved like oats and barley, giving
regular increases in crop for each increment of nitrates (the
discordant results of Table II. were obtained on unsterilised
sand).

2. They grew well and developed nodules in sterilised
sand watered with an extract of arable soil.

3. They sometimes did well and sometimes failed when
grown without soil extract and without nitrate in wnsterilised
sand, which might or might not contain the necessary organ-
isms. An extract that worked well for peas might be without
effect on lupins or serradella. In other words, the organism
is specific.

Hellriegel and Wilfarth read their paper and exhibited
some of their plants at the Naturforscher-Versammlung at
Berlin in 1886. Gilbert was present at the meeting, and on
returning to Rothamsted repeated and confirmed the experi-
ments (165). At a later date Schloesing fils and Laurent

1This had been demonstrated by Lachmann in 1858 (r58) (p. 21) and by
Woronin in 1866 (322). Eriksson in 1874 (Doctor’s dissertation, abs. in Botan.
Ztg., 1874, 32, 381-384) carried on the investigation, while Brunchorst in 1885
Ber. d. Deutsch. Bot. Ges. iii., 241257, gave the name ** bacteroids .
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(247) showed that the weight of nitrogen absorbed from the
air was approximately equal to the gain by the plant and the
soil, and thus finally clinched the evidence.

|

|Control. Peas, |Mustard.| Cress. lSpurge.

Nitrogen lost from the air, mgm. .| 10 [ 1346} —26 | —38 | —2°4
Nitrogen gained by crop and soil, mgm. | 40 | 1424 | ~2°5 2°0 3°2

The organism was isolated by Beijerinck (p. 204) and called
Bacterium radicicola.

Thus another great controversy came to an end, and the
discrepancy between the field trials and the laboratory experi-
ments of Lawes, ‘Gilbert, and Pugh was cleared up. The
laboratory experiments gave the correct conclusion that legu-
minous plants, like non-leguminous plants, have themselves
no power of assimilating gaseous nitrogen ; this power belongs
to the bacteria associated with them. But so carefully was
all organic matter removed from the soil, the apparatus, and
the air in endeavouring to exclude all trace of ammonia,
that there was no chance of infection with the necessary
bacteria. Hence no assimilation could go on. In the field
trials the bacteria were active, and here there was a gain of
nitrogen.

The general conclusion that bacteria are the real makers
of plant food in the soil, and are, therefore, essential to the
growth of all plants, was developed by \Mny (3176) and
Berthelot (28). It was supposed to be proved by Laurent’s
experiments (160, see also 87). He grew buckwheat on
humus obtained from well-rotted dung, and found that plants
grew well on the untreated humus, but only badly on the
humus sterilised by heat. When, however, soil bacteria were
added to the sterilised humus (by adding an aqueous extract
of unsterilised soil) good growth took place. The experi-
ment looks convincing, but is really unsound. When a rich
soil is heated some substance is formed toxic to plants. The
failure of the plants on the sterilised humus was, therefore,
not due to absence of bacteria, but to the presence of a toxin.
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No one has yet succeeded in carrying out this fundamental
experiment of growing plants.in two soils differing only in
that one contains bacteria while the other does not. ‘

Similarly Caron' thought he had direct evidence of the
beneficial effect of bacteria in plant growth, but in reality the
evidence is unsatisfactory.

The close connection between bacterial activity and the
nutrition of plants is, however, fully justified by many experi-
ments, and forms a considerable part of our modern concep-
tion of the soil as a producer of crops, as will appear in the
following chapters.

The Rise of Mo&em Knowledge of the Soil: the Search
for Fresh Factors and for Mathematical Expressions.

Further investigation of soil problems has shown that they
are more complex than was at first supposéd. The older
workers had thought of soil fertility as a simple chemical
problem ; the early bacteriologists thought of it as bacterio-
logical. It was demonstrated by F. H. King at Wisconsin
(147a) that physical considerations must also be taken into
account. Van Bemellen showed that soil has colloidal pro-
perties and present-day workers have reproduced in the soil
many of the phenomena investigated in laboratories devoted
to the study of colloids. Whitney and Cameron at Washing-
ton greatly widened the subject by revealing the importance
of the soil solution and introducing the methods and principles
of physical chemistry. Russell and Hutchinson at Rothamsted
showed that bacterial action alone would not account for the
biological phenomena in the soil, but that other organisms
are also concerned, and subsequent work in the Rothamsted
laboratories has revealed the presence of a complex soil
population, the various members of which react on one another
and on the growing plant. Fresh advances are continually
being made in the vigorous experiment stations in the United
States, the British Empire, Japan, and Europe.

In the main the work is analytical and involves a search

1Landw. Versuchs. Stat., 1895, 45, 401-418. ]
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for new factors: synthesis is hardly attempted as yet. As
the factors are discovered attempts are made to give them
mathematical expression. Thus Liebig’s Law of the Minimum
and F. F. Blackman’s Limiting Factors are expressed mathe-
matically by Mitscherlich (p. 32): V. H. Blackman! ex-
presses plant growth by the ‘“ compound interest law” : Miyake
(pp- 185 and 188) brings ammonification and nitrification within
the equation for autocatalytic actions ; and the modern agricul-
tural chemist is acquiring a taste for mathematical formule
and constants unknown to the older generation of workers.

This attempt to find mathematical expressions has been
resisted on two grounds : some suppose that phenomena
associated with life cannot in any case be expressed mathe-
matically and that nothing but a hollow appearance of agree-
ment can be obtained ; others consider that the mathematical
formula, if it is to hold at all, must be expressed in such
general terms as to become meaningless, e.¢. many of the
actions going on in Nature can be expressed by exponential
equations if the terms are chosen with sufficient ingenuity.
The soil investigator, however, will be wise to secure all the
assistance he can, as the subject is complex, and it cuts across
the conventional divisions of science.

In modern Experimental Stations the tendency is towards
team work. As an instance chosen because it is best known
to the writer: at the Rothamsted Experimental Station,
instead of a number of isolated individuals, there is a body
of workers investigating the subject, each from his own special
point of view, but each fully cognisant of the work of the
others, and periodically submitting his results to discussion
by them. Separate workers investigate respectively the
bacteria, protozoa, fungi, algz, helminths, and insects of the
soil; in addition physical and organic chemists are studying
the soil conditions, while others are concerned in the study of
the growing plant. A body of workers by harmonious co-
operation is able to make advances that would be impossible
for any single individual, however brilliant.

! Annals of Botany, 1919, 33, 353-
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The nature of the subject necessitates a further departure
from the usual procedure. In purely laboratory investigations
it is customary to adopt the Baconian method in which factors
are studied one at a time, all others being kept constant
except the particular one under investigation. In dealing
with soils in natural conditions, however, it is impossible to
proceed in this way : climatic factors will not be kept constant,
and however careful the effort to ensure equality of conditions
there is always the probability, and sometimes the certainty,
that the variable factor under investigation is interacting with
climatic factors and exerting indirect effects which modify or
even obscure the dijrect effects it is desired to study.

Of recent years statisticians have devised methods for
dealing with cases where several factors are varying simul-
taneously. The data obtained by the various workers at
Rothamsted are therefore examined by a statistician who
endeavours to disentangle the effects of various factors and
to state a number of probable relationships which can then
be investigated in the laboratory by the ordinary single factor
method.

The modern methods as applied at Rothamsted include
three distinct processes :(—

1. Observations or experiments in the field by a group of
specialists working independently, but with full cognisance of
each other’s results,

2. Examination of the data by modern statistical methods
so as to ascertain the probable effects of the known factors
and to indicate where known factors are insufficient to account
for the results, and where, therefore, new factors must be
sought. ’

3. Laboratory studies by the specialist staff of the relation-
ships indicated by the statistical examination, these being
reduced to single factor problems.



CHAPTER 1L

SOIL CONDITIONS AFFECTING PLANT GROWTH.

IN order to put limits to our discussion, it is necessary at the
outset to state what soil factors influence plant growth and
how, in general, the influence is manifested. We shall, there-
fore, in the present chapter bring together certain of the results
obtained by plant physiologists which are indispensable for the
proper study of the subject.

It has been shown that the five following soil factors pro-
foundly affect the growth of plants :—

Water supply.

Air supply.

Temperature.

Supply of plant nutrients.
Various injurious factors.

CR e e

The plant may be affected in two general ways—in the
amount of growth (Ze. the total amount of dry matter formed),
or in the habit or other characteristic of growth. The former
is susceptible of quantitative investigation, the latter is not, or
only with difficulty ; it has, therefore, proved less attractive to
investigators.

The Effect on the Amount of Growth.
1. The Study of Single Factors.

Of the five factors concerned plant nutrients are, on the
whole, the easiest to investigate quantitatively, The general
relationship between the supply of a given plant nutrient and
the amount of dry matter formed was demonstrated by Hell-
riegel at Dhame in the eighties of the last century. Barley

30
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was grown in pots of sand all necessary factors were amply
provided, excepting only potassium salts, the amount of which
varied in the different pots. The weights of dry matter formed
are shown in Table IV.

TaBLe IV.—EFFECT OF PoTassiuM SALTS ON GROWTH OF BARLEY
HELLRIEGEL (1304).

Mgms. of K,O per pot. |o 235 |47 70°'5 192 138 282
Dry matter formed when P )
KCl1 was given . 12271 5°414| 9°024| 9°963 |15°322| 21'246| 247417
K,SO, 0 .|2'549 5°140( 5'283 13363 [14°768| 21°503| 23°774
KNO, % .| — | 4'552| 6°621| 9949 |14'576| 21°499| 24206
KH,PO, ,, oI — | 4°687| 6346| 9931 |12°377| I7°171| —
RGEPEO S 58 &= —_ 6°684| — |11'736| 20°255 —
Average 2°410| 4'948| 6°791 |10°80I |13°755| 20°357| 24°132

These results are plotted in Fig. 1.

uced Mgms.
&3 9

=)

w1
T

Dry matter prod

(=]

755 47 705 94 188 %2
KCl used (Mgms K20)

F1e. 1.—Relation between potash supply and growth of barley (Hellriegel).

Similar curves are obtained when the varying nutrient is
nitrogen or phosphorus.

The smoothness of the curve suggests that it can be ex-
pressed by a mathematical equation, and E. A. Mitscherlich
has attempted to do this, proceeding in the following manner :
If all the conditions were ideal, a certain maximum yield would
be obtained, but in so far as any essential factor is deficient
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factor present and A is the maximum yield obtainable if the
factor were present in excess, this being calculated from the
equation.

Mitscherlich’s own experiments were made with oats grown
in sand cultures supplied with excess of all nutrients except-
ing phosphate.  This constituted the variable x : the yields
actually attained when monocalcium phosphate was used and
those calculated from the equation shown in Table V. (Fig.
2).

Experiments were also made with di- and tri-calcic phos-
phates and constants were calculated corresponding to 4.

The ratio of thése constants

k,(di-calcic phosphate)
#,(mono-calcic phosphate)

is a measure of the relative nutrient efficiency of the two salts ;
% is therefore called the efficiency value (Wirkungswert).
There are some very attractive possibilities about this method
of treatment, since it gives a constant independent of the yield
and having a definite mathematical meaning.!

TaBLE V.—YIELD OF OaTS WiTH DIFFERENT DRESSINGS OF PHOSPHATES.
MITSCHERLICH (201D).

PaOin Manure, | IMaer | Grop CEliler | Difference. | pioiatie Ferror.
Grams. Grams. Grams.

0°00 98 + o050 9'80 - 0°39 - 08
0'05 193 + 0°52 1891 — 0°56 - 03
o010 27°2 + 2'00 26°64 ~ 2°37 - 28
0°20 410 + 0°85 38463 + 322 + 29
030 43'9 £ 1°12 47°12 +2°49 + 07
050 54'9 £ 3°66 57°39 + 6°64 + 30
2°00 61'0 + 2°24 6764 —_ —

The method has given rise to considerable controversy in

1 For an interesting application see Zur Frage der Wurselausscheidungen der
Pflanze (Landw. Versuchs-Stat., 1913, Ixxxi., 467-474), in which Mitscherlich
argues that the root excretions of clover cannot differ from those of oats.

3
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Germany. Pfeiffer?® insists that the curves must be profoundly
modified by other limiting factors, while Frohlich takes excep-
tion to the method of calculation.? Mitscherlich apparently
recognises the force of these criticisms, for he now admits
that Liebig’s Law of the Minimum is not a correct expression
of the facts: the yield is determined not by the one factor
which is lacking, but by all the factors. Baule (9) has deve-
loped an equation on these lines which, he claims, agrees
satisfactorily with the experimental results.

Curves of similar type have been obtained for variations in
water supply and in temperature, but owing to greater experi-
mental difficulties the data are less reliable, and, therefore, not
susceptible to mathematical treatment. The temperature re-
sults are of interest, in that they bring out an important differ-

1Th. Pfeiffer, E. Blanck, and M. Fliigel, Wasser und Licht als Vegetations-
factoren und ihre Beziehungen sum Gesetze von Minimum (Landw. Versuchs-Stat.,
1912, Ixxvi., 169-236. See also 224¢).

2The method of calculation is as follows: Obtain two equations by sub-
stituting two of the numerical values of x and y obtained experimentally. Calling
these numbers x,, x,, etc., the equations are

loge (A —y)=c — kx; . - o S . (1)
loge (A — y5) = ¢ — kxy . 5 c . (2)
Then by subtraction log (A — y;) — log (A — y,) = k (%, — xl) c 5 . (3

Obtain another equation like (3) but select the numerical values so that
Xy — Xy = Xy — %
loge (A~ y,) —loge (A —yg) = k(s 2) . . . (4)
By subtracting (4) from (3) loge (A — y,) + loge (A — y3) = 2 loge (A — y,),

A
%&) N )

Since y,, yq, and y; are all known, the value of A is easily calculated.
The value of % is then found from equation (3)

0 b= loge(A — y;) — logA — y,)
Xy — 4y J

As all the quantities on the right-hand side are known the value of % is
readily obtained. A difficulty is that different values for A are, in fact, obtained
when other equations like (3) are worked out. Ifthere werea very large number
of points, a probable value for A could be obtained : with a small number, such
as almost necessarily are obtained in practice, some selection apparently has to
be made, which is objectionable. This was done by Mitscherlich in the case
quoted in Table V.
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ence between sustained growth and the individual processes of
assimilation, etc. In the classical experiments of F. F. Black-
man and of Miss Matthaei (now A. G. L. Howard) (193) the
effect of temperature on assimilation, all other factors being
eliminated, was precisely that obtaining in an ordinary chemi-
cal reaction ; so also for respiration. Miss Matthaei found that
the amounts of carbon dioxide assimilated by a cherry laurel
leaf per 30 sq. cms. (about 8 sq. ins.) per hour at-various
temperatures were :—

Temperature, deg. C. | —~ 6° [+ 8-8° 11°4°| 15° |23°7°|30°5°37°5° {40°5° | 43°!

Weight of CO, as-
similated, grams . | *000z | *0038 | ‘0048 |0070|'0102| "0157 | *0238 | 0149 | ©0102

By interpolation, the values at 0° 10°, 20°, etc., cah be found,
and the rate of assimilation is thus seen approximately to
double for every increase of 10°, the usual order of increase in
chemical reactions :—*

Temperature . o° 10° 20° 30° 37°
Amount of CO, assxmllated per hour 17°5 42 89 157 238
Increased rate for 10° C. — 24 2°I 18 18

But on the other hand, the effect of temperature on the rate
of growth of a plant as a whole is in no wise like its effect in
accelerating chemical change. Bialoblocki’s (37) results with
barley were as follows :—

Temperature . 5 (0) 10° 20° 30° 40°
Dry matter formed, grams .| (ni]) 7'64 8-22 385 0°g3

The two curves are shown in Fig. 3; the difference between

1The rates were maintained only for a short time at the higher tempera-
tures.

2 A list of the papers dealing with the temperature co- eﬂic1ent for cell growth
is given in Science, 6th November, 1908. See also Zaleski, W., Ber. Deut. Bot.
Ges., 1909, 27, 56-62, '

3*
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them is of fundamental importance to our subject and must be
discussed in some detail.
Each of the separate processes—assimilation, respiration,
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F16. 3.—Relation between temperature and assimilation. (Miss Matthaei.)
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etc., gives, so far as is known, curves like Fig. 3, continuous
over the whole range of temperature nearly up to the death
point. At higher temperatures it is necessary to work for a

S

‘Q, 8 P

S 4 // AN

=

S ¢

S / AN

§ / \\

I Op>= S ° 0 S ) o
& =10 ] +70 +20° +380 +40 +50

—> Temperature

Fic. 3a.—Relation between temperature and plant growth. (Bialoblocki.)

short period only, so as to reduce the injurious effects then
produced, but there is no break in the curve.

For the growth of the plant, however, it is necessary that
all the processes should work harmoniously together, and that
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the protoplasm should remain healthy and vigorous. Now
the temperature range over which protoplasm lives and the
somewhat delicate adjustment of the processes holds together
is very restricted ; beyond a certain point, which varies with
different plants, further temperature increases do not cause
more growth, but throw the adjustment out of gear. Thus
the curve begins to bend over.

The student will observe a close similarity between this

TEMPERATURE

Fi6. 4.—Influence of temperature on enzyme action, showing fall in quantity
but increase in activity as temperature rises. (Duclaux.)

curve and that obtained by Duclaux ! for the relation between
enzyme action and temperature. In Fig. 4 AB shows the
relation between enzyme action and temperature so long as
the activity remains unimpaired; CD shows the relation
between temperature and quantity of enzyme, the enzyme
being destroyed as the temperature rises; AOE is the resul-
tant curve showing the relation between temperature and the
activity of a given initial quantity of enzyme.

LE. Duclaux, Traité de Microbiologie, Tome 2, Paris, 18g9.
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In this case the falling off in activity at higher tempera-
tures (OE) is due to the destruction of the enzyme ; in the
case of the plant it is attributable to two factors, disadjust-
ment of processes and injury to protoplasm.

(2) Variation of Two or more Factors.

The simple case-presented by single factor variation is
unusual in natural conditions: more generally two or more
factors are present in quantities insufficient for perfect growth.
This case has been discussed by F. F. Blackman who has in-
troduced the very happy phrase “limiting factor” to express
a conception previously used by H. T. Brown under the name
“throttle valve”. Generally speaking the effect of each
separate factor is expressible by the single factor curve up to
the point where a second factor begins to be insufficient, and
then the curve alters considerably : instead of going on con-
tinuously the increase of growth falls off considerably or even
is brought to an end. A factor that thus proves insufficient
and stops or greatly retards what ought to be a continuous
process is called a “limiting factor”. Growth is once more
resumed when the amount of the limiting factor is increased
until again this factor proves insufficient, or some new factor
comes into play.

These phenomena are illustrated by von Seelhorst’s inves-
tigations on the effect of water supply on plant growth.: In
one of their investigations Tucker and von Seelhorst (256) put
up three series of soil pots in which the water was kept at a
definite amount ; one was just moist, another was moister, and
a third still moister. These were then each subdivided into
three others, one receiving no nitrogen compounds, another
one dose, and the third two doses. Oats were sown in all
nine sets with results that are given in Table V1.

When only little water is present the added 05 grm. of
nitrogen is without effect, the supply in the soil being suf-
ficient for the crop needs: the water and not the nitrogen is
the limiting factor. When more water is added the plant can
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make more growth, and can therefore utilise more nitrogen :
the added o'5 grm. now raises the crop by 10 grms. Again,
however, the water supply sets a limit, and the second 05 grm.
of nitrogen is without effect. When a liberal supply of water
is added the first o5 grm. of nitrogen gives 20 grms. of crop,
double the previous increment; but even this does not repre-
sent the whole possibility, for the second 05 grm. of nitrogen
gives a still further increase of 15°5 grms.
TaBLg VI.—INFLUENCE oF WATER SUPPLY ON THE EFFBCTIVENESS OF
MANURES. VON SEELHORST AND TUCKER (256).

Dry Weight of Oat Crop.

Nitrogen Series. Increased Crop for

Manuring.
First Incre; t | Second Increment
K3 KPN. KF2N. of Nitrog!::.u ot51 Nitx:l'og:x. -
I. Moist soil ! 675 685 685 1'0 o
I1. Moister soil | 836 93°4 940 98 6
ITII. Wettest soil | 99°5 119°5 1350 20°0 15°5

K = 1 gram of K,0 as K,CO; per pot; P = 1 gram of P,0, as Ca(H,PO,),
per pot; N = -5 gram of N as NaNOj; per pot.

Phosphate Series. 5 5 & i1 Ixécreasle for
s irst Incre-{Second Incre-| Complete
Manuring. ment of P. | ment of P. Manure.
None. | KN. | KNP. | KNgP. KNP.
I. Moist soil? | 41°5 { 385 | 685 | 792 | 30 10°7 27
I1. Moister soil | 47°2 | 40°0 | 93°4 | 1080 53°4 146 46°2
ITI. Wettest soil | 68°5 | 63°5 | TI9°5 | I27°5 560 8 51

The results of the phosphate series are somewhat different
in detail, but not in principle. The first dose of P,O; in the
dry soil gives an increased crop, and so does the second, the
first not having been large enough ; in the wetter soil, however,
the increase is much larger. There s a still further increase in
the wettest soil, but less than before, some other limiting

1 The moist soil contained 14°35 per cent. of water (41°6 per cent. of satura-
tion), the moister soil 15°41 per cent. at the beginning, increasing to 1843 (51°7

per cent. of saturation) as the experiment proceeded, and the wettest soil, 16°44
per cent, at the beginning, increasing to 22°59 (63°7 per cent. of saturation).
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factor now coming in. These relations are shown in the
curves of Fig. s.

A further illustration is afforded by experiments made by
the writer on the growth of tomatoes in pots of sand in which
supplies both of waterand of nitrate were varied. The results
are shown in the curves of Fig. 6. The series of curves is
expressible by a surface, which is the proper way of represent-
ing the effect of two varying factors on plant growth. No
account was taken of temperature variations : to do this would

Most Water (226 %)
IS‘.,IZO
O/
L)
IS
S !
S
5 More Water.(18-4%)
= 80
g
=
> S O
) - Little Water.(14-3%)

—>Nitrogen added over and above supply in Soil.
F1c. 5.—Influence of water supply on the effectiveness of manures. (Von
Seelhorst and Tucker.)
necessitate the construction of a series of surfaces each valid
for a particular temperature, or to adopt some mathematical
device equivalent to projection in a fourth dimension.

In all these experiments it has been assumed that the ob-
served effect is caused by the direct action of the added sub-
stance on the plant, and the assumption is justifiable because
the plant is grown in sand which is very inert. When, how-
ever, a step nearer to natural conditions is taken, and the ex-
periment is carried out in soil it is no longer safe to assume
that the soil remains unaltered while the conditions are varied.

Experiments on the growth of tomatoes in soil made
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simultaneously with those in sand gave a very different result
owing to interactions in the soil which will be discussed later.
It is evident, however, that the soil must be studied dynami-
cally and not statically. While the curve is still of the
general type it differs from those obtained in sand in that
there are now a number of factors concerned and the final
result cannot be expressed by a surface or by a series of
surfaces, but would involve something equivalent to projection
into an »th dimension, an operation not within the scope of
ordinary simple mathematics.

The general result of the quantitative work is that the

4 Limiting Factor.
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Increment of Factor
F16. 7.—General relation between any particular factor and plant growth.
An increment in the factor causes increases in growth up to the point when
some second factor sets a limit; further increases then have no effect.
Finally, excess of the factor may cause positive injury.

numerous soil factors ‘involved in plant growth can be dis-
entangled and separately studied. The operation of each
factor is expressed by a curve which would probably be like
Figs. 1 or 3, flattening out and finally bending over when
larger amounts of the factor exert a harmful effect. In actual
natural conditions the case is complicated by the fact that two
or more factors are almost always concerned, one of which
acts as a limiting factor. The curves are of the general type
of Fig. 7. ‘

Any possibility of simple mathematical treatment of the
amount of growth in soil is ruled out by the circumstance that
the various factors act not only on the plant, but also on the
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soil, which in turn, reacts on the plant growth. If mathe-
matical treatment is to be attempted it must be on statistical
lines.

The Effect on the Habit of Growth or Other Plant Char-
acteristics.

Hitherto, we have dealt only with the actual weight of the
plant.  Observations in the plant culture house or in the
field, however, show that two plants may have the same weight
and yet differ considerably in appearance, in proportion of
root or of seed to leaf and stem, in degree of maturation and
in other respects. These differences are often of considerable
technical importance, profoundly affecting the value of the
crop, and they are of great interest as indicators of soil condi-
tions. It cannot, of course, be assumed that a certain appear-
ance or character in the plant is always and necessarily
produced by the same soil conditions, but the appearances are
often symptomatic and serve to narrow the problem. The
detailed discussion of these differences is the province of the
modern science of Ecology, but the general results are of great
importance to the soil student* They will be dealt with
under the headings of the separate factors.

Effect of Water Supply.

Water.—The relationship between the amount of growth
and the supply of water is shown by Hellriegel’s experiments
(1302, Table VII.) with barley grown under favourable con-
ditions in sand cultures.

The yield rises as the water increases up to a certain point,
and then falls off because the excess of water reduces the air
supply for the roots.

The grain suffers sooner than the leaves and stems. When
a series of plants is grown in this way, with varying water
supply, certain important qualitative differences are revealed.

1For an example of a survey carried out on these lines, see T. H. Kearney ;
L. J. Briggs, H. L. Shantz, J. W. McLane, and R. L. Piemeisel, Indicator

Significance of Vegetation in Tooele Valley, Utah, Fourn. Ag. Research, 1914,
1, 365-417.
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Those receiving only small amounts of water, have small
glaucous leaves and tend early to form seed. As the water
supply increases, the root system increases rapidly both in
extent and in fineness ; with further supplies, the leaves be-
come successively larger and greener in colour, ripening be-
comes delayed, but the root system becomes restricted and
alters in character, finally consisting of a few stout roots only.
Von Seelhorst (2576) has made quantitative determinations of
the proportions of root system to entire plant under conditions
of varying water supply.

TaBLE VII—GROWTH OF BARLEY WITH VARYING SUPPLY OF WATER.
HELLRIEGEL (130a).

Amount of water . .15 10 20 30 40 60 8o
Dry matter in grain, gms. | nil o72 | 775 | 973 |10°5T | 996 | 877
Dry matter in straw, gms. | ‘12 | 180 | 550 | 820 | 964 |11°00| 9°47
1 grain weighed, mgms. ‘ — | 23 35 ‘ 36 34 32 32

100 represents the amount of water required to saturate the sand.

These morphological differences are accompanied by dif-
ferences in chemical composition of the plant. Even the seed
is affected, a phenomenon which does not usually occur when
other factors such as supplies of plant nutrients are varied.
Thus the composition of the wheat grain is hardly affected by
manuring, but it is profoundly altered by variations in water
supply ! (Shutt, 265). Other instances have been recorded

1C. H. Bailey, Minnesota Expt. Sta. Bull., 131, 1913, has drawn up the
following table, showing the protein content of the wheat and flour of the
hard spring wheat grown in sixteen counties in Minnesota (1st April to 1st
September, 1911).

Rainfall. Protein Protein

per cent. per cent.

‘Wheat. Flour.

Between 12-13 ins. 14793 13°47
” X4-15 ,, X373 12°61

= 16-17 ,, 12°21 12°56

T 18-19 ,, 13°42 12°29

b 20-21 ,, 1288 11°87

5 22-24 ,, 11'63 1065

Stewart and Hirst, Utak Expt. Sta. Bull., 125, p. 145, obtained the follow-
ing results at Utah, showing the effects of irrigation.
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by von Seelhorst (257d), and by Pfeiffer, Blanck, and Friske
(224e).

In soil, other and indirect factors come into play ; too much
water causes the exclusion of air; certain reduction products
are then formed by bacteria which have a direct toxic effect
on the plant.

These relationships are constantly recurring in field obser-
vations. On moist soils—clays and loams—the plants usually
have large wide leaves and grow to a considerable size, whilst
on the drier sands the vegetation is narrow leaved and more
stunted, but the root system is well developed.! A copious
water supply leads to a more protracted growth and to a re-
tardation of the ripening processes; indeed, in very wet dis-
tricts, wheat and barley are grown only with difficulty, if at all,
because ripening may be so long delayed that frosts supervene
and damage the crop. Oats are less affected, as they are
usually cut before they are ripe.

Water supply and temperature are the two chief factors
determining the distribution of crops. In the warm, dry,
eastern counties of Great Britain crops are grown for seed ;
great quantities of wheat and barley are grown in Norfolk,
Suffolk, and the Isle of Thanet; mangold seed and turnip
seed is produced in East Kent. Wetter districts are more
favourable for swedes and oats; very wet districts for grass.
The warm, moist, south-west of Cornwall is very favourable
for early vegetables, cabbage, cauliflower, etc., whilst the cooler
Lincolnshire and Cheshire are well suited to potatoes. It is
possible by suitable operations to modify somewhat both the
temperature and the water content of the soil, and so to make

Footnote continued from opposite page—

Irrigation. Protein per cent.
25 ins. 1623
I5 9 | 12°92
No irrigation. 13°62

For the small effect of soil conditions see Washington Ag. Expt. Sta. Bull.,
111, and A. D. Hall, Yourn. Bd. Agric., 1904, 2, 321. Sodium hydrate and
magnesium oxide affect the composition (pp. 73, 75).

1See p. 310 ef seq.



46 SOIL CONDITIONS AND PLANT GROWTH

the soil conditions rather more favourable for any particular
crop.

Some interesting results are obtained in glass house practice.
Tomato growers have learned to regulate water supply and
temperature in such a way as to produce compact bushy
plants, which they know by experience give more fruit than
the softer, larger plants, obtainable under other conditions.
Until the blossom is fertilised or has * set,” therefore, vigorous
growth is not encouraged, and, in many cases, while the atmos-
phere is artificially damped, water is actually withheld from the
roots until, in the picturesque language of the grower, “the
plants cry for it ”. After ‘“ setting,” water is liberally supplied
and top dressings of manure are given.

It is impossible at present to make a complete analysis of
these phenomena. The osmotic pressure of the plant cell is
known to alter with changes in moisture content of the soil,
and it may, and probably does, react on other characteristics
of the plant. Some of Iljin’s results (141) are given in
Table VIIL

TaBLE VIIL.—CHANGE IN OsmoTIic PRESSURE oF PLANT CELL WITH
CHANGES IN MorsTuRE CONTENT OF SoiL.

Ratio of Soil Moisture Osmotic Pressure in Normal Solution of NaCLl
to Absolute Water Helianthus annuus. Zea Mays.
Capacity of Soil.

8o per cent. 0°14-0°16 017
60 ,, 0°25-0"28 0'19
30 o 0°4I-0°45 0°49

Effect of Soil Conditions on Consumption of Water by
the Plant.

In the experimental work just described the water content
of the soil is kept artificially constant, thus eliminating the
effect of the rate of consumption by the plant. In natural
conditions, however, the supply is not maintained constant
and the rate of consumption therefore becomes an important
factor. Many determinations have been made of the weight
of the water transpired per gram of dry matter formed, the figure
being called the #ranspiration coefficient.  This mode of

101 normal NaCl has an osmotic pressure of approximately 4 atmospheres.
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expression is convenient and it gives useful information to the
practical grower in irrigated districts, but from the strictly
scientific point of view it suffers from the disadvantage that
it implies a causal relationship between transpiration and as-
similation when in reality there is none.

The transpiration coefficient is not constant but varies
with the plant and the conditions, increasing with the tempera-
ture and to some extent with the water supply, but decreasing
as the food supply increases.

TaBLE IX.—TRANSPIRATION COEFFICIENTS, f.c. AMOUNT OF WATER TRANS-

PIRED DURING THE PRODUCTION OF ONE PART OF DRY MATTER. BRIGGS
AND SHANTZ (55¢).

Crop Extreme Values for Mean Value

2 Different Varieties. for Genus.
Proso . 5 3 3 5 5 268 to 341 293
Millet . 5 o M . 261 to 444 310
Sorghum . p L 3 o 285 to 467 322
Maize . . o 5 5 5 315 to 413 368
Wheat . o 5 5 5 5 473 to 559 513
Barley . 0 o o o o 502 to 556 534
Qats . . . . J ) 550 to 622 597
Flax . . 8 3 5 3 — 905
Sugar beet . c . . 5 — 397
Potato . . . g . ‘ — 636
Cow pea 0 o o o — 571
Clover . . o 3 . . 789 to 805 797
Lucerne 5 o . o o 651 to 963 831
Grasses . ! ! 3 ' —- 861
Various native plants (i.e. weeds) 277 to 1076 —

With the plant variations we are not concerned. It is
demonstrated, however, that a difference exists between
different varieties of the same crop and that there are con-
siderable prospects for breeding or selecting varieties specially
suited for dry conditions. This work is already in hand
with good results in Australia, the Western States and else-
where. Unfortunately no correlation has been traced between
water requirements and plant structure, so that the breeder
has no guide in his selection except actual and tedious trials.

The effect of soil conditions has been studied at the Be-
sentchuk Agricultural Experiment Station, Samara, Russia,
situated in a district which suffers from prolonged summer
drought and excessive variations in crops. The transpiration
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coefficient is found to vary from year to year with the external
meteorological conditions, being greatest in dry years and
lowest in wet years; it is also higher in wet soils than in dry
ones. Toulaikoff considers that it is these conditions, rather
than the biological character of the plant, that determines the
magnitude of the coefficient (284).

Some of his results are :—

1911, 1912, 1913. 1914.

Wheat, var. Polltawka . 6284 444°5 3386 3876
A ,» Bieloturka L 756°3 475°9 316°5 397°1
Oats , Giant . 655°1 5103 347°4 3699
Barley ,, Moravian 5 6179 4616 230°3 413°3

The year 1911 was excessively dry, 1913 was very rainy:
1912 was an average year and 1914 was rather dry.

The effect of variations in water and food supply on the
water requirements of plants was studied by Hellriegel, and
subsequently by von Seelhorst at Gottingen (256-258), who
has worked extensively at the various water relationships of
plants. His results with oats are given in Table X.

TaBLE X.—EFFECT OF VARYING WATER SupPLY ! AND FoOD SUPPLY ON THE
WATER REQUIREMENTS OF OATS. VON SEELHORST (257a).

Dry Matter Produced, | Total Water Transpired,|] Water Transpired per
Grams. Grams. Gram of Dry Matter.

Soil
still
Moister.

Soil
still
Moister.

soil | soil | SOl gon | sl

Moist. |Moister. MSit;g’.r Moist. {Moister.

Soil Soil
Moist. |Moister.

Nomanure | 396 | 488 | 52°6 |10°215|15°245 [16°290 | 250°9 | 312°9 | 307°I

Complete
manure. | 49'9 | 867 | 95'1 |11°170 (20°490|23°030 | 225°1 | 236°8 | 2316

1 The variations in water supply were :—

5to !2'May. 12 May to 1 June. | 1 June to 1 July.

Soil moist . 1 544 544 44°8
Soil moister . o 59°2 640 59°2
Soil still moister . 640 739 73°6

‘Where 100 = saturation of the soil.
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Similar results have been obtained by Wilfarth (Table X1.),
(309a) with sugar beets grown in pots of soil containing known
but varying amounts of nitrate.

TaBLE XI.-—ErrFecT oF VArRYING Foop SuppLY ON THE WATER REQUIRE-
MENTS OF SUGAR BEeT. WILFARTH.

Nitrogen supplied, grams . ‘42 126 2°10 2°94 336 378
Weight of dry matter pro-
duced, grams . 2 .| 230 | 739 | 96'5 |132°4 (1676 |1888
‘Water transpired, grams .| I3,I00 | 34,570 | 39,420 | 55,I90 | 62,600 | 72,280
Stated as inches of rain .| 36 9'4 | 1077 158 17°0 19°6
Water used per gram of dry
matter formed h 569 468 409 417 374 383
8
__—————lLToD\
7t 5 Tons _| _
_—"'------_-- --------- [~
1’- \“~\§
6t .7 N
//
v 5}
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=
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Water applied.

Fic. 8.—Effect of water supply on the effectiveness of farmyard manure.
Yield of maize (stover and grain) in tons per acre for o to 40 inches irrigation
water. (Harris and Butt, Utah, 123.)

Two deductions may be drawn: (1) water is economised
by increasing the food supply; (2) the total amount of water
required during the growing season may be greater than is
supplied by the rain, in which case the balance must be
otherwise provided, or the food cannot be utilised.

4



50 SOIL CONDITIONS AND PLANT GROWTH

Over large areas of the world the rainfall is insufficient,
and recourse is had to irrigation. In endeavouring to ascer-
tain the best way of irrigating crops two considerations have
to be kept in view: (1) excessive watering has secondary
injurious effects on the soil, such as the deterioration of the
physical condition, the accumulation of alkali salts, or the
formation of toxic reduction products; (2) the requirements
of the plant are not always the same, more water being needed
during the period of active growth than during germination
or ripening. =

Some of the results obtained in Utah are set out in
Table XII and in Fig. 8:—

TaBLE XII.—AVERAGE YIELD oF DrRY MATTER AND NITROGEN FROM THE
ExPERIMENTAL PLOTS ON GREENVILLE FArRM, UTAH. GREAVES, STEWART,
AND HIrsT (1135).

(Expressed as lbs. per Acre.)

Lucerne. Potatoes.
Water Applied.
Hay. Nitrogen. Tubers. Nitrogen.
ins.
37°5 10,464 282°5 1,464 20°4
25'0 9,963 2650 1,540 2478
15°0 9,779 259°1 1,759 332
None 6,808 170°L 1,075 19'1
Oats. Maize.
Water Applied.
Grain. Straw. Nitrogen. Grain. Stover. Nitrogen.
ins.
37°5 2,273 | 2,089 89'5 2,080 | 3,316 66'3
250 2,003 | 2,581 839 1,995 | 3,332 69°6
15°0 1,385 1,821 717 2,179 3,605 766
None 1,560 1,928 640 1,600 3,280 62°3

Field experiments like those conducted by the Punjab
Irrigation Department? have shown that the cultivator every-

1 These and similar experiments are discussed by A. and G. L. C. Howard
in Wheat in India: Its Production, Varieties, and Improvement (Imperial Depart-
ment of Agriculture, India, 1gog). German experience is recorded in Ezfahrung
bei der Ackerbewdsserung (¥ahrb. Deutsch. Landw. Gesell., 1913, 28, 76).
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where tends to take too much water, with loss not only to
others on the same irrigation system, but also to himself.

Air Supply.

It is well known among farmers and gardeners that soil
aeration is essential to fertility but exact measurements are
difficult to obtain. The phenomena are more complex than
appears at first sight, involving two wholly distinct factors :—

I. The necessity of a supply of oxygen to the plant root.

2. The toxic effect of the carbon dioxide which invariably
accumulates in a non-aerated soil or other medium.

Moreover, plants vary considerably in their sensitiveness to
these factors.

The simplest case is seen in water cultures where aeration
produces marked effects. In the experiments of Hall,
Brenchley, and Underwood (121¢) the amounts of dry matter
produced were as follows :—

Barley, Lupins,
Grams per Grams per
Plant. Plant.
Non-aerated . . o . 1’314 083
Continuously aerated 5 o 2°122 1'53

The more recerit experiments of E. E. Free (1002) show
that plants do not all stand in equal need of oxygen. Buck-
wheat was grown in water cultures through one set of which
was blown air, and through others nitrogen, oxygen, and
carbon dioxide respectively. No difference was observable
between the plants supplied with nitrogen and those supplied
with air or oxygen: they all grew normally to maturity. In
this case, therefore, the root apparently can dispense with
gaseous oxygen. When, however, carbon dioxide was given
the plants sickened and wilted within a few hours, and died
in a few days.

Stiles and Jérgensen (272) have confirmed this difference
between barley and buckwheat.

Soil experiments are more difficult to carry out. B. E.

4 *
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Livingstone and E. E. Free (178c) grew plants in soil so
sealed that its atmosphere could be controlled. Different
plants varied in their susceptibility to the exclusion of
oxygen ; Coleus blumei and Heliotropium peruvianum were
the most sensitive, the intake of water in their roots ceasing
within 12 to 24 hours owing to death of the roots and the
entire plants ultimately died when oxygen was replaced by
nitrogen. Salir nigra, on the other hand, successfully en-
dured the exclusion of oxygen.

Application of these general results to field conditions
have been made in India by A. and G. L. C. Howard (139),
who have shown that increased soil aeration resulting from
lessened irrigation or addition of potsherds to the soil leads
to increased plant growth. Some of their results are given in
Table XIIL :—

TaBLE XIII.—THE EFFEcT oF DIiLuTING THE PUsAa SoiL wITH POTSHERDS
OR SAND. A, AND G. L. C. HowaRD (139).

5 Yield per Acre
Yield per Acre & 5 Increase Percentage
Crop. of Control Plot. ‘"B;‘:siéﬁa:f per Acre. Increase.
1b. 1b. Ib.
Oats . 0 o 1954 2312 | 358 18
‘Wheat o c 1316 1580 264 20
Tobacco . = 1680 1846 166 10

ErrFecT OF REDUCING IRRIGATION AND THEREBY INCREASING AIR SUPPLY.

‘WHEAT.
Three Waterings. Two Waterings. One Watering.
Yield of wheat:
Grain 1b, 1222 1302 788
Straw, etc. lb. 1764 2004 1714

Hall, Brenchley, and Underwood (1214) found considerable
differences in the amount of growth of lupins in sand and
kaolin on the one hand, where ample aeration was possible,
and fine sand, silt, or water culture on the other where there
was much less aeration. Their results are :—
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Weight of Dry Matter
Formed, Grams.

Material allowing diffusion of air: Coarse sand . 2°474
Kaolin . 5 1833

Material allowing less diffusion of air: Fine sand 13T
f Silt . z 1°393
Water . 1°942

The results are illustrated in Fig. 9.}

= - Temperature.

It is difficult to separate soil temperature effects from
temperature effects in general, and in practice the distinction
is unnecessary since the temperature of the air is largely de-
termined by that of the soil.

The effect of temperature shows itself in three ways :—

1. It profoundly affects the rate of growth of plants, and
thus determines what plants can be grown and what cannot
be grown in a given area.

If the temperature is too low a yellow or purplish colour
may appear in the leaf, and the plant grows so slowly that
it is liable in its early stages to succumb to insect pests, such
as wireworms, and in its later stages to be cut down by
autumn frosts before it has time to ripen. If, on the other
hand, the temperature is too high, the plant becomes taller
than usual, less robust and, when much water is also supplied,
liable to fungoid pests ‘that prove very troublesome in com-
mercial glasshouses. Only over a comparatively restricted
range of temperature is it possible to obtain the compact
sturdy habit aimed at by the grower. This favourable range
has not yet been correlated with other properties of the plant
and has to be discovered empirically; it is, on the whole,
lower for the seedling' than for the growing plant, but it is
highest for the period of maturation. It varies for different
crops; wheat requires a cool time for sowing but a hot time
for ripening, barley requires a cool, and oats a still cooler

1For other papers see C. A, Shull, Bot. Gas., 1911, 52, 453-477, and W, A,
Cannon and E. E, Free, Science, 1917, 45, 178-180.
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time throughout. It varies even for different varieties of the
same crop; plant breeders are continually trying to evolve
strains suited to particular ranges, e.g. wheats have been bred
at Ottawa to ripen in the northern parts of Canada.

2. It affects the lengths of the periods of vegetative
growth and of maturation and therefore causes certain modi-
fications in the plant itself.

A long ripening period gives wheat a plump kernel with
a low percentage of protein, while a short ripening period
gives an increased protein content (Lawes and Gilbert in
1857, 166¢).

Turnips in the south of England not only make less growth
than in the north, but have a somewhat different composition.
Oat straw in Scotland differs in composition from that in
England, the translocation of material to the grain being
apparently less complete.

3. The temperature at the time of ripening profoundly
affects the germination capacity of the seed.?

Light.

Although light is not a soil factor it nevertheless indirectly
affects the soil by modifying the flora which, as we shall

1For a discussion of the physiological effects produced by temperature see—

Action de la Chaleur et du froid sur Vactivité des étres vivanis : par Georges
Matisse. Paris (Larose), 1919.

Bull. Internat. Inst. Ag. Rome, 1917, 8, 340.

Darwin, Francis, On the growth of the fruit of * Cucurbita” (Annals of
Botany, 1893, 28, 459-487).

Leitch, 1., Some experiments on the influence of the rate of growth of *“ Pisum
sativum’ (Ann. Botany, 1916, 30, 25-46).

Lehenbauer, P. A., Growth of maize seedlings in relation to temperature
(Physiol. Researches, 1, 247-288, 1914).

Lepeschkin, W. W., Zur Erkenntnis der Einwirkung supramaximaler
Temperaturen auf die Pflanze (Ber. Deutsch. Bot. Gesell., 30, 703-714,
1912).

Maximow N. A., Chemische Schutzmittel der Pflanzen gegen Evfrieren (Ber.

. Deutsch. Bot. Gesell., 30, 52-65, 293-305, 504-916, 1912).

Groves, J. F., Temperature and life duration of seeds (Bot. Gazette, 63,
169-189, 1917).

Livingstone, B. E., and Livingston, Grace J., Temperature Coefficients in
Plant Geography and Climatology (Bot. Gazette, 1913, 50, 349-375. Abs,
in ¥ourn. Ecol., 1914, 2, 179).
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subsequently see, largely determines the nature and amount
of the organic matter of the soil. Tall vegetation keeps off
light from the lower growing plants and more or less sup-
presses them. Thus on the Rothamsted grass plots clover is
seriously reduced in amount by nitrate of soda which causes
tall growing grasses to flourish : Lathyrus, on the other hand,
in consequence of its tall growing habit is not adversely
affected but grows vigorously. Numerous other instances are
recorded in the Journal of Ecology.! The extreme case is
seen in wood-land where there is very little undergrowth and
where, therefore, organic matter has not accumulated in the
soil. Adjacent pieces of land at Rothamsted, both untreated
and differing only in the flora, showed the following differences
in composition :(—

Long Estabtished. Established 40 Years.
Open Land. w Open Land.
ood-land. Wood-land.
Flora ofo?,;:'ss and No Green Plants. Floraglt;(‘%;:ss and No Green Plants.

Organic matter—

0 — gins, 85 67 7°9 81
9g-—-18 , 48 48 67 52
.
Nitrogen—
o — gins. 0°256 0°185 0'182 0°173
g-18 ,, 0°097 c°093 0084 0081

One of the most effective ways of suppressing weeds is to
grow a heavy crop which, in the farmer’s language ‘“ smothers ”
them by excluding light and by exerting certain root effects.

Food.

The nutrition of plants is complicated by the fact that
plants synthesise their own food from various substances
taken out of the air and the soil. It is common in farmers’
lectures to speak of these as the actual foods, but the student
must be perfectly clear in his own mind that they are only
the raw materials out of which the food is made. It is

1See e.g. E. Farrow, Fourn, Ecology, 1916, 4.
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convenient to make a distinction between the elements neces-
sary in large quantities, and those of which mere traces suffice :
the effect of the former can readily be demonstrated in water and
sand cultures ; the latter are more difficult to study, as traces
are always present in the seed, and often also in the nutritive
medium, or the vessel in which the plant is grown.

The substances needed in quantity are carbon dioxide,
water, oxygen, and suitable compounds of nitrogen, phos-
phorus, sulphur, potassium, calcium, magnesium, and iron. Of
these nitrogen, phosphorus, and potassium compounds are re-
quired in such large amounts that they usually have to be
added to soils as artificial fertilisers in order to obtain maxi-
mum yields in agricultural practice. The other nutrient ele-
ments are generally present in air, in soils or in rain, in sufficient
amounts to exert their full effect.

In addition to the above substances, small amounts of
manganese and silicon are known to be beneficial : recent
evidence suggests that others may be also. The list of ele-
ments of which traces only are needed has been much extended
in an important investigation by Mazé (197), who includes
boron, fluorine, iodine, chlorine, aluminium, and zinc. Evidence
is steadily accumulating that these substances, in suitable traces,
are beneficial to plant growth, as will be shown below.

Between nutritive effects and toxicity the margin appears
to be narrow, and almost all the elements essential to plant
nutrition are capable of producing toxic effects under other
conditions. In the case of the major nutritive elements toxi-
city occurs only when a sufficiently large excess is present
to alter considerably the osmotic relationships or the proper
physiological balance of the nutrient medium : the transition
from beneficial to harmful effects is very gradual and proceeds
through the long inert stage shown in Fig. 7. In the case of
elements of which only small amounts are needed the transition
is much sharper: the limits are easily overstepped and toxic
effects set in when the minute beneficial amount is exceeded.

Carbon.—It is generally assumed that plants derive all
their carbon from the air, but the French investigators have
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persistently held the view that some may come from the soil
(p. 15). The physiological work has usually been done in
water cultures, Knudson! finds that saccharose, glucose,
maltose, and fructose are directly absorbed and utilised by
green maize, Canada field pea, timothy, radish, vetch, etc.,
giving rise to a characteristic branched root system. While
these substances do not occur in the soil other soluble carbon
compounds are present, especially in glasshouse soils, and may
exert important effects.

There is considerable evidence, however, that by far the
larger portion of the carbon of the plant is taken up from the
atmosphere and not from the soil, but the phenomena are not
wholly independent of the soil. The amount of carbon dioxide
in the atmosphere is subject to slight variations which may
arise from variations in biochemical activity in the soil, and
may be a factor of importance in crop production. Brown and
Escombe (592) found that the amount varied at Kew from 2°43
to 3'60 % volumes per 10,000 volumes of air, the average being
2:94. Taking the month of July as an example, the average
values were :—

1898, 1899. 1900. 1901,
CO, in 10,000 volumes of air . 283 288 286 3°IT

It is probable that the plant asa whole would respond to
variations of this order, making greater or less growth as the
amount of carbon dioxide rises or falls.?

Nttrogen.—Of all the nitrogen compounds yet investigated
nitrates are the best, and, in natural conditions, probably the
only nitrogenous food for non-leguminous plants. The seed-
ling, still drawing its sustenance from the seed, lives on other
compounds : H. T. Brown (595) found that asparagine was the
most effective nutrient for the detached embryo of barley,
followed by other relatively simple substances like nitrates,
glutamic and aspartic acids,ammonium sulphate, etc., the more
complex substances being less useful. The experimental

1Cornell Repts. (Ithaca, N.Y.), 1917, 747-813 (Memoir g of 1916).
2Only on one occasion was so high a number obtained. i
3See E. Demoussy (83) and Otto Warburg, Biochem. Zeitsch., 1919, 100, 230,
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study of the nitrogen nutrition of adult plants is complicated
by the difficulty of growing plants under sterile conditions in
which the decompositions effected by bacteria are obviated;
much of the earlier work is vitiated by this circumstance,
Later work has satisfactorily shown that ammonia is readily
assimilated from solutions of ammonium sulphate if the con-
centration is not too high ; but even o1 per cent. was found
injurious by Mazé (196). Kriiger (1566) concludes that am-
monium sulphate is less beneficial than sodium nitrate for
mangolds ; both compounds are equally useful for oats, barley,
and mustard, while ammonium sulphate is better for potatoes.
Brigham ! maintains that maize also thrives better on am-
monium sulphate than on sodium nitrate, - Hutchinson and
Miller (140c) found that peas assimilate nitrates and ammon-
ium salts equally well, while wheat showed a decided preference
for nitrates. Soderbaum ? found that the effect varied with
the salt: ammonium phosphate was more beneficial than the
sulphate, while the chloride was harmful.

An interesting attempt has been made by Prianichnikow
(2296) to elucidate the phenomena of ammonia assimilation by
plants. He supposes that the ammonia taken up by the roots
is transformed in the plant into asparagine, which is then con-
verted into protein. Some plants, e.g. barley, maize, pumpkin, ’
etc,, readily take up ammonia and effect the conversion ;
others, such as peas and vetches, do so only in presence of
calcium carbonate ; whilst others, such as lupin, will not nor-
mally take up ammonia at all. He suggests that this difference
is due to the different quantities of carbohydrates at the dis-
posal of the plant ; by increasing or diminishing the amount
of carbohydrate it is possible to pass from one type of assimi-
lation to another. In a state of inanition the power of forming
asparagine is lost; with plentiful supply of carbohydrate, on
the other hand, even plants of the lupin type could absorb
ammonia and convert it into asparagine. Asparagine can
accumulate in the plant without detriment, and can be built

1Soil Sci., 1917, 3, 155.
2 Kungl. Landt. Handlingar, 1917, 56, 537-561.
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up into protein when sufficient carbohydrate is present. This
accumulation would account for the fact on which all experi-
menters agree, that plants fed on ammonium salts contain a

higher percentage of nitrogen than those fed on nitrates (Table
XIV.).

TABLE XIV.—PERCENTAGE OF NITROGEN IN DRY MATTER OF PLANTS.

Fed on Nitrates. Fed onsi\lrtx::nonium Observer.
Maize . 5 317 3°43 Mazé (196)
Mustard c 287 348 Kriiger (156b)
Oats . 5 1°80 2°05 » ”
Wheat . . 1°91 2°17 Hutchinson and Miller (140a)

Nitrites are also assimilated so long as the solution is not
too concentrated or too acid.!

In spite of a considerable amount of work it is not known
whether nitrogen compounds other than nitrates and am-
monia are assimilated by plants. That many other com-
pounds serve as nitrogen nutrients, even without the inter-
vention of bacteria, seems to be certain (1404), but it has
never been shown whether assimilation of the compound
as a whole takes place, or whether there is decomposition at
the surface of the root. Many of the supposed assimilated
compounds are as a matter of fact more or less easily hydrolys-
able, or otherwise decomposable, with formation of ammonia,
and the decomposition will obviously proceed as fast as the
ammonia is removed by the plant. Two factors that determine
how far a given compound serves as a nitrogen nutrient are :
(1) the ease with which it splits off ammonia, (2) the effect on
the plant of the other decomposition products : if these happen
to be toxic the whole process stops as soon as they have suf-
ficiently accumulated.

The normal nitrogenous food of plants is, however, a
nitrate, and there is a close connection between the amount
supplied and the amount of plant growth, which is well shown
in Hellriegel and Wilfarth’s (130c) experiments (Table XV.).

! See Perciabosco and Rosso, Staz. Speriment. Agrar. ital., 1909, xlii., 5.
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TaBLE XV.—EFrrecT OF NITROGENOUS FooD SuUPPLY ON THE GROWTH OF
BARLEY IN SAND CULTURES. HELLRIEGEL.

Milligrams of nitrogen supplied | o 56 112 168 280 | . 420
Dry matter in crop, grams . |'742 | 4'856 | 10°803 | 17°528 | 21°28¢ | 28727
Increased yield for each extra

56 mgms. nitrogen . — | 4'114| 5947 | 6°725| 1'880| 2975
Grain, per cent. of dry matter

in crop 3 & .l11°9 {37°9 38 42°6 386 43°4
Wexght of one gram mgms. .| 19°5 |30 33 32 21 \ 30

The figures are plotted in Fig 10. Similar results are ob-
tained on the field plots at Rothamsted (Table XVL.).
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F1c. 10.—Effect of nitrogenous food supply on the growth of barley.
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(Hellriegel.)
TABLE XVI.—BRrRoADBALK WHEATFIELD, AVERAGE YIELDS, FIFTY-SIX YEARS,
1852-1907.
Plot 5. Plot 6. l Plot 7. ‘ Plot 8.
Nitrogen supplied in manure, 1b. per acre . o 43 ’ 86 129
Total produce (straw and grain), 1b. per acre | 2315 3048 | 5833 7005
Increase for each 43 Ib. nitrogen 5 J - 1633 1885 ’ 1172

The increasing effects produced up to a certain point by
successive increments of nitrogen may be due to the circum-
stance that the additional nitrate not only increases the con-’
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centration of nitrogenous food in the soil, but also increases
the amount of root, 7.e. of absorbing surface, and of leaf, ze.
assimilating surface. The process thus resembles autocatalysis,
where one of the products of the reaction acts as a catalyser
and hastens the reaction. The increase does not go on in-
definitely because some limiting factor steps in.

The effect of nitrogen supply on the grain is very marked.
In Table XV, it is seen that the grain formed, when nitro-
genous food is wholly withheld, is only two-thirds of the normal
weight: per individual. The first addition of nitrate causes a
marked rise in the weight per grain and the proportion of
grain to total produce, but successive additions cause no further
rise. Indeed other experiments prove that excess of nitrogen-
ous food causes the proportion of grain to fall off somewhat.
The leaf and the general character of growth are affected to a
much greater extent. Nitrogen starvation causes yellowing of
the leaf, especially in cold spring weather, absence of growth,
and a poor starved appearance generally : a moderate supply
of nitrogen leads to more rapid growth, very useful in cold
weather or in case of attacks by insect pests. Abundance of
nitrogen, on the other hand, leads to the development of large
dark green leaves which are often crinkled, and usually soft,
sappy, and liable to insect and fungoid pests (apparently
because of the thinning of the walls and some change in com-
position of the sap) and to retarded ripening: the effects
resemble those produced by abundant water supply. A series
of plants receiving varying amounts of 'nitrate are thus at
somewhat different stages of their development at any given
time, even though they were all sown on the same day, those
supplied with large quantities of nitrate being less advanced
than the rest.  If they could all be kept under constant con-
ditions till they had ripened this difference might finally
disappear, but in crop production it is not possible much to
delay the harvest owing to the fear of damage by autumn
frosts, so that the retardation is of great practical importance.
Seed crops like barley that are cut dead ripe are not supplied
with much nitrate, but oats, which are cut before being quite
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ripe, can receive larger quantities. All cereal crops, however,
produce too much straw if the nitrate supply is excessive, and the
straw does not commonly stand up well, but is beaten down
or “ledged ” by wind and rain. Swede and potato crops also
produce more leaf, but not proportionately more root or tuber,
as the nitrogen supply increases; no doubt the increased root
would follow, but the whole process is sooner or later stopped
by the advancing season—the increased root does, in fact, follow
in the case of the late-growing mangold. Tomatoes, again,
produce too much leaf and too little fruit if they receive excess
of nitrate. At the Cheshunt Experiment Station ! the omission
of nitrogen compounds from the fertiliser mixture has caused
the yield of fruit to increase 11 per cent. With the variety
Comet the following quantities of fruit have been obtained :—

Lb. per plant. Tons per acre, Relative Weights,
Average,
1916.| 1917, | 1918. | 1919. | 1916, | 1917. | 1918, | 1919, HIRRE
Complete artificials | 49| 5°11 | 3°32{ 5°57| 387 | 35'8 | 258 | 422 100
No nitrogen . .| 57|5%60|3°62|598|45'0|39°2|282|47°4 III

On the other hand, crops grown solely for the sake of their
leaves are wholly improved by increased nitrate supply : growers
of cabbages have learned that they can not only improve the
size of their crops by judicious applications of nitrates, but
they can also impart the tenderness and bright green colour
desired by purchasers. Unfortunately the softness of the
tissues prevents the cabbage standing the rough handling of
the market. These qualitative differences are of great import-
ance in agriculture and horticulture.

Three cases are illustrated in Table XVII. ; as the nitro-
gen supply is increased wheat shows increases in straw greater
than those in grain; white turnips show increases in leaf
greater than those in root, but mangolds show substantially
the same increase both in leaf and root, because their growing

! Annual Reports for 1917 et seq.
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period is so much longer than that of the other crops, con-
tinuing until the end of October.

TaBLE XVIL.—EFFECT OF VARYING SUPPLY OF NITROGENOUS MANURE ON
THE GROWTH OF CROPS. ROTHAMSTED.

‘Wheat 10001b. ‘White Turnips, Mangolds, 1000 1b.
g . per acre N | 1000 lb. per acre . . per acre,
Manosertb. | (Sszrsean | NN 851848 | Manrerth, | (199671910)
per acre. peracre. (— I per acre.
Grain. | Straw. Roots, | Leaves. Roots. |Leaves.
none 106 | 1'86 ] none 1837 | 605 none 11'84 | 2°55
43 1°68 | 303 47 22'18 | 9'63 86 40'12 | 8°51
86 2:18 | 428 137 2296 | 1378 134 6567 | 1388
129 227 | 478 — — — — — —
172 2°29 | 5°22 — — — — - —

The actual increase of growth brought about by successive
increments of nitrogenous food depends on the amount of
water and other nutrients, on the temperature, and so on ; any
of these may act as limiting factors. Table XVIII. shows the
crops obtained on some of the Rothamsted mangold plots; in
one case the supply of potassium is so small that it becomes
the limiting factor, in the other sufficient potassium is supplied.

TaBLe XVIII.—INFLUENCE OF POTASSIUM SALTS ON THE ACTION OF
NITROGENOUS MANURES. ROTHAMSTED,

Average Weights, Mangolds, 1906-1910.

Roots, 1000 1b, per acre. |Leaves, 1oco lb. per acre.

Insufficient potassiﬁm (Series 5) | 11°97 | 14°68 IS"Gz 2°59 | 7°25 | 7°75'
Sufficient potassium (Series 4) . | 11°84 | 40°12 | 6567 | 2°55 | 851 | 1388

Nitrogen supplied in manure, Ib.

per acre o 5 — 86 1842 | — | 86" | 1847

The effect of varying water supply is more conveniently
studied in pot experiments than in the field, since any com-
parison between yields in wet and dry seasons is complicated

1 From 400 lb. ammonium salts.
2 From 400 Ib. ammonium salts and 200 Ib. rape cake.



64 SOIL CONDITIONS AND PLANT GROWTH

by the great differences in temperature conditions. Tucker
and von Seelhorst’s experiments have already been described
(pp- 38 and 44).

From the practical point of view the important result is
that a given increase in the food supply may produce no in-
creased growth, small increase, or a larger increase, according
to the extent of the water supply.

Phosphorus—Phosphates are by far the most efficient
phosphorus foods known for plants. The relationship between
phosphorus supply and growth has been measured by E. A.
Mitscherlich (p. 33) in a series of experiments on oats grown
in sand with each of the three calcium phosphates. For equal
weights of the three salts the relative efficiencies corresponded
with the basicity ; for equal weights of P,O,, however, the
values were 266 :2°31 : 1'65. This was in sand cultures; in
soils different efficiencies were found: thus for the mono-
phosphate the values were :—

Sand. Soil 1. Soil 2. Soil 3.
2°66 1-80 174 2°40

The effect of a phosphate on the crop is twofold. In the
early stages of growth it promotes root formation in a re-
markable way. So long ago as 1847 Lawes (161) wrote:
“ Whether or not superphosphate of lime owes much of its
effect to its chemical actions in the soil, it is certainly true
that it causes a much enhanced development of the wnder-
ground collective apparatus of the plant, especially of ‘ateral
and fibrous root, distributing a complete network to a con-
siderable distance around the plant, and throwing innumerable
mouths to the surface”. Dressings of phosphates are par-
ticularly effective wherever greater root development is re-
quired than the soil conditions normally bring about. They
are invaluable on clay soils, where roots do not naturally form
well, but, on the other hand, they are less needed on sands,
because great root growth takes place on these soils in any
case. They are used for all root crops like swedes, turnips,
potatoes, and mangolds ; in their absence swedes and turnip
roots will not swell but remain permanently dwarfed like
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radishes (Fig. 11 shows one of Lawes and Gilbert’s photographs):
the introduction of superphosphate as a fertiliser revolutionised
agriculture on some of the heavier soils by allowing better
growth of these crops. Phosphates are needed also  for
shallow-rooted crops with a short period of growth, like
barley. Further, they are beneficial wherever drought is
likely to set in, because they induce the young roots to grow
rapidly into the moister layers of soil below the surface;
probably, as Hall has suggested, this explains the marked
effect of superphosphate on wheat in the dry regions of
Australia.

Later on in the life of the plant phosphates hasten the
ripening processes, thus producing the same effect as a de-
ficiency of water, but to a less extent; for this reason they
are applied to the wheat crop in some of the northern districts
of England, and the oat crop in the west, to bring on the
harvest a few days earlier and obviate risk of loss by bad
weather. The northern limit of growth of several crops may
in like manner be extended. This ripening effect is well
shown on the barley plots at Rothamsted; crops receiving
phosphates are golden yellow in colour while the others are
still green.

But these effects, important.as they are, are nothing like
as striking as those shown by nitrogen compounds. _ There is
no obvious change in the appearance of the plant announcing
deficiency or excess of phosphate! like those changes showing
nitrogen starvation or excess; the hastening of maturity is
seen only when there is a control plot unsupplied with phos-
phates: it leads to no increase in the proportion of grain
borne by the plant. On the Rothamsted plots supplied with
nitrogen and potassium compounds, but no phosphate, the
grain formed 449 per cent. of the total produce during the
first ten years of the experiment (1852-1861), and almost
exactly the same proportion (447 per cent.) during the fifth
ten years (1892-1901) when phosphate starvation was very

1 Barley grown in water cultures without phosphorus compounds acquires a
red colour in the stem, but this is not commonly seen in the field.

5
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pronounced ; it fell a little to 41°3 per cent. in the sixth ten
years (1902-1911), but rose to 468 per cent. in the period
1913-1919. Even in sand cultures the difference is not very
marked : Hellriegel (130d) grew barley with varying supplies
of phosphate with results given in Table XIX. In absence
of phosphate no grain was formed; when a little was added
grain formation proceeded normally, and the resulting grain
was nearly full weight per individual ; as the phosphate supply
increased the percentage of grain increased, but soon reached
a maximum beyond which it would not go.

TABLE X1X.—EFFECT OF VARYING PHOSPHATE SUPPLY ON THE GROWTH OF
BarRLEY IN SaND CuLTUrRES. HELLRIEGEL (130d).

Weight of P,0;
supplied, mgms.
per pot . 5
Weight of dry
matter in crop,
grams per pot . |1°856| 8-254(12°613|19°505(19°549| 20°'195| 18667 17785 31°306
Grain per cent. of

o 142 (284 [56'8 (852 [II36 |142 213 284

dry matter o — |22°4 {318 (384 416 43'8 | 41'3 | 40°T | 43°4
Weight of one
grain, mgms. .| — (27 29 38 34 41 38 30 34

It is in the total growth of straw and of grain that the
effect of phosphate is manifested as shown in Table XX.

The Rothamsted results are plotted in Fig. 12. The
effect of phosphate starvation shows itself in depressing the
yield of straw and of grain, the straw being the first to suffer.
Potash starvation takes longer to set in, not because potassium
is less necessary but because the soil contains a larger quan-
tity ; it also affects the straw first. Nitrogen starvation sets
in at once, rapidly bringing both grain and straw down to a
very low level.

It is difficult to get behind these effects and ascertain
their causes. The function of phosphoric acid in the cell is
not easy to discover ; even when the problem is reduced to
its simplest state by experimenting with Spirogyra in culture
solutions little more has been ascertained than that phosphates
are essential for mitotic cell division, doubtless because phos-
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phorus is a constituent of the nucleus, and also for the
normal transformations of starch. Loew (180%) found that fat
and albumin accumulated in absence of phosphates, but the
colour was yellow and there was no cell division ; as soon as
a trace of potassium phosphate was added, however, energetic
cell division took place. Reed (236) showed that starch was
formed in absence of phosphorus, but did not change to sugars;
erythrodextrin was formed instead and also cellulose.

TasLE XX.—REsuLTs oF. WITHHOLDING PHOSPHATES, PorassiuMm CoMPOUNDS,
AND NITROGEN CoMPOUNDS FROM BARLEY. Hoos Fi1ELD EXPERIMENTS,

ROTHAMSTED.
Yield of Grain, xo00 Ib. per acre.
Plot.
5 years,|5 years, (10 years, IO years,|10 years,| 10 years, |10 years,|7 years,
1852-56.|1857-61.] 1862-71. | 1872-81. | 188291, (1892-1g01.| 1902-11. [1913-I9.
y 7| Dung. o .l 231 | 278 | 300 | 288 | 2°66 2°56 | 2°50 | 2'35
A 4| Complete manure
(salts of NH,, E
K and P) . 2°47 | 2771 | 2°67 | 2°34 | 2°24 2'02 | 2°25 | 2'06
A 3| No phosphates .| 227 | 1’71 | 1'99 | 1'68 | 1°38 126 | 1°23 | 1°38
A 2| No potassium .| 242 | 2°70 | 276 | 2'29 | 2°'0OI 163 '8r | 188
O 4| No nitrogen .| 186 | 1'57 | 1°39 ‘98 ‘92 274 ‘g4 | 131
Yield of Straw, 1000 1b. per acre.
Plot.

5 years,|5 years,|10 years,|10 years,[10 years,| 10 years, (10 years,|7 years.
1852-56.(1857-61.| 1862-71. | 1872-81. | 1882-91. [1892-1901.| 1902-11. [1913-19,

Dung. . .[282|315 335|337 | 328 | 335 | 3'54 | 273
A 4| Complete manure ,
(salts of NH,,

) K and P) .{329|317]| 314 | 2063 | 261 2'36 | 283 | 217
A 3| No phosphates .| 2°86 | 2°03 | 220 | 1'75 | I'64 156 | 1°75 | 157
A 2| No potassium .| 321 | 303 | 3'07 | 230 | 2°20 1'go | 216 | 178
O 4| No nitrogen .| 2°03 | 1°58 | 1°42 95 ‘04 *go | 1°39 | 146

The effects of phosphates in raising the quality and feeding
value of the crop are very great. The most nutritious pastures
in England and the best dairy pastures in France are those
richest in phosphates. Soils deficient in phosphates are nearly
alway unsatisfactory. Paturel! has also shown that the best

1 Bull, Soc. Nat. Agric., 1911, p. 977.-
5 *
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wines contain most P,O, (about 0'3 grm. per litre), the second
and lower qualities containing successively less. Further,
when the vintages for different years were arranged in order
of their P,O, content a list was obtained almost identical with
the order assigned by the wine merchants. Davis (78a) has
emphasised the importance of phosphate supply for the indigo
crop.
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F1e. 12a.—Effect on yield of grain of withholding various nutrients from
barley. (Hoos field, Rothamsted.)

The close connection between cell division and phosphate
supply may account for the large amount of phosphorus com-
pounds stored up in the seed for the use of the young plant,
and also the relatively large amounts of phosphate taken
from the soil during the early life of the plant.

Potassium.— Hellriegel has shown (Table IV., p. 31) that
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equivalent amounts of the soluble compounds of potassium have
practically all the same nutritive value.

The effect of potassium compounds is more localised than
that of phosphates, so that potash starvation can be more
readily detected. The colour of the leaf becomes abnormal ;
the potash-starved grass plots at Rothamsted have a poor,
dull colour, as also have the mangold plots; the leaves also
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Fie. 12B.—Effect on yield of straw of withholding various nutrients from
barley. (Hoos field, Rothamsted.)

tend to die early at the tips. The stem is weaker so that
the plant does not stand up well; this is apparently a tur-
gidity effect, although anatomical differences were observed
by Miss O. N. Purvis.! The most striking effect, however, is
the loss of efficiency in making starch, pointed out long ago
by Nobbe (2154) ; either photosynthesis or translocation—it is
not yet clear which—is so dependent on potassium salts that

1 Yourn. Agric. Sci., 1919, 9, 360.
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the whole process comes abruptly to an end without them.
Mangolds, sugar beets, potatoes, and other sugar- and starch-
forming crops reduce their production of sugar with decreasing
potassium supply even before the leaf area has been dimin-
ished. Thus, in the mangold experiments of Table XVIII
(p. 63), 7255 1lb. of leaf give rise to 14,684 1b. of root where
potash food is deficient, while very little more leaf, 8508 1b.,
give rise to nearly three times as much root, 40,128 1b., where
more potassium salts are supplied. The harmful effect of
potash starvation on carbohydrate production does not seem
to be the result of a pathological condition of the chloro-
plastids. Reed found that they remained normal for two
months and even increased in numbers in potash-starved
algae.

A second effect is on the formation of grain; unlike phos-
phates and nitrates, potassium compounds have a very marked
effect on the weight of the individual grains, as may be seen
by comparing Table XXI. with the corresponding Tables XV.
(p. 60) and XIX. (p. 66); indeed, to withhold potash is the
surest way of producing stunted grain. At Rothamsted the
average weights per bushel of wheat for the ten years 1910-
1919 were :—

Farmyard Complete Artificials without | Artificials without
Nopllv‘l)z:nure. Manure. Artificials. Nitrogen. Potash.
3 Plot 2. Plot 7. Plot 5. Plot 11.
61°5 ( 62°3 622 618 607

TaBLE XXI.—EFFECT OF POTASSIUM SALTS ON THE DEVELOPMENT OF BARLEY.
HELLRIEGEL (130d).

K,O supplied, mgs. . . lo 23'5 |47 70°5 {94 188 282
Dry matter in crop, grams . |2°27I| 5°414| 9°024|11°636|15°302| 20°946| 29766
Grain, per cent of dry matter | — | 48 |21°5 |27'2 |30'T | 385 | 42'7
Weight of one grain, mgs. .| — | 5 95 |13 17 26 34

Lastly, the vigour and healthiness of the plant are very
dependent on the potassium supply; potash-starved plants
are the first to suffer in a bad season, or to succumb to
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disease. =~ The Broadbalk wheat plots receiving potassium
salts give conspicuously better results than the others when-
ever the year is unfavourable to plant growth ; taking the
yield on the unmanured plot as an index of the character of
the season, we obtain the following results for a series, of
good and of bad years respectively :—

TaBLe XXII.—YIELD oF WHEAT IN THOUSAND POUNDS PER ACRE.

ROTHAMSTED.
In Nine Bad Seasons.} {In Nine Good Seasons.|
Plot
No.

‘ Grain. Straw. Grain. Straw.
Unmanured . . 5 . 4 55 87 -88 1°08
Insufficient potash . 5 .| o1x 1°06 1-86 1'51 220
Sufficient potash 3 5 .| 13 170 3°02 1'98 316
Percentage increase due to potash | — | 60°3 62°3 3I°1 436

In the bad years the average rainfall was 32°55 inches
(harvest years, September-August), while in the good years
it was 2710 inches; the badness of the season may be
connected with the high rainfall and corresponding low tem-
perature. Similar results are obtained, however, if other un-
favourable conditions set in.

The improvement in healthiness is well exemplified by the
power of resisting disease. At Rothamsted the potash-starved
wheat and mangolds are liable to be attacked by disease,
especially where there is excess of nitrogen, while the sur-
rounding plots, equally liable to infection, remain healthy.
Flax growers in the north of Ireland have found that potassic
fertilisers increase the resistance of the plant to the attacks of
the wilt organism.

At the Cheshunt Experimental Station liberal treatment
with potassic fertilisers makes the tomato plant more resistant

1 The bad years were 1867, '71, '72, 75, '76, ‘77, ’79, 86, '88; the good
years were 1868, *69, '70, '81, '83, '85, '87, '89, "o1.
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to the bacterial stripe disease: the numbers of plants affected
out of a total of 120 in each plot were :—!

Complete Fertiliser, | No Potassic Fertiliser.

Var. Kondine Red . . 5 A ©13 33

Var. Comet . 2 o c o 40 78 (

Potassic fertilisers often afford the simplest method of dealing
with fungoid diseases and they are usually more effective than
other fertilisers under glass.

Next to the sugar-producing plants, the leguminos® seem
to stand most in need of potassium salts. The potash-starved
grass plots at Rothamsted contain notably less clover than
those fully manured, the actual depression fluctuating accord-
ing to the season. Some of the weeds, especially the sorrel,
require a good supply of potash.

There is some controversy as to whether potassium plays
any important part in protein synthesis in plants.?

In absence of potassium salts mitotic cell division does
not go to completion ; Reed observed that the cell and nucleus
both elongate, but actual division does not occur (236).

It is not at present possible to say whether all these
phenomena are different manifestations of one and the same
specific action of potassium in the plant, or whether there
are several different causes at work. Zwaardemaker?® puts
forward the interesting suggestion that the potassium ion
(which is somewhat radioactive) may be replaced by any
other radioactive element, light or heavy, or by free radio-
active radiation, provided the doses are equi-radioactive.
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