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PREFACE TO THE SECOND EDITION

In this edition I have carried on the tables for a further
decade, and made the necessary alterations in the text. Some
of the deductions drawn in the first edition have required
modification, but no great change has been made: the picture
is essentially as Mr Hall painted it. Two new chapters have
been added: one by Mr Hall, on the secondary effects of
manures on the soil, gives a connected account of the important
investigations he carried out here on this very difficult and
important subject. The other chapter, by -myself, contains a
summary of the investigations made during the past ten years,
and still continuing, on the biochemical processes in the
soil.

I hope when conditions become more normal that it will
be possible to arrange for a proper statistical survey of the
mass of valuable data accumulated at Rothamsted. The
greatest pains are taken to ensure the reliability of the data,
and I cannot help thinking that the application to them of
modern statistical methods would yield information of high
value both to the man of science and to the practical agri-
culturist. ~'We have not yet learnt anything like all the
lessons the Rothamsted fields can teach us.

E. J. R.

HarpeNDEN, 1917,



PREFACE TO THE FIRST EDITION

IN writing this account of the Rothamsted Experiments—the
sixty years’ work of two men, Lawes and Gilbert, whose names
have become familiar in every part of the world where agri-
culture is something more than a matter of tradition and
custom—I am of necessity acting as an external demonstrator,
describing from the outside, as it were, what seem to be the
chief lessons conveyed by the experiments which I have now
the honour to conduct. Lawes and Gilbert are dead, and with
them passed away many observations of value and many notable
generalisations which they had found no opportunity of giving to
the world, nor had I the personal contact with either which
would enable me to report even such portions of their experi-
ences as might have been conveyed by conversation. But
though these losses cannot be repaired, and though nothing
can replace the instinctive knowledge that comes of having
seen a thing grow year after year, yet the position of an out-
sider has some advantages, especially when drawing up an
account which, like the present, is addressed to the general
student of the subject.

In the first place, the outsider approaches the consideration
of each experiment without any of the prepossessions arising
from too exclusive a recollection of the purpose with which the
experiment was originally framed. Readers of the Rotham-
sted Memoirs will know how certain ideas, e.g., the source and
function of the nitrogen in vegetation, occupied the minds of
Lawes and Gilbert from the very beginning of their experiments

until the end. In consequence, the papers on specific investi-
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viii PREFACE

gations often tend to be less accounts of the experiment as &
whole than discussions of such of its results as bear upor

the dominant idea with which Lawes and Gilbert were then
engrossed.

The outsider, again, who has any knowledge of his subject
cannot fail to bring some ideas of his own which he can find
flustrated and elucidated in the work done at Rothamsted.
For here comes the particular distinction of the Rothamsted
Experiments ; the plots exist to-day as they have been for the
last fifty years or so, and records of the most astonishing
completeness remain of their past history, so that as soon a8
‘one looks closely into the material there is hardly any part of
the science of the nutrition of the plant on which it cannob
be made to throw light. Indeed only a portion of the story
of the Rothamsted Experiments has yet been told, for new
matter will be discovered in them as our knowledge grows
and fresh lines of investigation are opened up. Accordingly,
in planning this account, I have tried to look at each experiment
from as general a point of view as possible, and to set out
what information it can afford both to the student of agri-

cultural science and to the man more occupied with practical
problems. 1 have endeavoured to summarise under the head

of each crop the mass of information that has already been
published in the long series of Rothamsted Memoirs, and tO
add other facts and deductions arising out of the experiments

which the original investigators had not hitherto been able to
publish.

As to the purpose of the book, that is best dealt with by
discussing the purpose of the Rothamsted Experiments them-
selves. They are, above all, attempts to obtain knowledge—
to ascertain the conditions under which the plant grows and
the soil supplies it with nutriment. And as the attalnment of
knowledge is the prime object, practical considerations are put
on one side in framing the scheme of the experiments. For
example, on one of the Rothamsted fields wheat has been grown
for the last sixty years, year after year, on the same plots of
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land with the same manures. As the British farmer never
grows wheat continuously on the same land, and rarely uses any
kind of manure for it, the whole experiment is from one point
of view hopelessly unpractical; indeed many men might con-
sider that to grow wheat at all nowadays is unpractical. But
the aim of the experiments is to find out kow the wheat plant
grows, and the scheme of manuring and management adopted
is the most practical method of solving that problem. Experi-
ments which only aim at ascertaining how to derive the
greatest monetary return from a given crop, however necessary
they may be, are only of value for a short time and for the
particular soil and locality where they are carried out. During
the period the Rothamsted wheat field has been under experi-
ment the price of wheat has been as high as 75s. and as low as

23s. ; any conclusions reached as to the most paying system at
the former price would have to be altogether revised at the

lower rates. There is, of course, every probability that price
and other economic conditions may fluctuate just as much in
the future as they have done in the past, but the one thing
that will for ever remain unchanged is the manner in which the
crop draws its nutrition from the air, the water, and the soil.
Hence the farmer who best knows how this process takes
place will, other conditions being equal, be the one best fitted
to continue to derive a profit under the changing conditions.
The great object, then, of the Rothamsted Experiments is
to obtain knowledge that is true everywhere, and to arrive
at principles of general application, leaving the farmer himself,
through his more immediate advisers, to adapt these principles
to his own practical conditions and translate them into pounds,
shillings, and pence. Thus the farmer who visits Rothamsted
must not expect to see demonstrations of the most profitable
means of growing this or that crop, but rather to obtain
information as to its babits and requirements which on
reflection he can make useful under his own conditions.

Some of the work also that is going on may seem to deal with
problems little connected with practice; so remote, in fact, that -
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they never can have any bearing upon the business of farming.
There are, however, many matters in which the actual farmer
will always have to rely upon the advice of scientific experts,
and as a rule the unpractical-looking experiments are devised
to settle this or that point on which the scientific man must
have information in order to form a correct judgment for the
guidance of the practical man.

Agricultural science involves some of the most complex
and difficult problems the world is ever likely to have to solve,
and if it is to continue to be of benefit to the working farmer,
the investigations, as far as their actual conduct goes, must

very quickly pass into regions where only the professional
scientific man can hope to follow them. However, it is not
with such research that the present volume deals; here, I
trust, there is nothing that the farmer with an intelligent
interest in his profession cannot appreciate and find useful,
The book is intended, firstly, for any man concerned with the
management of land, whether farmer or market gardener, land-
owner or agent, who wants to learn something of the processes
going on in the growing crop and in the soil, as they have been
elucidated by the most complete set of field experiments the
world has yet seen. Secondly, the book is intended for the
agricultural student ; it will furnish a running commentary on
a very large portion of the information he finds in his text-
books on agriculture and agricultural chemistry. It is of great
importance to the student that he should from time to time get
in touch with the sources of the statements and conclusions he
reads in his text-books or hears in lecture, since he obtains
thereby some idea of the extent to which these statements can
be trusted to apply to working conditions. Lastly, the book is
intended for the agricultural teacher and expert, for whom it
will provide a certain amount of unpublished matter con-
cerning Rothamsted, and will also serve as a guide to the
very extensive series of reports issued by Lawes and Gilbert,
To this end references have been added at the close of each

chapter to the original papers dealing with the subject,



PREFACE i

glhclr:lﬁ;oll;il ]ti have kep b the teacher in view, and have
trations whj O,,.Sup ply him with the summaries and illus-
()fb which will be useful in his class worl.
ground Z:utl}ff’ m many respects the book covers the same
up by Gi/lbel't‘ ;‘IV‘TIIIJr.naYy of th§ Rotha@sted Experiments drawn
both by the UO_lt C;s lectures in America, which were published
the Hitrhlland l;,l 13 Stajtes Dep arment of Agriculture and by
The A;neric« In Agricultural Society of Scotland in 1895.
for the re {fi‘l ?Ctures were, howex'fer, in the main intended
knowled:d( C.l w}?o was a,lre;_mdy equipped with a considerable
B0t dog] ge of agricultural science; on the one hand, they did
went i;tOW”?h all the Rothamsted work, and on the other, they
presont. I m}ucg creater detail than is here attempted. In the
the non-t;zo 1§ - have endeavoured to 11._1ake matters plain to
di&gl‘am Cdm?&l Feader and to .elucldatse t.he subject by
the ori ‘_S and simplified tables, leaving the specialist to consult
iginal papers for fuller information.

0012y-1the kind permis.sion of Mr R. Warington and the
My V;;ri?lfuihe,Royal Society, I have be.en permitted to reprint
oo o e ke ot forma th it i
duetion to the bi ‘y' ) Y, & 1S orrms: e best intro-

& history of the Rothamsted Experiments and the

Personality of their founders.
In the Appendix will be found a bibliography of all the

m i . .
ore important papers issued by Lawes and Gilbert, together

With otheps which deal with Rothamsted material by inde-
A list will also be found of previous
ount of the experiments,
blished in 1888, which,
and grass, has formed
guide to the

gendem} investigators.
inz‘i’kS_Which have given a general acc
thOUdmg D.l' Fream’s little book pu
for ugh dealing only with wheat, barley,
R S0 many readers their jntroduction and
Othamsted investigations.

Although by the terms of the trust deed no teaching
be provided

May be done at the Station, accommodation may
£ assisting in research; these are

or nap
persons capable o : .
tacilities for carrying out special

Welcomed and are given all
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investigations with the material in which the Station is
so rich. ‘ '

In this book little has been said of the work now in progress ;
speaking generally, the old plots as described are being continued
without essential change, but the current investigations deal
chiefly with the composition of the crops produced and with the
soil. The bacterial life of the soil forms indeed the unknown

territory which promises the greatest reward to the explorations
of the agricultural chemist of to-day.

In the preparation of the book, I have tothank Dr N. H. J,
Miller for most of Chapter IL, and both him and Mr J. J,
Willis for much detailed information and many facts that have
never been recorded. Dr H. T. Brown, F.R.S., and Dr J. A.
Voelcker have been good enough to read the proof-sheets and
make many suggestions. Particularly I have to thank Mr G.
T. Dunkley for the great trouble and care he has taken over
the preparation of the tables and diagrams; without the help
of his knowledge of the past history and his familiarity with the

records, I should have found it impossible to prepare this aceount
of the Rothamsted Experiments.

A. D. HaLn

Tue Roruamstep ExpermentaL Station,
Hanrenoen, Marchk 1903,
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BIOGRAPHICAL INTRODUCTION*

Sk JouN Benxner Lawes, Bart.,, 1814-1900

THE manor-house of Rothamsted, situated in the parish of
Harpenden, Herts, was the birthplace of John Bennet Lawes,
and the Rothamsted farm became, in subsequent years, the
scene of the great work of his long life. So far-reaching have
been the results which he achieved, that the name of Rotham-
sted is now a household word wherever the science of
Agriculture is studied.

The ancestors of Sir John Lawes had occupied Rothamsted
for many generations, Jaques Wittewronge came to England
from Flanders in 1564, owing to the religious persecution then
prevailing. The manor of Rothamsted was purchased in 1623
for his grandson, John Wittewronge, who was then a minor.
John Wittewronge was knighted by Charles I., and afterwards
created a baronet by Charles IL.  In consequence of the failure
of male heirs, the manor passed to the Bennet family by the
marriage of Elizabeth Wittewronge with Thomas Bennet, and
finally to the Lawes family by the marriage of Mary Bennet
(great-granddaughter of James Wittewronge) with Thomas
Lawes. His son, John Bennet Lawes, was the father of the
Jolhn Bennet Lawes of whom we have to speak, who was born
at Rothamsted on December 28, 1814.

John Bennet Lawes was an only son. He lost his father
when eight years old, and owed much to his mother’s bringing

# Largely reprinted from the Obituary Notices of the Royal Society,
by the late R. Warington.

XXxi



xxil BIOGRAPHICAL INTRODUCTION

up. He seems to have led the life of a country boy. | "
studies he afterwards described as being “‘of a most desultory
character.” Experiments in chemistry, made at home, seei to
have been one of his favouritc uccupations. Ile was Si:ni‘n
successively to Eton, and to Brasenose College, Oxford, which
he entered in 1832, While at Oxford he attended some of the

lectures of Dr Daubeny, the professor of chemistry. He left
the University without taking a degree.

m)d 1\.15

Tn 1834 Mr Lawes entered on the personal management of
the home farm at Rothamsted, then of abont 250 acres; he b
the same time threw himself heartily into chemical investiga-
tions, He tells us: “ At the age of twenty I gave an order to 2
London firm to fit up a complete laboratory, and I am afraid it
sadly disturbed the peace of mind of my mother to see one of
the best bedrooms in the house fitted up with stoves, retorts,
and all the apparatus and reagents necessary for chemical
research. At the time my attention was very much directed to
the composition of drugs; T almost knew the Pharmacopceia
by heart, and T was not satisfied until I had made the acquainb-
ance of the author, Dr A. T. Thomson. The active principle
of a number of substances was being discovered at this time,
and, in order to make these substances, I sowed on my farm

poppies, hemlock, henbane, colchicum, belladonna, etc.

Some
of these are still growing about the place.

Dr Thomson had
suggested a process for making calomel and corrogive sublimate

by burning quicksilver in chlorine gas. I undertook to carry
out the process on a large scale, and wasted a good deal of

time and money on a process which was, in fact, no improve-
ment on the process then in use.”

At this time Dr Anthony
Todd Thomson, Professor of Materia Medica at University

College, London, was his chief instructor and adviser. An old
barn at Rothamsted was transformed into a laboratory, and
here the calomel was afterwards made; this laboratory
remained in active use till 1855.

The researches of De Saussure, on the nutrition of plants,
seem to have first called Mr Lawes attention to the relations
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between chemistry and agriculture. In 1837 he commenced
experiments in pots with agricultural plants, the manures made
use of supplying various elements of plant food. These experi-
ments were continued on a larger scale in 1838 and 1839,
Spent animal charcoal was then a waste product, and Mr
Lawes was asked by a London friend if it could be turned to
any use. He therefore employed it as a manure in his pot
experiments, and discovered that if previously treated with
sulphuric acid its efficacy as a manure was greatly increased.
Apatite and other mineral phosphates were soon treated in a
similar manner, and the “superphosphate of lime,” thus
prepared, was found to be most effective as a manure, especially
for turnips. The new superphosphate was employed on a
large scale for crops on the Rothamsted farm in 1840 and
1841, and the results were so satisfactory that in 1842 Mr
Lawes toolk out a patent for the manufacture of super-
phosphate. .

The application of sulphuric acid to bones had been
practised before the date of Mr Lawes” patent; the novelty of
his patented invention consisted in the treatment of mineral
phosphates in this manner. The supply of bone available for
farmers is but small, but the supply of apatite, coprolite, and
of the various rock phosphates discovered in recent years, is
almost unlimited, These mineral phosphates are usually too
insoluble to have any practical value as manure, but by treat-
ment with a limited quantity of sulphuric acid, a mixture of
monocalcic phosphate, phosphoric acid, and gypsum is produced.
The phosphates in this compound are almost entirely soluble
in water, and far more efficacious as manure than the phos-
phates of raw bone. The enormous influence which the
_introduction of superphosphate has had on the development of

agriculture may be gathered from the quantity now annually
employed by farmers, The annual manufacture of super-
phosphate in Great Britain amounts af present to about
1,000,000 tons, while the total manufacture in the world is
about six times this amount. If Sir John Lawes had done



XXiv BIOGRAPHICAL INTRODUCTION

nothing more than introduce the manufacture of artificial
manures, he would still rank among the greatest henefactors
to agriculture.

The life of Sir John Lawes divides at this point into 1wo
parts. e became from the date of his patent a chemical
manufacturer, carrying on an extensive London business, and
as prosperity increased he embarked in a variety of enferprises.
‘While, however, obliged to spend two days of every week in
London, his devotion to agricultural research continued tO
increase, and the profits yielded by commerce were employed
for the creation and maintenance of a large cxperiment station
at Rothamsted. The experiments in the fields had already, at
the date of his patent, reached a stage at which the continuous
services of a trained chemist were urgently needed. On the
recommendation of Dr A. T. Thomson, Mr Lawes engaged a
young chemist who had studied under Liebig—Dr J. H.
Gilbert. Dr Gilbert entered upon his work at Rothamsted in
June 1843, and continued actively occupied in the scientific
superintendence of the agricultural experiments during the
whole of his long life. For fifty-seven years Lawes and

Gilbert worked together on a great variety of agricultural
problems; of these labours and their results we shall give a

brief account, after completing our sketch of the life of each
worker.

Mr Lawes married, in 1842, Caroline Fountaine, daughter
of Andrew Fountaine, Esq., of Narford Hall, Norfolk, He
enjoyed her society for more than fifty years, and her artistic

power was not unfrequently employed in providing illustrations
of the investigations in progress. As the commencement of
manufacturing operations made great demands on his capital,

Mr Lawes at this period let Rothamsted House, and for some
years resided either in London or Devonshire.

His first factory for the manufacture of superphosphate was
erected at Deptford Creek in 1843, The business rapldly
extended, and in 1857 ahout 100 acres of land were purchased
at Barking Creek, and a larger factory erected, including an
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extensive plant for the manufacture of sulphuric acid. In 1866-
Mr Tawes purchased the tartaric and citric acid factory at
Millwall.  The purchase was unwillingly made, but the new
Work was taken up with his accustomed energy and enterprise,
many cconomies and improvements were introduced, and the
factory became the most important of its kind in this country.
In 1872 he sold the whole of his manure husiness for £300,000;
he retained the tartaric and citric acid factory till his death.
Mr Lawes bad also a large sugar estate in Queensland: the
low price of sugar and the lack of cheap labour prevented, in
this instance, a commercial success.

The investigations at Rothamsted made rapid progress. In
1843 were commenced the systematic field experiments on
_turnips and wheat ; the wheat field has grown wheat without
Intermission ever since. In 1847 the field experiments on

beang commenced, and in 1848 those on clover, and on a four-

course yotation. In 1851 the rotations of wheat and fallow

and wheat and beans were started. In 1852 the field experi-
ments on barley commenced. In 1856 those on grass land.
In all about 40 acres were brought under experiment. Of all
these crops complete chemical statistics were obtained.

Xperiments on sheep-feeding with various foods commenced
In 1848, The whole bodies of ten animals—oxen, sheep, and
Pigs-—of various ages and conditions as to fatness, were analysed
between 1848 and 1850. In 1850 an extensive series of pig-
feeding experiments was made.

The extent of the work undertaken, its thoroughness, and
the practical value of the results obtained, gained the admira-
tion of both scientific and practical men. At a meeting of
Hertfordshire farmers at St Albans, on December 24, 1853, it
Wwas resolved to present Mr Lawes with a testimonial, The
Circular issued states: < It was considered that Mr Lawes has
for many years been engaged in a series of scientific and
disinterested investigations for the improvement of agriculture
generally, which have been carried out to an extent, with an
attention to accuracy and detail, and at a cost, never before
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-
tion.” The proposal was soon enlarged, and hecame national
in its character. The subscriptions received amounted to about
£1160. At Mr Lawes desire, the greater pirt of this sum
was spent in the erection of a new laboratory, which was
opened at a gathering of distinguished acriculturistz on July
19, 1855, the Earl of Chichester presiding on the occasion.
The speeches made by Mr Lawes, Dv Gilbert, and others, have
fortunately been preserved. Mr Lawes, on this occasion, p&id
a warm tribute to the work done by Dr Gilbert, Besides the
gift, of the laboratory, Mr Lawes received a handsome silver
candelabrum, bearing a suitable inscription. In later years the
laboratory was found too small for the preparation and storageé
of the numerous samples, and additional huildings were
erected.

Mr Lawes was elected a Fellow of the Royal Society il
1854, and in 1867 one of the Royal medals was awarded
to him and Dr Gilbert for their systematic researches upon
agricultural chemistry. Seven papers by Lawes and
Gilbert have been published in the Society’s Philosophical
Transactions.

The connection of Mr Lawes with the Royal Agricultural
Society was naturally a close one. e became a member of
the Council in 1848, and was afterwards a vice-president and
trustee. In 1893 the presidency of the Society was offered to
him, but declined on account of his advancing years. In the
Journal of the Society the greater number of the reports on
the Rothamsted agricultural investigations have been published ;
forty-six reports had thus appeared before the year 1900. In
1876 he took an active part in arranging for the commencement
of the field experiments conducted by the Society at Woburn,
in Bedfordshire. These experiments consisted ip repetitions
of the experiments at Rothamsted upon the continuous growth
of wheat and barley with known manures, the experiments in
this case being made upon a purely sandy soil; they also

included rotation experiments designed to test the manurial
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;]‘:i”i;:;““‘«‘:f; X]C;Of(';*;:d':ﬁl.’ lemse exporimgnts were conducted on
ke ob bedford's estate, and at his expense.
y J.hv. relations of Mr Lawes with the Chemical Society were
Z)“L’ll‘lf'z!::i:ut.'l }Ighe;cam(‘a a Fe'How In 1850, and wz?,s elected
done jnvﬂml;l ztzlz 1863. The chief part of the c,’hermoal woz:k
Socict, iu-ldjb? xan?st‘,ed‘lnbomtory was communicated to this
and Gi}};m»t 1, )_01111; L\]\felfty;f;wo 1@0?111'05_ and pap.ers by ELawes
Tourn] ‘md, ({:L'Irll’ other Rothamsted workers, appear in the
b Lransactions.
‘ Ml Lawes was a member of the Royal Commmission
]‘;Egcr))lrtod in 1857 “To inquire into tl'me b-est mocde of. distri-
g the sewage of towns, and applying it to beneficial and
ggzﬁxﬁ;ble uses.” Two members of thi's Commission, ;awes
on Sewflz-’ C'Qn'(lucfiecl for several years 1mpo.1’ta1?t expex‘m&{lts
the rlbe. Irrigation at R}lgby. A'Tl?e mvestlga,t)(?n. dealt W‘It}h
Quantity and composition of the grass receiving varymg
Moungg of sewage, and its value as food for faftening oxen and
Milkin, cows, including the composition of the milk obtained.
The efHuent waters from the irrigated fields were also analysed,
Ad the fopmation of nitrates in large quantities was demon-
Strated,  The final report was published in 1865.
The aid of Rothamsted was again sought by the Govern-
Mment iy 1863, the object in this case being to ascertain

Whether ghe malting of barley resulted in any increase of 1its
Yalue as a food. A considerable bulk of barley was divided
Mto twg lots, one of which was malted, and the loss in dry
Matter ascertained ; feeding experiments were then made, in
Which the nutritive effect of a given weight of barley was com-
Pared with that shown by the quantity of malt which could have

been produced from it. The trials with oxen, sheep, and pigs
milking cows

Were made at Rothamsted, and those with '
at Rugby. The full report was presented to Parliament in

1864,

While the formal reports on the Roth
“{el'e to a large extent the work of Dr Gilber
Umself an active writer on agricaltural subjects.

amsted investigations
t, Mr Lawes was
Tn middle
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life he was a frequent contributor of short papers to acricul-
tural newspapers and periodicals, both ¥nglish and American ;
he also lectured from time to time to agricultural associations.
His writings were always marked by greas originality, they
were also very practical in character. When bringing forward
the results of recent scientific enquiries, he would avoid as far
as possible the use of scientific langnage, and speak as a farmer
. to farmers. The fertility of the land and its relation to

landlord and tenant, and the manure value of foods, with the
compensation due to an outgoing tenant for unexhausted
manures, were subjects which he made peculiarly his own.
For many years he sent annually to the 7imes newspaper, in
the early autumn, an estimate of the quantity of wheat yielded
by the preceding harvest in this country. This estimate was
hased on the produce of the standard plots in the experimental
wheat field at Rothamsted ; as the produce here was over or
under the average, so it was assumed would be the general
produce of the country. The estimates thus made proved
generally to be near the truth.

Yor his great services to agriculture Mr Lawes was created
a baronet by the Queen in 1882. The degree of LL.D. was
conferred on him by the University of Edinburgh in 1877 ;
D.C.L. by Oxford in 1898 ; and Sc.D. by Cambridge in 1894,
He received the Legion of ITonour from Napoleon I1I ; he
was also a Chevalier du Mérite Agricole. He was elected
corresponding member of the Institute of France in 1879, In
1863, he received a Gold Medal from the Russian Government,
In 1881, the German Emperor awarded a Gold Medal for
Agricultural Merit to Lawes and Gilbert.

Sir John Lawes early conceived the idea of perpetuating
the Rothamsted investigations by placing the laboratory and
- fields in the hands of trustees with a permanent endowment

for their maintenance. He first spoke of this in his speech gy,
the opening of the new laboratory In 1855, TIn 31879 he
publicly announced that he bad set aside £100,000 oy thi
purpose. By deeds executed by him in February 1889 thz
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laboratory and experimental fields were leased to Sir John
Lubbock, William Wells, Esq., and Sir John Evans, as
trustecs, for ninety-nine years at a peppercorn rent. To the same
trustees hie covenanted to pay the sum of £100,000, the interest
on which was to be applied to the maintenance of agricultural
investigations under .the direction of a Committee of nine
persons, of whom four were to be nominated Dby the Royal
Society, two by the Royal Agricultural Society, one by the
Linnean Society, and one by the Chemical Society, the owner
of Rothamsted being always a member of the Committee.
The appointiient of new trustees when required was vested in
the Royal Society. The Managing Committee were at once
appointed. They consisted of Sir John Evans, Dr Hugo
Miiller, Sir Michael Foster, and Sir W. T. Thiselton Dyer,
nominated by the Royal Society; Sir Jobhn H. Thorold, and
Charles Whitehead, Esq., nominated by the Royal Agricultural
Society ; William Carruthers, Esq., nominated by the Linnean
Society ; Prof. H. E. Armstrong, nominated by the Chemical
Society ; with Sir John Bennet Lawes. Under this Committee,
with but few alterations in their coustitution, the direction of
the work at Rothamsted has since proceeded.

The Jubilee of the Rothamsted Experiments was celebrated
on July 29, 1893, The organisation of this celebration
originated with the Royal Agricultural Society. At a meeting
on March 1, presided over by H.R.H. the Prince of Wales, it
was resolved : “That some public recognition should be made
of the invaluable services rendered to Agriculture by Sir John
Lawes and Dr Gilbert.” A subscription list was opened, and
with the contributions received a large boulder of Shap granite
was erécted in front of the laboratory, bearing the following
inscription :—* To commemorate the complstion of Fifty Years
of continuous experiments (the first of their kind) in agriculture,
conducted at Rothamsted by Sir John Bennet Lawes and
Joseph Henry Gilbert. A.D. mMpccexeur” A large and
distinguished gathering was held in front of the laboratory
on the afternoon of July 29, the Rt. Hon. Herbert Gardner,
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M.P., President of the Board of Agriculture, presided.  The
Duke of Westminster, as President of the Royval Acricultural
Society, presented to Sir John Lawes his portrair, painted by
H. Herkomer, R.A., and to Dr J. H. Gilbert, a silver salver.
He also presented congratulatory addresses to hoth Lawes and
Gilbert from the subscribers to the fund, each address being
signed by LRI the Prince of Wales, The presentation of a
large number of addresses from English and Foreign Societies
then followed, including one from the Royal Society. Sir
John Lawes and Dr Gilbert then replied. A few of the
words spoken by Sir John Lawes must he quoted.  *That
afternoon he had to return thanks to that distinguished and
brilliant assembly for their kind coungratulations to himseclf and
Dr Gilbert upon the work that they had been carrying on for
the last fifty years. 'When two people were joined together in
marriage they could not part, because they were bound
together by very solemn ties. But with regard to himself and
Dr Gilbert the case was quite different, Dr Gilbert could have
left him, or he could have left Dr Gilbert. Their connection,
however, had lasted for more than fifty years, What was the
cause? Nothing less than mutual love of the work they had
been engaged in. He (Sir John) had delighted in the work
from the beginning. All the time he could spare in the midst
of many other responsibilities and duties he had given to the
work. But with Dr Gilbert it had been the work of his life.
If it had not been for Dr Gilbert’s collaboration their investiga-
tions would have been in a very different state to what they -
were then.”

Shortly after the Jubilee celebration Dr Gilbert received
the honour of knighthood. In September of the same year
the Liebig Silver Medal was awarded to Sir John Lawes ang
Sir Henry Gilbert by the curators of the Liebig Foundation of
the Royal Bavarian Academy of Sciences. In the following
year, 1894, the Albert Gold Medal of the Society of Arts wag
presented to Lawes and Gilbert by HLR.H. the Prince of

Wales, “for their joint services to scientific aO‘rlcultme and
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notably for the researches which, throughout a period of fifty
vears, have heen carried on by them at the Experimental Farm,
Rothamsted.”

Something must now be said as to the personality of the
remarkable man whose life’s work we have attempted to
describe. He possessed an extremely vigorous constitution,
and when past 85, exhibited but few of the infirmities of old
age. His holiday was always spent in Scotland, and deer
stalking and salmon fishing were then his chief occupations.
At home, all his leisure time was spent on the farm. He was
a keen observer, and knew the experimental fields better than
anyone else. His interest in agricultural problems never
tired, he was continually finding fresh subjects for inquiry.
While gifted with a full share of the scientific imagination, he
was thoroughly practical in his conclusions. His long

experience as a farmer, and the careful attention to economy
learnt in business, were of great use to him when he brought

the vesults of scientific investigation before the agricultural
world,  He took a broad, statesman-like view of all agricultura)
questions, and was looked up to by the English farmer as his
safest guide and his highest authority.

Sir John Lawes seldom took part in public functions, he
was not seen at meetings of scientific societies, and took no
active part in politics ; excepting the hours unavoidably spent
on his London business, he lived as far as possible a country
life. It was, however, in no sense a secluded life; his
correspondence was very large, and the visitors to the
Rothamsted experiments were extremely numerous and of all
nationalities. They found at Rothamsted a genial host and
a ready guide to the fields, where the lessons taught by the
experimental crops were described in brief and pithy sentences
by one who knew thoroughly the whole history of each plot.

Sir John Lawes by no means confined his attention to
science, agriculture, and business; he was a man of active
benevolence. 'The agricultural labourers of Harpenden found
in him their best friend. He began to provide allotment

&
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gardens in 1852, and before his death the number had
334, Tn 1857 he built a club room in the gardens. Varions
co-operative schemes were started for the labourer’'s benefit
one of these has been immortalised by Charles Dickens, who
visited the club room in April 1859, and afterwards gave an
account of what he saw in the first number of Al the Yeur
Round. The welfare of his workmen at his various factories
was equally considered. He cxercised a wide private benevo-

lence, and in his own parish was never appealed to in vain
for any good work.

reached

Sir John Lawes’ life was prolonged to an unusual period ;

he lived and worked and taught through two successive

generations. His health remained very good till within about

a week of his death. e died at Rothamsted on August 31,
1900, in his 86th year, and was buried at Harpencden. His
only son, Sir Charles Bennet Lawes, who has assumed the

additional name of Wittewronge, succeeds to the Rothamsted
estate,

Sz Josepr HeNrYy GILBERT, 1817-1901

Josery Henry GiiBecrRT was born at Hull on August 1,
1817, He was the second son of the Rev. Joseph Gilbert, a
Congregational Minister, who had previously held the position
of Professor of Classics at the Divinity College, Rotherham.
His mother belonged to a well-known literary family, and
under her maiden name of Ann Taylor, was a, popular aut],loress
of poems for children. The family removed in 1825 to
Nottingham, and it was here that the boyhood of Joseph Henry
Gilbert was spent. He was first sent to an elementary school
taught by a blind lady of great intelligence, ang afterwards to a

school kept by Mr Long at Mansfield. Ip 1832, while at Sear
borough, he met with a serious gunshot accid, an mear

manently deprived him of the sight of ope oye "Lzr(lit, ‘Whi‘ch per-
damaged the other; his general health Suffer;;:i m;JO];I: Sgdel'abllly
ch from the
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shock, and it was some years before he was able to resume
his studies. During this interval he in 1838 paid a visit to St
Perersburg.  In the autumn of 1838 he became a student at the
University of Glasgow ; here he devoted nearly a year to the
study of analytical chemistry in the laboratory of Prof. Thomas
Thomson, Materia-Mcdica was studied under Dr J. Couper,
and botany under Sir W. J. Hooker. He came to London in
the autumn of 1839, and continued his studies at University
College, where he attended the chemical lectures and practical
classes of Prof. T. Graham, and worked for a short time in the
laboratory of Prof. Anthony Todd Thomson. He also studied
natural philosophy under J. Sylvester, anatomy under Dr
Grant, and botany under Lindley at Chiswick, and made some
progress in the German language. In 1840 he went to
Germany, and spent a summer session at (iessen, in the
laboratory of Prof. Liebig. ITere he took the degree of Ph.D. ;
two other English students, J. Stenhouse and L. Playfair, after-
wards to become celebrated as chemists, took their degrees
at the same time. On returning to England, Dr Gilbert
renewed his studies at University College, and became class
and laboratory assistant to Prof. A. T. Thomson during the
winter and summer sessions of 1840-41. In 1842 he left
London and became consulting chemist to Mr Burd, a calico-
printer in the neighbourhood of Manchester. The turning
point of his life soon arrived. Mr Lawes had already made
his acquaintance in the laboratory of Prof. A. T. Thomson, and
being in want of a trained chemist to assist in the agricultural
investigations he had commenced at Rothamsted, he, on the:
recommendation of Prof. Thomson, engaged the services of Dr
Gilbert. On June 1, 1843, Dr Gilbert entered on his work at
Rothamsted. The connection between Lawes and Gilbert thus
commenced continued till the death of Sir John Lawes in 1900,
a period of fifty-seven years.

The rapid development of the agricultural investigations at
Rothamsted after the year 1843 has been already noticed in the

preceding account of the life of Sir John Lawes. The value of
c
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the work done was largely due to the unremitted labours of Dr
Gilbert. At the opening of the new laboratory in 1555, Mr
Lawes said, “T should be most ungrateful were I to omit this
opportunity of stating how greatly I am indebted to those
gentlemen whose lives are devoted to the conduet and manave-
ment of my experiments. To Dr Gilbert more especially, T
consider a debt of gratitude is due from myself and from every
agriculturist in Great Britain. It is not every gentleman of
his attainments who would subject himself to the caprice of an
individual, or risk his reputation by following the pursuits of a
science which has hardly a recognised existence. For twelve
years our acquaintance has existed, and 1 hope twelve years
more will find it continuing.” The testimony borne by Sir John
Lawes to his colleague at the end of fifty years of their joint
work has been already quoted in the preceding account of Sir
John Lawes.

We must now attempt to give some idea of the special part
taken hy Sir Henry Gilbert s the Rothampted investigitions.
The two leaders of the work were in almost daily consultation,
Sir 1L Gilbert spending, as a mle, an howr ot Rotheansted
evary day what SiE Julil Liawwes was a6 home.  The thﬂ for
new @Y}ml‘imm}fg, the results obitained from day vo day, and
the drafts of the reports in preparation, were thus all discussed
by them together. Sir John Lawes directed the agricultural
operations in the experimental fields; the execution of the
remainder of the work was in the hands of Sir Henry Gilbert,
Sir John Lawes contributed to the joint work a thoroueh
knowledge of practical agriculture. His original mind Wzs
stored with facts learnt by keen observation ang study in the
field. A. born 1nvest1gato‘r, he seemed to e continually
occupied in the study of agricultural problems. i enterpris-
ing and practical spirit impressed its character o the whole of
the Rothamsted work. Sir Henry Gilheyy, supplemented
remarkable manner the qualities of his ghief. His traini na
an analytical chemist, and his ACquaintance -V;ith f::;g' a8
languages and literature, were naturally of croat valu :1g;;
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research work. His knowledge of colloquial German enabled
him in after years to describe the results of the Rothamsted
investigations to many foreign visitors, His special mental
characteristics also eminently fitted him for the work sub-
sequently carried out. He was both cautious and painstaking
to a remarkable extent, desiring to accumulate a great mass of
facts before coming to any certain conclusion upon them. His
mode of work was also extremely methodical, and the method
once adopted, after full consideration, was continued through
many subsequent years, thus giving rise to long series of results
obtained in a perfectly similar manner, The continuation of
the same field experiments for more than fifty years, and the
important results which subsequently followed from an examina-
tion of the soils so long under definite cultivation, may be cited
as examples of Gilbert’s method. Under his care, samples of
the grain and straw from each experimental plot, in each year
were preserved in the laboratory, and also samples of the ash
yielded by each. In later years, when samples of the soils and
stthiswils ol cach pluf; were 1'opoa,£cd}y talken, Jarge portions of
each sample were also preserved, At his death the nuinber of
witaples stored for future reforciice in tha 'i;ﬂ"upg',';.pugg" and in the
adjoining hailding exeeeded 50,0000 The halk of tabulated
records prepared by the clerks at the laboratory was corre-
spondingly large. He thus laid the foundation of much solid
work, The same characteristics appeared in his reports.
These usually contained a great bulk of numerical statements,
set forth in an orderly manner, with not unfrequently only a
small proportion of illuminating theory. The recording of
observed facts seemed often to satisfy his object as an investi-
gator. When, however, a definite conclusion had been arrived
at it was tenaciously held, and if attacked was vigorously
defended. Sir Henry Gilbert was an antagonist who never
tired. His controversies with Liebig, on the subject of his

mineral theory, and, in later years, with other German investi-
gators, on the source of fat in the animal body, will bo well
remembered by his contemporaries.
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The life work of Sir Henvy Gilbert will chiefly be found
the published reports of the Rothamsted investizations, which,
at the time of his death, had reached ten volumes ; the subjects
of these investigations will he hriefly notieed ab the close ol
this hiography. His work, however, frequently extended heyond
the sphere of the Rothamsted Experiments. Ile was Mr
Lawes’ scientific adviser, and as such he played an active part
in the trials which took place in the Taw Courts yespecting tho
alleged infringement of Mr Lawes’ patent. FHe made reports
on deposits of phosphates at home and abroad. He
superintended the experiments relating to the disposal ol
sewage at the time when Mr Lawes was a member of the
Royal Commission of 1857.  Other important undertakings will
be mentioned presently.

Dr Gilbert was married in 1850 to Fliza Laurie, daughter
of the Rev. G. Laurie. His wife died in 1853, He married @
second time, in 1855, Maria Smith, who survived him. S
Henry Gilbert owed much to his second wife’s untiring assist-
ance. The feeble condition of his eyesight obliged him to rely
a good deal on clerical help. Both foreign and English papers
were read to him by Lady Gilbert, while the greater part of his
own work was dictated to an amanuensis. His great pluck
and determination, with the assistance thus rendered, enabled
him to accomplish a very large amount of work notwithstanding
the serious difficulties under which he laboured.

.SiI.' Henry Gilbert was an active membey of many scientific
societies, a regular attendant at theirsmeetings, and a member
of many scientific committees. The Rothamste investigations
I.mdou'bt,e(lly gained by the 'u?tercourse Fhus obtained with other
investigators, ‘oh.ough the time occupied by vigits to London
was often conSIdera,ble: S}r Fenry Gilbert wgg olected @
Fellow of the Royal Society in 1860. He wag the author. with
Sir.J ohn Lawes, of seven papers in the PhﬂOSOphi cal ’],fl’mns-
actions. In 1867 he received, with Siy J ohn Tywes ) ¢
the Royal Medals for the work done 4 Rotha B
served on the Council in 1886-8.  Sir Henry Gilb;ms-te-d' He

It Joined the
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Chemical Society in 1841, a few weeks after its formation,
became a member of the Council in 1856, and a Vice-President
in 1868. In 1882 he was elected President of the Society.
Sir Henry Gilbert delivered four lectures before the Society,
and was the part anthor of several other papers. In 1898 a
memorable dinner was given by the Society to six -Past-
Presidents, all of whom had been members of the Society for
more than fifty years: of these Past-Presidents Gilbert was the
cldest. The President concluded his address to him by saying :
“The Rothamsted results will be for ever memorable : they are
unique, and characteristic of the indomitable perseverance and
energy of our venerated President, Sir Henry Gilbert.”

Of the Linnean aud Meteorological Societies Sir Henry
Gilbert was also a Fellow, and occasionally read papers at
their meetings. Ie was also a member of the Society of Arts.
He became a member of the Scientific Committee of the
Horticultural Society in 1868, and for many years regularly
attended its meetings.

In his summer holidays the meeting of the British Associa-
tion for the Advancement of Science was generally attended ;
his attendance commenced in 1842, and during many years he
scarcely missed a meeting, and frequently read a paper
describing some of the Rothamsted results. In 1880 he was
President of the Chemical Section, and gave as his address,
““A Sketch of the Progress of Agricultural Chemistry.” A
tour on the Continent generally formed part of the summer
holiday ; agricultural laboratories and experimental stations
were then visited, and the Naturforscher Versammlung, and
other scientific gatherings, were often attended and papers
read before them. In 1871, and the following year, the
details of sugar-beet culture were studied in Germany, Austria,
and France, preparatory to the commencement of experiments
on this subject at Rothamsted.

Three visits were paid to the United States and Canada.
In 1882 he attended the meeting of the American Association
for the Advancement of Science, at Montreal, and brought,
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hefore them the recent determinations of nitrogen in the
experimental soils at Rothamsted. A tour of nearly three
months was afterwards made in the United States. In 1884
he was again at Montreal, at the mecting of the Dritish
Association, and afterwards made a second extensive tour
through North America. The last visit was paid in 1893,
after the celebration of the Rothamsted jubilee, for the
purpose of delivering a course of lectures on the Rothamsted
experiments, in accordance with a provision of Sir John Lawes’
trast deed. Sir Henry Gilbert first attended the Agriculmml
Congress held in connection with the World’s Fair at Chicago ;
here he had a splendid reception, all present rising and
cheering for some time. To this Exhibition at Chicago a large
collection of diagrams Kad been sent from Rothamsted, and
for these a medal was afterwards awarded. Sir Henry Gilbert
vthen gave a course of seven lectures at the State Agx'icultur&l
College at Amherst, Mass., taking as his subject the chief
vesults relating to the crops ordinarily grown in rotation, with -
those relating to the feeding of animals, obtained at Rothamsted
during the previous fifty years. These lectures, in an enlarged
form, were afterwards published by the United States Depart-
ment of Agriculture, and were reprinted, with an introductory
account of the Rothamsted Experiments, in the Transactions
of the Highland and Agricultural Society of Scotland for
1895.

In 1884 Dr Gilbert was elected Sibthorpian Professor of
Rural Economy in the University of Oxford, and held this
office for six years, the full term allowed by the statute. He
delivered during this time over seventy lectures on the results
of the Rothamsted investigations; these lectures he hoped to
publish, but the intention has remained unfulfilled.

In 1885 Dr Gilbert became an HOnoramy Professor of the
Royal Agricultural College at Cirencester, and delivered an
annual 1§cture during six years; the lectures were published in
the Agricultural Students Gazette.  They treat in o condensed
form of some of the subjects previously discugced st Owt...a



BIOGRAPHICAL INTRODUCTION XxXXix

The transfer of the laboratory and experimental fields to
the management of a committee appointed under Sir John
Lawes’ trust deed of 1889 has been already mentioned. After
this date the virtual direction of the experiments continued to
remain in the hands of Lawes and Gilbert during their joint
lives. For the information of the new committee Sir Henry
Gilbert drew up a brief report on the investigations hitherto
conducted, showing to what extent the results obtained had
been already published, and making suggestions as to future
work. This report was printed in 1891 for the use of the
committee.

The celebration of the jubilee of the Rothamsted Experi-
ments in 1893 has been already described in the notice
of Sir John Lawes, with the numerous honours subsequently
conferred on both Lawes and Gilbert. Dr Gilbert re-
ceived knighthood from the Queen on August 11 of that
year.

Sir Henry Gilbert was a member of the committee
appointed by the Government in 1896 to take evidence
and report on the materials used in the manufacture of beer.
The committee presented their rveport to the Treasury in
1899.

He received many honorary degrees. The University of
Glasgow made him LL.D. in 1883; Oxford, M.A. in 1884;
Edinburgh, LL.D. in 1890; Cambridge, Sc.D. in 1894, He
was a life governor of University College, London; a Corre-
sponding Member of the Institute of France; a Chevalier du
Mé¢rite Agricole; and an honorary member of many agricul-
tural societies at home and abroad.

With a life so filled with many labours it need hardly be
said that Sir Henry Gilbert was possessed of a robust constitu-
tion. He, however, suffered at times from over-brainwork,
and his frequent excursions abroad were really needed to
maintain a healthy tone. In later years he suffered much at
times from internal pain, the precursor, probably, of his last
illness, The death of Sir John Lawes in 1900 was naturally a
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great shock to him. He was fairly vigorous, however,
during the next summer, but was taken seriously ill during
a visit to Scotland, and retwrned home with diffeulty.  Tle

died at THarpenden on Deccmher 23, 1901, in his s5th
year.



CHAPTER I
THE SOURCES OF THE NITROGEN OF VEGETATION

To arrive at a proper understanding of the scheme of the
Rothamsted Experiments it is necessary to reconstruct a
little the state of the knowledge of agricultural science at the
time they were begun in 1843. In many respects it was a
period of considerable activity in matters agricultural ; the whole
landed interest were making great efforts towards the improve-
ment of land and stock and of methods of cultivation ; great
areas of the country were being tile-drained and rendered for
the first time suitable for arable cultivation, other poor sandy
land was being reclaimed by marling and claying. A sign of
the times was the establishment of the Royal Agricultural
Society in 1838, and in its earlier volumes, particularly in the
writings of Dr Daubeny on the scientific side, and those of
Philip Pusey on the practical side, a good idea may be
formed of the point of view of the intelligent farmer of that
date. The science of the time had just reached a point which
enabled a general theory of the nutrition of both plant and
animal to be formed. In the latter part of the eighteenth
century the researches of Priestley, followed up by-Ingenhousz
and Senebier, had settled the fundamental fact that green
plants in sunlight decompose the carbonic acid of the atmos-
phere, setting free the oxygen and retaining the carbon, this
being the source of the carbon which makes up the bulk of the

dry matter of plants. A little later De Saussure, who published
) A
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his Recherches Chimiques sur la Vegetation in 1804, confirmed
tlie above-mentioned discoveries and gave them a coherent
shape. He then proceeded to discuss the mineral or ash
constituents of plants, made a series of analyses of the ashes

of various plants, and pointed out the importance of thesc

substances in the nutrition of the plant. Davy, whose lectures

on Agricultural Chemistry to the Board of Agriculture
were published in 1813, though he did not advance the
subject much by his own investigations, yet did much service

in presenting to the agricultural public the science that

was then available. e laid more stress than before on
the importance of the ash constituents and the use of
manures to supply them, but he appears still to have con-
sidered that much of the carbonaceous matter of plants
was directly derived from the humus of the soil, and that
the assimilation of carbon from the atmosphere was of minor
importance.

Boussingault’s memorable work began in 1834, and in 1838
he published the result of the enquiries he had be(,an making on
his farm into the principles underlying the rotation c:f cr% s.
He analysed both the manures applied and the e S 1-emovp(3d
from the land, and thus demonstrated statistioalf) that the
source of the enormous quantities of carbon remove}; annually
can only be the carbonic acid of the atmosphere, not, the soil
nor the manures applied. In 1840 appeareq Li(;bi ' famonS
report to the British Association on ¢ Organic (o gS ar'mo.t
applications to Agriculture and PhySiOIng_n }fmlsti‘)y .llr}\.l S
upon the foundations laid by De Saussure ang 1, Ere, uilc mﬁf;
(for in this direction Liebig was not an Originair- oussingau
and illuminating these facts by the light of hislnvestlgatorzt,}
discoveries in organic chemistry, Liebig drey ont own 1.*ec<'a
scheme of the nutrition of the plant. Gregp plan Zl» Csnvinmr%
of sunlight derive their whole substance Prom C;b y :cle ald
water, ammonia present in the atMosphere 3 onic 3,01(i
by decaying matter in the soil, ang the < an Ppoduce.
salts which are afterwards found in the o ‘mple inorganic

when the plant
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is burned. From these simple substances the plant elaborates
those compounds of carbon and nitrogen, such as starch,
sugar, fat, and the proteins, which the animal requires for
its food, and thereby reconverts into the original simpler
materials, Liebig’s brilliant essay excited universal attention
and roused the interest of both the scientific and practical
men of all civilised countries in the subject, so that to
a very large extent we can date modern agricultural science
from this stimulating publication. Henceforward we may
take it that the source of the carbon of vegetation was no
longer regarded as doubtful; it came from the atmosphere,
and the humus of the soil practically contributed nothing
to it.

The origin of the nitrogen was however by no means so
settled : De Saussure had concluded that plants were unable to
assimilate the free nitrogen of the atmosphere, but obtained it
from the nitrogenous compounds in the soil and from the small
amount of ammonia which he showed to be present in ordinary
alr.  Boussingault took out statistics of the nitrogen as well as
the carbon supplied in manures and recovered in the crops; in
1838 he also published an account of experiments in which
plants were grown in pots and supplied with known amounts
of combined nitrogen, so as to ascertain if the growing plant did
assimilate atmospheric nitrogen. While the crop statistics
seemed to show in certain cases a conmsiderable surplus of
nitrogen removed in the crops during a rotation over that
supplied in the manure, his direct experiments, made as
accurately as the chemistry of the time would permit, indi-
cated that plants drew nitrogen only from the soil or

manure.
The arguments of De Saussure and of Boussingault were

adopted by Liebig in his first publication; he considered the
source of the nitrogen of vegetation was ammonia derived from
the decay of the previous generation of plants or brought down
from the atmosphere by the rain. In his later editions Liebig
somowhat shifted from this point of view and began to minimise
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the importance of any supply of combined nitrogen to the
plant ; provided that the soil were supplied with tl
constituents removed by the crop, he argued that it would be
able to grow luxuriantly and obtain for itgelf all the nitrogen
necessary. It is difficult now to estimate exactly the positions
held by controversialists of more than half a century az0,
but there can be little doubt that Liebig overestimated
the amount of ammonia which could be obtained from the
atmosphere, and that he and his followers, arguing from
general grounds as to the origin of the original stock of
combined nitrogen in the world, were disposed to believe

that some, if not all, leafy plants could assimilate and fixX
free atmospheric nitrogen.

¢ mineral

Some little time before the publication of Liebig’s re-
port, Lawes had begun his experiments on a smallmscale;
as early as 1835 he was making trials in pots at Roth-
amsted, and these were year by year extended to the fields
on the home farm, until in 1843 the scale had so far 1n-

creased that he secured the co-operation of Gilbert and
the Rothamsted Experiments as

we now know them
began.

Curiously enough, at this very time (1842) Dr Daubeny
some of whose lectures Lawes had attended aty Oxfora wa;
writing -in the new Journal of the Royal Agricultural S,oc’&'ﬂZ/
about the necessity of systematic experimen‘ts to as in the
value of manures: “I know not how such ¢ C erta}n

well be instituted, except it be on an ox Xpenmems can
established for the purpose, and placed underperl-megtal fargl,
Productive of no immediate advantage 1o thesifr?gliilhvizi;;

they are tried beyond what could

a much inferior eipenditure of labozi,etc}ia;lgrweu a_ttained by
ta,ken'up by any private individual who Coe I]l;-)t Iikely to bel
expemence and Qecuniary resources with the rm l_n.es pr'ac’mfza
skill ; and even if such a person were t o eqllls}te scientific
guarantee can we offer to the way present himself, what

' we 1d
requisite qualifications?” TFor it shoulgl%e ?:mposiesszs tilhi
embered tha
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this was the period of the first introduction of what we now
call artificial manures; the virtue of bones had long been
known, and at Liebig’s instigation their phosphoric acid was
being made soluble by acid, and dissolved bones were becoming
an article of commerce. Lawes had followed up Henslow’s
discovery of coprolites by converting them into mineral super-
phosphate, and setting up the earliest manufactory of artificial
manures. The first importations of Peruvian guano had been
made, and nitrate of soda was also beginning to find its way
into the country.

With these and many other substances Lawes had been
experimenting on a small scale, and the results of his trials
and all his farming experience went to show that a supply
of combined nitrogen in some form or other was not only
pecessary to the crop, but on the whole determined its
yield to a far greater extent than the supply of ash
constituents. Yet Liebig’s argument in the second (1843)
edition of his report all inclined to represent the mineral
manures as fundamental, and a supply of combined
nitrogen as unnecessary, or at least of secondary import-
ance. This question of the value or otherwise of nitrogenous
manures supplied the main guiding principle in the design of
all the earlier field experiments at Rothamsted, as will be
evident when the individual fields come to be considered, and
the controversy which arose with Liebig on the publication of
the first reports from Rothamsted endured for more than a
generation. Indeed the source and fate of the nitrogen of
vegetation remained in one form or another the dominant
interest in the Rothamsted Experiments up to the death of
Lawes and Gilbert.

The evidence from the field experiments that farm crops
require a supply of combined nitrogen will be considered else-
where, as also the results of the determinations made of the
amounts of ammonia and other nitrogenous compounds
brought down by the rain; in neither case was there evidence

that & normal vegetation could supply itself with the necessary
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nitrogen from atmospheric sources only. Attempts had also
been made to grow plants in artificial media with a known
supply of nitrogen, which could be compared with the amount
of nitrogen found later in the fully grown plant. Boussingault,
to whom the first experiments of this nature werc due, soon
found that very elaborate precautions must be taken to obviate
the influx of nitrogen either in dust or as ammonia in the
atmosphere and in the water employed, hence in all his later
experiments the plants were grown in closed cases fed with air
from which all ammonia had been withdrawn by acid, 13ous-
singault’s conclusions werc against the fixation of any nitrogen,
but they were not accepted universally; in particular, Ville
brought forward other similar experiments, in which the plant
showed a distinet gain of combined nitrogen. In 1857 the
subject was taken up at Rothamsted, and a most elaborate
series of experiments were carried out by Dr Evan Pugh,
at that time working in the Rothamsted laboratory. The
experimental plants were grown under glass shades, and
every precaution was taken to ensure the freedom from

ammonia of the air entering the shades, and also of the other
materials—the burnt earth, the pots, the water, the manures—
employed in the experiment.

The experiments were made with wheat, barley, oats, clover,
beans, peas, and buckwheat, and the trials were repeated, in the
one case with no manure in the pots, and in the other with the
supply of a small quantity of sulphate of ammonia. The soils
employed were made up from either ignited pumice or ignited
soil, and the glass shades under which the plants were grown
rested in the groove of a stoneware vessel, m'eroury being used

as & late. The air, previously passed through sulphuric acid
and sodium carbonate solution and washed, was forced into
the apparatus, so as always to maintain a,’ greater pressure
inside th.an out, thus minimising all danger of unwaghed air
leaking in; carbonic acid was also introduced as required
Under these rigorous conditions the followiy ! .
obtained ng results were
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TaBLE L—Summary of the Results of Lxperiments made at Rothamsted to
detormine whether Plants assimilate Free Nitrogen.

J
Nitrogen—Gram, Ratio of
Nitrogen
In Sead In Plants recovered to
and Manuro| Pot, and’ | Gain or Loss. g;;;ﬁ%:&l

if any. Soil.

With no combined Nitrogen supplied beyond that in the Seed sown.

Wheat .| 00080 | 00072 | -0-0008 | 090

1857 { | Barley .| 070056 | 00072 | 00016 | 129

Barley . 00056 00082 +0-0026 146

: . Wheat . 0°0078 00081 +0°0003 1-04

Graminezz 1858 ! | Barley .| 0°0057 | 0'0058 | 400001 | 1:02

QOats . . 0-0063 6-0056 - 0-0007 0-89

1858 { Wheat .| 090078 | 00078 100

| Oats . .| 00064 | 00063 | -0°001 | 0-98

(| 1857 |Beans . [ 00795 | 00791 | -00005 | 099

Leguminosze . ‘l 1858{ Beans .| 00750 | 0:0757 | 400007 | 101

Peas . .| 0°0188 | 00167 | -0-0021 | 039

Other Plants, 1858 Buckwheat 00200 00182 -0-0018 091

With combined Nitrogen supplied. ¢

Wheat . 0-0329 00383 +0-0054 1-16

( , ]| Wheat .| 00320 | 00381 | +0:0002 | 101

1857 1| Barley .| 00326 | 00328 | +0:0002 | 101

Barley .| 00268 | 00337 | +0°0069 | 125

. (| Wheat .| 00545 | 0:0586 | -0-0012 | 098

Gramineee . 4| yg53 1| Barley .| 00496 | 0-0464 | -0:0032 | 094

U| Qats . .| 00312 | 00216 | -070096 | 069

Wheat .| 00268 | 00274 | +0:0006 | 1-02

1858 | | Barley .| 00257 | 0:0242 | -090015 | 094

L Qats . . 00260 0+0198 - 0°0062 076

sg [| Peas . .| 00227 | 0:0211 | 00016 | 095

. [| 185 { Clover .| 00712 | 00665 | -00047 | 003
Leguminosee . -

L 1858 | Beans .| 0°0711 | 00635 | -0-0056 | 092

Other Plants. 1858 | Buckwheat | 0°0308 00292 ~00016 095

These results seem to exclude the possibility of any
fixation of nitrogen.by living plants, and as they had been
obtained with plants of three different natural orders, and both
Without and with manure to induce an initial vigorous growth,
for many years the whole trend of scieutific opinion was against
the possibility of the fixation of nitrogen by living plants.
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There remained, however, a number of facts difficult to
account for : although laboratory experiments similar to t:h():sc
just described, but resulting in & gain of nitrogen, could be dis-
missed as vitiated by the many possible sources ol error, yet
the statistics of the nitrogen collected by various crops could
not be explained in any such fashion. It has already been
mentioned that Boussingault made out a balance-sheef of
nitrogen supplied in manure and removed in crop during
different rotations: he found that while in a rotation of wheatb
and fallow alone the wheat contained rather less nitrogen than
was applied as manure, yet other rotations in which clover was
included, and particularly a five years’ continuous cropping
with lucerne, gave a large surplus of nitrogen removed over
that supplied. Similar evidence was accumulated at Rotham-
sted and was made more cogent by the analysis of the soils,
which showed not only no decrease but an actual gain of
nitrogen during the period when the leguminous crop was
producing such Jarge quantities of nitrogenous matter above
ground. Thus when the various crops were grown con-
tinuously with mineral manures* but without any supply of

combined nitrogen, the following average amounts of nitrogen
per acre were taken away :—

Tanwe 1L.—Average Removal of Nitrogen per acre by Crops
grown continwously with Mineral Manures only.

Duration of Exporirnent, Nitropggp;:goved
Per anpum.
‘Wheat 24 years . . . 2L2b1
Barley . .| 24 years . . . ) ) 22'4
Root Crops . .| 30years . . . ) ' 15'.4
Beans . . - | 24 years, of which 2 fallow . . 455
Clover . . -+ | 22years, 6 crops only . . . .

39-8

In a comparison of the alternate wheat and fajllow plots
with the adjacent plots continually under leguminous plants,
* The term mineral manures will be used
; : throughout for mixtures of the
consu'?uents founc‘l n the a,Sh of plants, i.e., Phosphates, sulphates alrcxl cbl forides
?f sodium, potassium, calcium and magnesium, byt al\:;a p o )
in any form, ¥s excluding nitrogen
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the following comparative figures were obtained after both had
been under similar treatment for many years.

TavLe TIL—Nutrogen on Crop and Soil.  Leguminous Plants compared
with Wheat and Fallow. Hoos Ficld.

Unmnnured! Mineral Manures only, 80 years.
Wheat : "
and Trifolium | Melilotus | Medicago
Fallow repens. leucantha. sativa.
alternately. ;
1
. | Lb Lo. { Lb.
Avcrage Annual Removal of Nitrogen, 8 years |
(1878-85) . . . . . . . 12 33 71 110
Nitrogen per cent, in Surface Soil in 1885 .| 0°1021 01269 0-1151 01219
Nitrogen as Nitric Acid in Soil and Subsoil to
the depth of 9 feet, 1b. per acre, 1885 . 42 101 } 79 17

In another experiment in Little Hoos Field, after five years’
cropping by cereals without any nitrogenous manure, in 1872 a
portion of the field in barley was sown with clover; in 1873
this portion carried a clover crop which was cut three times,
the other portion which had not been sown with clover was
again cropped with barley. Determinations of the nitrogen
removed in 1873 showed 151 1b. in the clover crop and 37 lb.
per acre in the barley crop respectively. In the following
year (1874) barley was again sown over the whole area, but the
barley crop which followed clover took away nearly twice as
much nitrogen as that which followed barley, although this
had contained less than the corresponding clover, Yet an
analysis of the soil immediately after the 1873 crop had been
removed showed more nitrogen in the land where clover had
been growing than where the barley had been growing, as
shown in Table I'V. (p. 10), where all the results are summarised.

In yet another experiment, land which had previously
grown beans and then been fallow for five years was sown
with barley and clover in 1883, the clover being allowed to
stand in 1884 and 1885. At starting, the soil was analysed ;
the surface 9 inches contained on an average 2657 1b. per acre
of nitrogen, while of nitrogen as pitric acid the soil only con-
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tained 257 1b. per acre down to a depth of & feet. -Ax ;
result of the three years’ cropping with barley and clover, an
then with clover only, an average amount of 3195 1. of
TABLE IV.—Nit?'OgCI& arrimulolcd I'I'?jl (ocer Cg’uj).
Little Hoos Ficld,

T of Sitgogren per aere i
Cops oo b
Year, ¢te, o ‘

Pt A ‘ Pt 15
U o , -
1574 . . . . . . . Barley, 273 Clover, 1013
74 . . . . - = . i Barey, 391 Badey, it
| ! \
Nitrogen per cent. in Soil at end of 1873, \ 0116 oo |

pitrogen was removed, yet the soil contained, on analysis ab
the end of the experiment, 2832 b, of nitrogen per acre in the
top 9 inches, or a gain of 175 lb. per acre in the three years:

making a total, with the crop removed, of nearly 500 Ib, of
nitrogen per acre to be accounted for.

Experiments like these, coupled with the long experience Of
practical farmers* of the beneficial effects of the growth of
clover and other leguminous plants on the succeeding crops
in a rotation, led many men to think that there still might
be fixation of nitrogen by leguminous plants, in spite of the
apparent exclusion of any such hypothesis by Pugh’s expel‘i"
ments at Rothamsted. Voelcker, in England, when discussing
the power of a clover crop to accumulate nitrogen, expressed
the opinion that the atmosphere furnishes nitrogenous food t0
that plant ; in France it was maintained by Ville; Berthelot
also brought evidence to show that the soil self, by the aid

of microscopic vegetation, assimilated some free nitrogen.
* ¥ Vergil, Georgies 1., 73—

“Aut ibi flava seres, mutato sidere, farra
Unde prius laetum siliqua quassante lesu
Aut tenuis foetus viciae, tristisclue lu inig men
Sustuleris fragiles calamos, sylvamqse 80 tem.”
#Or, under a changed star, you will then sow the ranten

earlier you took away the bean, luxuriant with quiver; golden wheat, whenctz
the slender vetch, and the fragile stalkg and ¢ ng pod, or the growt.h o
lupin.” ustling grove of the bitter
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Lawes and Gilbert themselves were disposed to look to the
subsoil as the source of this excessive amount of nitrogen, and
were conducting experiments to ascertain whether the widely
ranging roots of the leguminous plants, in virgue of their highly
acid sap, did not possess some special power of attacking the
dormant nitrogenous compounds in the subsoil, when the
clearing up of the whole subject came with the publication, in
1886, of the rvesearches of TTellviegel and Wilfarth.  Theso
investigators found that when plants were grown in sand and
were fed with nutrient solutions, the Graminea, the Cruciferz,
the Chenopodiacea, the Polygonce, grew almost proportionally
to the amount of combined nitrogen supplied ; and, if this were
absent, nitrogen starvation set in as soon as the nitrogen of the
seed was exhausted. With the Leguminose, however, a plant
was observed sometimes to recover from the stage of nitrogen
starvation and begin a luxurious growth which lasted until

maturity, though no combined nitrogen was supplied. In such
cases the root of the plant was always found to be set with the
little nodules characteristic of the roots of leguminous plants
when growing under natural conditions. Further experiments
were made in which the plants were grown in sterile sand, but
as soon as the stage of nitrogen hunger was reached, a small
portion of a watery extract of ordinary cultivated soil was
added ; whereupon the plants receiving the extract recovered
from their nitrogen starvation and grew to maturity, assimilat-
ing considerable quantities of nitrogen. Therenewed growth and
the assimilation of nitrogen were always found to be attendant
upon the production of nodules on the roots. The nodules
were found to be full of bacteria, to which the name of
Bacillus radicicole has been given; they could only be pro-

duced by previous infection, either by an extract of the
crushed nodules or of a cultivated soil, in some cases

(lupins, serradella) only by soil which had previously carried

the same crop.
Gilbert had been present at the meeting of the Naturforscher

Versammlung at Halle when Hellriegel and Wilfarth read their
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paper, and on his return to England exper.imejnfsl j"fﬁm
immediately begun at Rothamsted to check their results. .

A series of small pits were built up of slate slabs out ©
doors, and these were filled with either soil or washed sand f\,ml
then sown with various leguminous plants, which were after-
wards inoculated or not as desired.  The growth was cut away
for the determination of dry matter produced and the nitrogen
collected ; afterwards the roots were washed out from the soil
or sand for the examination of the development of the nodule.s.

A more rigorous set of experiments were carried out 1D
glazed stoneware pots in the glasshouse, and some of the
results obtained are set out in Table V. (p. 13).

The table consists of a balance-sheet for the nitrogen only,
in which the nitrogen supplied, either in the seed, in the sand
or soil used, in the extract employed for inoculation, or in &
fow cases in the manure, is compared with that recovered in the
soil or the plant. The first horizontal line for each plant shows
the results obtained when there was no inoculation and the
plant grew with simply the store of nitrogen present in the seed
and what it could obtain from the soil; the second and third
lines show the results of inoculation, both seed and goil being
otherwise similar; the fourth line shows the result when
the seeds were sown in ordinary soil. ,

It is needless to elaborate the results thus obtained; they
confirmed, as has repeatedly been done since, the conclusions
of Hellriegel and Wilfarth, and showed that the leguminous
plants possess the power of fixing” nitrogen under ordinary
conditions of field eulture by the agency of the bacteria living =
in the nodules on their roots,

The very rigour with which the earlier laboratory experi-
ments, like those at Rothamsted on peas and beans in 1857-8,
had been carried out, had prevented any fixation of nitrogen
by excluding all possibility of inoculation,

The interpretation of the inereased stock of nitrogen
obtained with leguminous crops, which, ags instanced above,

had hitherto been so difficult of explanation, at once became
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apparent, and the long controversy as to the sources of
Ditrogen in vegetation was thus closed by a vindication of
both schools of opinion.

TaBLE V.~ Mitrogen Balance-shect, Leguminous Plants. (See p. 12.)

! Including gl the following amounts of

Pot 87, 0:1865 gram.

1 Acci

‘ Nitrogen.
i - -
/ s | 28 At Beginning., } At End. . 2, !
Plant. 1 2E | ’5 \ 7 52y
S | EL | Insoi, & £3
= A ‘l‘l'"“' ! InSand | In §§0 §:§
! Extract, Total. or | Pro- Taotal. o= 538
~ and Soil. | duce. £5  Z33
| Seeds. G E5
et sy, R ( Tt
! Annuals.
'M‘W‘ F N —
! ‘ Wks Grams, ; Grams. Grams. | Grams. Grams. ‘ Grams.
ﬂ 1! 15 00265 | 0°0265 00090 | 0°0125 | 00215 | —0+0050
Peag 3 2 15 00273 | 0-0273 0°0108 (0°1475 | 01583 | +0-1310) 118
, t 3 15 0-6270 | 0-0270 0-0162 [ 0-1825 | 0-1987 | +0°1717| 146
4 15 69422 | A-9422 6:8817 | 0-2075 | 7:0892 | +0°1470! ...
( 9 15 00137 | 0-0137 0°0184 [ 070065 | 00249 | +0-0112
Vetchcs i 10 15 0-0141 | 00141 0°0260 [0°1651 | 0°1911 (| +0°1770| 254
i 15 ] 00189 0-0139 0°0230 | 0°1868 | 0-2088 | -+0°2959) 287
l 120 15 ] 75966 | 7-5966 | 73052 (02087 75139 | —0'0827] ...
Y 117 21 | 00375] 0-0375 0°0551 {00153 | 0°0704 | +0°0329 .
cllow 18 21 00378 | 0-0378 0:0523 (04980 | 0°5503 | 4-0-5125| 32°5
Uping 19, 21 0-0380 | 00380 0:0594 ( 0°4914 | 0-5508 | +0-5128| 32-1
20 21 | 6°0408| 6-0408 6°7883 (02146 ] 7-0029 | +0°9621 ..
—_— ]
Plants of Longer Life.
I — - —
f 5 77 0-0082 | 0°0082 0-02783 | 02094 8336;’.” + g'ﬁgg
Re . 61 771 00089 0-0089 | 0:0312 02885 0:3197 | +0%
d Clover 7 77 000831 0-2381%| 0032302986 033091 | +0°0930
8| 77| 64974 64274 | 6:3198| 17285 | 8-0486 | +1°6212
: 0:0281 | 00200 {00080 00230 ; —-0-0001) ..
Lucey g% ?g 8832’% 0:0247 | 00514 (03589 0°4108 | 403856 1196
B¢ 7153 ] 76| 0-0236| 0-3278* | 0°0371 (04307 | 049174 401639 | 143°5
24 | 76 | 174983 | 17°4983 [ 16°8141 | 12345 18-0486 | +0°5503 | ...
. . 0016 ] 0°0164 | +0°0054) ...
33131 0-0110] 00110 0°0148 0.901 : Y 6
White 34 [ 181 | 0-0119| 0-0119 [ 00575 0-522§ 85782? 1852% gﬁa
Clover 35 | 131 | 0-0120| 0-0120 | 0°0482)0°5465 | 0
36 | 131 5-3423 | 84726 8 8149,
37 | 131 | 0-Gos1| 06746 | 0045904430 | 0°67541 | +0:0003
" hw'{‘;(“w calcium Mvrate, added as IiJIlOws .. Pot 7, 0-2208 granl. ; Pot 28, 0:8042 gram. ; and Pot 87,
VLG5 wram, " :Pot 7, none ; Pot 08, 0-0289 gram. ; and
Nitrate xecoyor D Celated.

\ i intaining
Lawes and Gilbert were pel'fectly correct in maintaning

at the ordinary green plant h
U the whole class of leguminous

as no power of fixing nitrogen,
plants form an exception
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when grown under ordinary field conditions, for then they
become collectors of atmospheric nitrogen in virtue of the
nodule bacteria with which they are associated.

REFERENCES

« Agricultural Chemistry, especially in velation to the Mingral Theory of
Baron Liebig.” J.R.A.S., 12 (1851), 1. R. Mem., Vol. 1., No. 5.

« On the Sources of the Nitrogen of Vegetation.”  Phil. Trans.,, 161 (1861)»
431. R. Mem., Vol. L. (4to), No. 1.

“QOn the Sources of the Nitrogen of Vegetation.”
(1863), 100. . Mem., Vol. 111, No. 1.

«“Sketch of the Progress of Agricultural Chemistry”” Rep. Brit. Assn. for
1880. . Mem., Vol. V., No. 13.

Jour. Chem. Soc., 18

“On the Present Position of the Question of the Sources of Nitvogen of Vege-
tation.”  Phil. Trans., 180, B (1889), 1. R. Mem., Vol. 1. (#to), No. 2.
“Results of Experiments at Rothamsted on the Question of the Fixation

of Free Nitrogen.” Agricultural Studenls Gazette, New Series, 0
1890-91.  R. Mem., Vol. VII., No. 1.



CHAPTER II

METEOROLOGICAL OBSERVATIONS

THE rainfall has been measured at Rothamsted since February
1853 in a 5-inch funnel gauge and in a rectangular gauge
(7 feet 3'12 inches by 6 feet), having an area of one-thousandth
acre,

In addition to these gauges, an 8-inch Board of Trade

gauge has been employed since January 1881.

The ground on which the gauges are situated is 420 feet
above the sea-level; it adjoins the Barn Field (continuous
oot crops), and Is at a slightly lower level than the Broadbalk
and Hoos fields.

The amount of water percolating through bare soil has
been measured since 1870 by means of three drain-gauges,
€ach having an area of one-thousandth acre. These were
Constructed by undermining the soil at the desired depths—20,
40, and 60 inches respectively—and inserting perforated iron
plates to support the soil. When this was completed, trenches
were cut round the blocks of soil, and these were then
Isolated by means of brick and cement walls. The external
Soil was then returned. The percolating water falls on to
zing funnels, from which it passes to the measuring cylinders.

Barometric and temperature records have been kept since
1873, and since July 1891 daily observations of the bright sun-
Shine have been made by means of a Campbell-Stokes recorder.

The average yearly rainfall as measured at Rothamsted
during the last sixty years, 1853-1912, is 2834 inches.
This ig higher than the average in Hertfordshire (26:29)

As regards years of exceptional rainfall, eithek low-ex high,
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16 METEOROLOGICAL OBSERVATIONS

the records show five years in which the rainfall was less than
91 inches—the lowest was 1856 in 1864—and three years in
which it was more than 35 inches—the hichest recorded being
3869 inches in 1903, More prolonged periods of wet oceurred
in 1875 and 1876, and in 1879 and 1880, when 69-34 and 7070
“inches fell in two consecutive years. The nine-year period,
1875 to 1883 inclusive, was an exceptionally wet onc, cach

Mean
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In:;au. H_on—n. “Fahr.
N
| 7/ ~
4| 200 = L. Y - 70°
A==
/ N\
/ \
/ \
4 \\
8| 160 4 A NE/N 50°
/ i N \
/ d /J o w \Ra.i
s \~ n
2 / AN T
|/ ] ¢
2( 100 £ i CANN
\ | — ¥4 "O \‘\ Ay
0] s AN
& Y AN
/L,\Q\ L :'o N
/Qo /‘K})\ . \’
1 5 d \) /’g('b‘ &\ 40
0 A °
_ AR N

L

dan. Feb. Mar. Apl. May dJune July Aug. Sept, Ogt. MNov. Dec:
Fre. 1.—Rainfall : Average of 60 years (1853-1912). ‘

Sunshine : Average of 20 years (1892, 1893, and 1895-1912).
Mean Temperature : Average of 35 years (1878-1912),

individual year giving a fall of more than 30 inches, and
averaging 3354 inches over the mnine years. Txceptional
periods of drought extending over two years are less frequent,
and the lowest averages of two consecutive years are 2177 in
1863 and 1864, 22'1 in 1901 and 1902, and 232 in 1870 and
1871. The longest consecutive period of years showing under
average rainfall was the five years 1867-1871, when the falls

ranged from 213 to 269 inches, and averaged over the five
years 24'84 inches,

In Fig. 1 curves are set ont showing the average rainfall,
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mean temperature, and duration of sunshine from month to
month,

The greatest average rainfall (see Table V1.) is in October,
3°18 inches, followed by 2'58 in November, while in December
and January the amounts decline to 247 and 284 inches
respectively, From February to August inclusive there is a
gradual rise from 1-81 to 2'69 inches, but it declines to 2:87
inches in September.

TABLE VI.—Metcorological Summary,

Rainfall. Bright Sunshine. Temperature,
Average, 60 years Average, 20 years Average, 85 years
(1858-1913), (1892, 1508, and 1895-1012). (1878-1012),

Days with 011 5
Total ' Rninz‘Dnys. ot por Ahol;}rs, Xrl ore. Means. ggg’
Fall. Per o con. Per Mini- | Maxi- EEE
‘}Actunl. cont. }Actual. cent. | mum. | mum. | B $

i Inches. N:— Bours, . | No. °F. B °I, °F.
January . . 234 16 52 552 | 21 17 55 317 | 420 | 86°9
February .| 1-81 14 48 711 26 19 68 326 ' 4471 | 384
March . .| 192 14 45 1159 31 26 84 337 483 | 410
April . . 184 13 43 170°8 4] 27 91 87°0 | 54°2 | 456
' May . . 219 13 42 1996 42 29 93 425 | 60'6 | 516
June . .| 245 12 | 41 | 1978 ) 41 | 27 | 01 | 484 | 662 | 57°3
July . .| 250 13 43 2179 45 30 96 518 ° 698 | 60'8
August . .| 2:69 14 45 1986 44 30 95 51'3 | 685 | 599
September .| 2°37 13 44 1573 42 27 92 474 | 639 | 557
October . .| 318 18 57 104-1 32 25 80 415 , 553 1| 484
November .| 258 | 16 55 611 ] 23 19 62 | 865 482 | 42+4
December .| 247 17 54 425 18 16 51 33°0 485 | 383
Whole year [28:34 | 178 | 47 |1592:0 | 85 | 202 | 80 | 40'6 | 554 | 480

The average number of rainy days (with 0°01 inch or more)
does not vary very much; the greatest is, like the rainfall,
in October, and the lowest in June. The total number of
rainy days in an average year amounts to less than 50 per cent.

The maximum amount of sunshine occurs in July (2179
hours, or 45 per cent.). There is a slight decrease in August
followed by a very rapid decrease until November. The
minimum (425 hours, or 18 per cent.) is reached in December,
after which there is a continuous increase until the maximum in
July. As regards percentages of possible sunshine, the highest
(45 per cent.) occurs in July, which is closely followed by
Angust with 44 per cent., and September and May with 42 per

cent., and April and June with 41 per cent. Of the remaining
B
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months, March and October (31 and 32 per cent.) have the
highest, and January and December the lowest percentages (21
and 18) of possible sunshine. In the whole year we have an
average amount of 1592 hours, or not much more than a thivd
of the actual sunshine above the level of the clouds.

The Amounts of Nitrogen as Ammonia and Nitrates, Chlorine,
and Sulphuric Acid, in the Rain-water at Rothamsted.

At the time of the commencement of the Rothamsted
Experiments very little was known as to the amounts of com-
bined nitrogen and other substances present in rain-water.

The presence of ammonia, both in the atmosphere and in
rain-water, was well known, but, owing to the imperfections of
the methods of analysis then available, somewhat exaggerated
ideas prevailed as to the amount. Lichig considered that the
atmosphere was able to furnish the average crop with sufficient
ammonia for its development, hence followed his celebrated
“mineral ” theory that to add to the soil the ash constituents
of & crop would be a sufficient manuring. As this opinion of
Liebig’s was strongly contested by the Rothamsted investi-
gators it was necessary to make accurate measures of the
combined nitrogen brought by the rain.

The earliest analyses of Rothamsted rain were made in
1853-4, and were restricted to determinations of the nitrogen
present as ammonia. These were followed in 1855-6 by
determinations of ammonia and nitric nitrogen made by
Professor Way. No further analyses were made until 1877,
when monthly determinations of ammonia were recommenced.
These were continued with some interruptions until December
1885, and again resumed by the late Dr Miller in December
1887 and February 1888, since which time until December
1916 ammonia was regularly determined each month. Dr
Miller also determined nitric aecid uninterruptedly from
September 1886 till December 1916, for the first few monthg

by Schloesing’s method, and subsequently by Williams zine.
copper couple method.
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In addition to the analyses of monthly samples of rain, a
large number of single samples have been analysed at
Rothamsted, as well as about eighty samples by the late Sir

E. Frankland,*

TABLE VIL—Nitrogen and Chlovine in Rothamsted Ruin. Monthly
Averages, 15 years (1889-1903).

g Nitrogen. Chlorine.
pul
<2
§ wf’er miliion. Per acre. PO’,}?‘;?‘%: of P )
] { e ©
g 4 18 ;3. clg 1§ | 8
Sl ] £ 8.4 2 8.8 I
% ] popsi g | &%¥2 4 R 3T= o <
. “E 1zaEs 48 1535 5 | SE |ZE5| & M
g N b2
& = ‘J 4 “ s | 4 “ 5 ] “ \
[ ! | |
Inches, L. Lb. Lb. Lb.
January B R 1951 0401 | 0+168 ] 0177 | 0074 | 0-251{ 705 | 295 | 4°17 1+84
Fcbruary R 14710 ) 0424 | 0°208 J 0164 | 0-081 | 0245 | 66°9 | 33°) 3-83 129
March °, . 24036 ] 0410 0'20410°189 {0084 | 0°283 ] 668 33+2 347 160
April . . 1°516 ] 0°571 ] 0227 §0°196 [0°078 {0274 715 | 285 ] 271 0-93
May N . 2028 { 0516020010237 {0092 /0-8281] 720 | 280 ] 205 0-94
June . . 24185 10520 ) 0216 } 0-257 | 0107 | 0°864 | 706 | 204 1-46 072
July . . 2+631 | 0°464 017510276 1 0°104 1 0°380{ 726 | 27-2 1 109 065
August . L] 2959 [ 07476 (0717010319 10114 10433 787 | 263 [ 1'38 0-89
September .| 2:098 1053502180254 10°101 103551 715 | 285 {192 | 091
October . 34407 {0:385]0°160 0258 | 0°123 10°381 | 677 | 82:8 1 2-82 | 1*79
November .| 2505 {0411]0-189 ) 0233 | 0-107 | 0:340} 685 | 31*5 | 8:00 | 170
ecernber .| 2590 0379 | 0195 {0222 10°114 1 0:336) 66°1 ) 839 ] 360 | 211
\ | \
Jan. to April . | 7213 [ 0+445 | 0:200 [ 0-726 [ 0-327 [ 1°053 | 689 | 311 | 347 | 566
May to Aug. . | 9°803 | 0491 | 0-18811:089 | 0-417 | 1'506 | 728 | 277 1 144 320
Sept. to Dec. [ 10°600 | 0°403 | 0-186 { 0867 | 0-445 | 14412 | 685 | 815 | 2°71 J 6351
| |
Whole year | 27-616 | 0-445 f Q190 {2782 (1189 {8971 | 701 | 2DD | 246 f‘ 15°87
|

It will be convenient, for the purpose of summarising the
results relating to nitrogen, to confine attention to the fifteen
years 1889-1903, as during that period regular determinations
both of ammonia and nitrates are available,

In Table VII. will be found the average monthly rainfall
for the period in question, the amount of nitrogen as ammonia

and ag nitrate (or nitrite), also the chlorine, all expressed both

as parts per million and as 1b. per acre. Other columns show

the relative proportions of the two combinations of nitrogen.
Reference to the table will show that the average amount

of nitrogen in the two forms is 3'97 Ib. per acre per annum,

* See the Sixth Report of the Rivers Pollution Commission, 1874.
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and that most of the nitrogen is in the form of ammona,
the nitric nitrogen representing only three-tenths of the whole.
The monthly variations show little regularity cither in the
total nitrogen or in the relation of ammonia to nitrates, Lt is,
however, of interest to note that in the period April to
September, during which the rainfall is less than half the total
for the year, the rain contains more nitrogen than in the Si_?\’
months, October to March, and that the amount of nitric
nitrogen is nearly the same in both periods, the excess in the
warmer periods being mainly due to ammonia.

When we compare the yearly amounts of nitrogen
in the rain, the variations are not found to be great, and
seem to have little if any velation to the rainfall. The highest
result corresponds with the highest rainfall (4:84 1b. in 1903);
but the minimum result (3'30 1b.) was obtained in 1890,
when the rainfall amounted to 2478 inches. With one of the
lowest rainfalls of the period, however (20°967 inches in 1902),
we get nearly the maximum amount of nitrogen, viz., 4'673 1b.

It must be borne in mind that the nitrogen in the forms of
ammonia and nitrates does not represent the whole amount
supplied to the soil. Yrankland’s results showed that lﬂ?@
rain contains besides the nitrogen in these forms a certain

amount of organic nitrogen, equal to about one-third of the

nitrogen as ammonia and nitrates. S0 that we may consider
that the average annual rainfall at Rothamsted contains 897

plus 1'3 or about 5 1b. of total nitrogen per acre.

The amount of chlorine in the monthly samples of rain has
been determined at Rothamsted since 1877. The average

amount over the whole year is 2'46 per million. The minimum

amount is in the July rain (1-09 per million), and the
maximum (417 per million) in the January rain. The
amount falls and rises in the intermediate months with
considerable regularity, the only break

: : occurring in the
March rain, which contains more chloripe than the rain

falling in February. The total chloring 1s equivalent to 253 1b.
of common salt per acre peranmum.  Of this amount, 170 1b.
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'S contributed by the rain falling from October to March, and
the rest (8:3 1b.) by the spring and summer rains (April to
September). This difference is all the more striking as
the rainfall of the two six-monthly periods is almost the same.

The yearly amounts of chlorine per acre vary considerably,
and ' the variations depend more on the distribution of the
rainfal] during the year than on the total fall, -

TABLE VIIL.—Comparison of Mazimum and Minimuwm
Precipitation of Rain and Chlorine.

Rainfall. Chlorine,

Inches, Lb. per acre.
Maximurm Rainfall (1903) . 3869 1999
Minimuam Rainfall (1898) . 2049 16-33
Maximum Chlorine (1903) . 38°69 1999
Minimum Chlorine (1890) . 2478 1021

No recent determinations of sulphuric acid in rain-water
have been made at Rothamsted, but a summary of the results
obtained in 1881-7 is given here to complete the record.

Reference to the Table (IX.) will show that the rain
contains on the average 2:57 per million of sulphuric acid

TanLe 1X.—Sulphwric deid and Chlorine in Rain-waler collected at

Rothamsted.
Per million. Per acre. 50
18817, Rainfall. to 101
ClL 80,. ClL $0,.
Inches. Lb. LE-
April-September . .| 18490 1:31 277 4-11 871 2-12
October-March .| 1605 2-89 239 1051 870 083
Whole year . 29°95 2:16 257 1462 1741 119

(as S0;), and that the total annual amount per acre IS
1741 1b. The most noteworthy result is the close agreement

between the amounts furnished by the summer and W}'nter
fain, especially in view of the great variations in the chlormfa.
In conclusion, it may be pointed out that the rain falling
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at Rothamsted contributes to the soil enough chlorine and
sulphuric acid to meet the requirements of most crops.

Proportion of Rainfull percoluting through Bare Soil.

Alongside the large rain gauge, three percolation or drain
gauges were constructed in 1870.  Portions of the undisturbed
soil, each one-thousandth of an acre in area, were isolated

from the surrounding soil by digging trenches and building
brick and cement walls round the blocks of soil thus exposed.

The blocks were then undermined, and eventually carried
upon bars and plates of iron perforated to enable the percolat-
ing water to find its way into the collecting funnel beneath.
Thus in the end three blocks of undisturbed soil were
obtained, each one-thousandth acre in area, 20, 40, and 60
inches in thickness respectively, entirely isolated from the
surrounding soil, and the rain-water percolating through each
block is collected separately and measured like the rainfall.

Table X. shows the average results obtained during the
forty-two years 1871-1912.

TasLe X.—Rainfall and Drainage at Rothamsted.

maptan| | Feresgg o e b et
e |- 20in. | 40in. | 60in. 60 in
Gauge). deug: der: % deaB: Zd?:ctg t&ég: deop-
| Average for each Month, 42 years (1871 to 1912),
Inches. | Inches. | Inches. | Inches. | Inches. ! Inches. | Inches.
Japuary . . . .| 200 | 171 | 199 1491 | 038 | o010 | 018
February . . .| 197 | 182 | 145 | 142 | 045 | oz2 | 035
March . .. .| 2038 0+99 118 1409 1-04 087 0°94
Apil . . L L 12 0°49 | 056 053 1-3 1-20 169
ay . . . .| 211 | 043 | o5 049 | 168 166 1+62
June . . . .| 282 087 0-71 068 185 1°81 1-84
July e R 063 | 068 060 1-83 180 186
August . ., .| 285 0-68 0470 0'54 2417 2°15 2-31
September . . .| 247 078 0-73 088 139 144 1-49
Qctober . . . .| 399 192 1:87 1-75 137 142 154
November . . .| 288 2713 2°18 207 070 065 0-78
December . . .

- 271 214 235 2:25 057 T Q036 054
Mean Total per year . | 2875 13-89 ‘14'91 13-93 14-94 g13'88 —15'32

Results for Maximum and Minimum Rainfall,

F——

Maximum {1803)
Minimum (1898)

38:69 12348 | 23-60 2423 16+21 | 16709 | 1448
20+49 7-82 790 7°69 1317 | 1259 | 12-80
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. It will be seen that the three different thicknesses of soil
yield practically the same results, it being difficult to account for
the small but constant differences which occur, On the average,
about half the annual rainfall percolates through the gauges,
and about one-half is evaporated. It should be borne in mind,
however, that the surface of the soil in these gauges is kept
free from vegetation of all kinds, so that there is no drying
effect due to the crop. Again, as communication between
the subsoil and the soil of the gauges is cut off, all capillary
mOYements of water, both downwards during rain and back
again during periods of drought, are stopped at a certain point,
thus affecting both percolation and evaporation by unknown
amounts, ’
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CHAPTER IIT
THE COMPOSITION OF THE ROTHAMSTED s01L

TrEe Rothamsted soil was described by Lawes in the fivst pape?
he contributed to the Journal of the Royal Agricultural Socteld
in 1847, as follows :—*“The soil upon which my experiments
were tried consists of rather a heavy loam resting upon chalk,
capable of producing good wheat when well manured ; nov
sufficiently heavy for beans, but too heavy for good twnips O

barley. The average produce of wheat in the neighboul‘hood
is said to be less than 22 bushels per acre, wheat being grown
once in five years, The rent varies from 20s. to 26s, per acre
tithe free.”

The geological character of the Rothamsted soils has been
thus described by Mr H. B. Woodward, F.R.S. : “ The geology
of the Rothamsted estate is comparatively simple. Chalk
forms the foundation of the entire area, but it is exposed only
on the slopes. The plateau ground is covered with a very
mixed deposit of clay-with-flints, with remnants of the mottled
clays, sands, and pebble-beds of the Reading series, and also of
remnants of drift gravel. The low grounds are occupied by
valley gravel.”

“The experimental fields belonging to the Lawes Agricul-
tural Trust are entirely on the mixed deposit of clay-with-
flints, ete.” '

“The chalk, which is extensively ‘piped,” appears here and

there in irregular pinnacles near the surface, It is usually lined

with stiff red or dark brown cla
24

y-with-flints, the joints in
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ii?d;?‘la}’,ﬂ ;nd also tl¥e ﬂf'nts, being blackened by manganese
places . elsd‘ss-(fg ?f t%ns stiff clay-with-flints form the subsoil in
\vithou’f H.O:)]\; oy light sands or red loamy sands with or
the ilm;a;c;;; hint De‘bbles, or masses of pebbles alone, form
with OCG&sioi;I Sug}sz)xl; again, grey or mottled 'cla,y or loam
Pocket fyoy dpe dles or free from stcnegf or Wl@ 3 grz'i,velly
heneatl, rt}e an_ 'there, extends for some distance, .11nn-1edlately
juxmposit' e 501.1. These a,?cumulatlons oceur In 1r1~egul§r
Places ] I‘On‘owmg. to the piped smrface of the chalk, and in
eath :1818 is a kind of marl formed on the slopes by the
N g’l ed }‘Ubbly chalk mixed with earth.”

pebbl 701\’ermg thgse subsoils ther.e is a soil of grey ﬁil.lty or
Charagt @m, 10.1nches or more in thickness, e_md' vaf"ymg in
Casen mel according to the? number .of stones In it; 1n some
admiy ifgh and unworn flints prevail, elsewhere‘there'zs an
1 Oa,mA ure of pebbles.; and over some areas the soil consists of

With comparatively few stones. In all cases, excepting
I(')n the chalk slopes and in the valley bottom, the soil is to k')e
“8arded as g heavy mixed soil, for the subsoil is in the main
anea\ry clay ; and were it not for the fact that the chalk .here
oy there approaches very near to the surface f)f the h}gh@r
S*ounds, the land would be much wetter after rain than is the

Cas
0?36. These underground pinnacles of chalk, and the pockets
Sand and gravel, act as dumbwells for the surface

: l'ainage.»
.N Otwithstanding the irvegularity of the subsoil, the
A8ticultury] character of the soil is fairly uniform all over the
“State some fields worlk rather more heavily than others, and
the Proportion of stones lying on the surface varies somewha?,
ub these differences are comparatively unimportant. The soil
Passes into the subsoil without any sharp line of distinction,
2d the distribution of flints in the subsoil is very irregular,
While the solid chalk is reached at depths varying between 8
and 12 fee ‘. ) .
The following Table (XI.) shows the mean results o};mmed
Or the weight per cubic foot and the weight per acro of stounes



26 COMPOSITION OF ROTHAMSTED SOIL

and fine earth for successive layers 9 inches thick, down to 2
depth of 3 feet, on each of the chief experimental fields —

TanLe XTI

: . e et e

|
Broaihalk Heom Avielt ; Tiarn Averade. %
& Ftd, Field, Filend, i Frietd.
g Average Weights of Fine Dry Soil per acre,
i Lb. Lb, Lb. | Th. ‘ 000 ;
" First 9 inches . 2,559,000 2,593,000 2,348,060 . 2,321,600 ‘i 3 ALD, o
Second 8 inches . | 2,502,000 | 2,721,000 | 2,448,000 2,673,000 | 2 o010
| Third 9 inches . | 2,815,000 | 2,891,000 |

DEANO00 | wEa1,000 | 2guho0d
‘} Fourth 9 inches . | 2,888,000 3,048,000 2,442,000 1 \ 4,70, 0ol ﬁ

Average Weights of Stones per acre,

I
First 9 inches . | 498,000 481,000 837,000 B 769,000 | 616,000
Second 9 inches . | 443,000 346,000 480,000 | 530,000 150,000
Third 9 inches . | 213,000 238,000 363,000 415,000 307.000
Fourth 9 inches . 164,000 170,000 477,000 270,000
Weight per cubie foot of Fine Dry Soil and Stones.

First 9 inches 938 94+1 975 946 849
Second 9 inches . 92°9 938 896 980 93°6
Third 9 inches . 927 958 8§58 939 927
Fourth 9 inches , 9344 98°5 894 937

The mechanical analyses set out in Table XII. show that
the Rothamsted soil is fairly uniform in‘the different fields, and

Tasue XTL—Mechanical Analysis of Rothamsted Soils.

. Second Third
Tirst 9 inches. / \ 9 inches. | ©inches. \
e
Braad- Hoos . s
balk. \ Fiald, I?t:{g \ B\;&?}? Bbrg\k \
Por cont. | Per cent, | Per cent. (« . er 00“""
Fine Gravel, 8 to 1 mm. . . 19 20 31 ¥ r1c e'znb ¥ 05
Coarse Sand, 1 t0 02 mm., . 82 63 59 43 25
Fine Sand, 0°2 to 0'04 mm. . . 214 196 19-7 15-8 182
Coarse Silt, 0°04 to 0°01 mrm. . 326 289 260 240 18-0
Fine Silt, 001 to 0-002 mm. . . 138 15°5 131 16-7 138
Clay, less than 0-002 mom. . 17°6 188 256 287 40°0
Carbonate of Lime, Loss on Solu- ’
tion, ete. . . 42 37
Hygroscopxc Moisture . . 22 25 2-8 3-8 58

consists essentially of heavy loam containing little coarse sand
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or grit, but a considerable amount of fine sand and silt and a
laf‘ge body of clay. In consequence, the soil has to be worked
with care, becoming very sticky and drying to impracticable
clods if moved when wet. Tt “runs together” if heavy rain
falls after a tilth has been established, and then dries with a
hard, unkindly surface, these dificulties being much exaggerated.
on the plots which have been farmed for a long time without
any supply of organic matter in the manures. :

The chemical analysis of the Rothamsted soils differs very
n}uoh from plot to plot according to the long-continued manu-
rial treatment which has been given to each plot. But every-
thing points to the fact that the soil was of an ordinary type
when the experiments began, certainly no richer in dormant
plant food than the majority of fairly heavy soils in this country.

The following table gives the results of analyses (made by
Dr B. Dyer as regards the mineral constituents) of samples
drawn from the Broadbalk wheat soils in 1893 .—

Tapte XIIL
First § inches. Second 9 inches. Third 9 inches.
Soil drled a$ 100° C. Plot 8. Plot 2. Plot 8. Plot 2. Plot 3. Plot 2.
Un- Farmyard Un- Farmyard Un- Farmyard
manured, Manure. manured. AManure. manured. Banure.
Por cont. Por cont. Por cent. Por cent. Por cent. Por cent.
Loss on Ignition 4-20 676 461 511
Containing Carbon 0888 2230 0565 0748 0483 0492
Containing Nitrogen . 0-099 0-221 0-073 0-077 0063 0066
Soda* . . . . 0058 0-138 0-090 0-132 0-106 0-111
Potash *, . . . 0274 0430 0446 0524 0618 0661
Potash, soluble in 1 per
cent, Citric Acid . . 0-0032 0-0384 00060 0-0276 0-0072 00128
Magnesia * . 0-360 0320 0420 0°340 0-400 0-420
Lime* . 2486 2665 0-460 0616 0-538 0504
Alumina * 4486 4805 74407 6829 11623 10477
Oxide of Iron* . 3+400 3600 5200 4800 7200 6-400
Phosphoric Acid *. . 0°114 0215 0-113 0-111 0-097 0083
Phosphoric Acid, soluble
in 1 per cent. Citric Acid 0:0078 0+0560- 0°0045 0+0094 0-0025 00034
Sulphuric Acid t+ . . 0048 0035 0°041 0041 0038 0+031
Carbonic Acidt . . 1-300 1400 J-030 4200 0+100 (4050
Undissolved Matter * 83-700 80800 81-480 82-520 73220 76-120
. i

t Determined in the unignited soil.

* Detormined in the solution obtained by treating the ignited soil with strong Hydrochioric dci0.

%

The most notable feature in the Rothamsted soil is the
amount, of calcinm carbonate in the surface layer ; analyses of
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the earliest samples available (1856) show wore than & per
cent. in the surface soil of Broadbalk field. This amount is
always being reduced by the action of the rain washing 1t away
as calcinm bicarbonate ; it is still more rapidly reduced by the
action of many of the manures applied, particularly by the
ammoniam salts, so that at the present time there is only about
3 per cent. present on any of the plots. In other fields less 18
to be found, practically none at all in the soil of some parts of
Agdell and of the Park. The subsoil below the depth of 9
inches also contains little or no ealcium carbonate, and this
fact together with the varying proportion in the surface soil
indicate that the original soil was almost devoid of calcium
carbonate, and that the quantity still found in the surface soil
has all been applied artificially. We read, indeed, that the
chief form of manuring known to Hertfordshire farmers in
the eighteenth century consisted in digging pits through the
clay soil until the chalk was reached, extracting chalk and
spreading it over the land, and all of the Rothamsted fields
show a depression or “dell” from which the chalk had thus
been formerly obtained. Arthur Young, the elder, in his
General View of the Agriculiure of Herts, drawn up for the
consideration of the Board of Agriculture, and published in
1804, writes of “the prevailing practice of sinking pits for the
purpose of chalking the surrounding land,” and mentions the
application of 60 loads of chalk every ten years as customary.
The chalk now present in the arable soil is visible in small
grains varying in size from that of a pea downwards, additional
evidence of its extraneous origin. But the amounts so added
to the soil are enormous: if we assume that the wastage in
the past had been at all comparable to that going on during
the last half-century on the unmanured plot, then Broadbalk
field must ‘have begun the nineteenth century with something

like 100 tons of chalk per acre in its surface soil,
The _PFOPOI'tiOH .Of organic matter, carbon and nitrogen,
Repondon on s shoopr S 5y very variablo and entirely
er of the manuring and cultivation.
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As will be seen later, continuous cropping without manure
soon reduces such materials in the soil to a low ebb, below
which they do not fall appreciably in succeeding years ; the crop
production becomes very nearly stationary and is accompanied
by a very small reduction in the original stock of carbon and
nitrogen, even if there are not compensating influences at
work maintaining the store at a constant low level. Similarly,
when very large amounts of organic matter are added every
year as when plots are continuously dunged, after a time there
is but little increase in the proportions of carbon and nitrogen
Present in the soil, because the bacterial agencies which
§enerate carbon and nitrogen compounds of a gaseous nature
are so stimulated by the abundant food-supply as to leep

bace with the annual additions. '

Of the other important constituents of plant food th‘e soil
carries an abundant stock of potash; a complete mineral
analysis, in which the Broadball soil was completely broken
Up by hydvofluoric acid, yielded as much as 226 per cent. of
Potash, quite four times the amount that can be e?xtracted b]y
long digestion with hydrochloric acid. Though this vast .stoc <
Of potash is in the main dormant, it slowly be.oomes avallali)le
?OP CI'Oi)s through the weathering agencies which are brought
nto play by cultivation.

In phosphoric acid the soil
Unmanured plots contain now 1
the highest, limit reached on some 0
Plots being about 025 per cent. ;
®onditions, however, the soil shows.I no par
Phosphoric acid, as do many clay soils. L

l\/ll?&gnesia is’ fairly abundant in the Rothamsted soﬂii,o 1112
the subsoil, indeed, it is present in a]ll?ost the same Pr("flf’m il
as the lime, it is only in the 31'tiﬁ01al!y chalked surface
that the ratio of lime to magnesia is a high :t?e- combined with

Soda is present in small quantities, Partly eatly in the
®hloring a5 common salt derived from rain, anc px

doHble silicates of the clay.

is by no means so rich; the
ather less than 01 per cent,
f the very heavily manured

under ordinary farming
ticular need of



30  COMPOSITION OF ROTHAMSTED SOIL

Tn general, it may be said that the Rothamsted soil
presents no striking peculiarities, either chemical or physical.
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CHAPTER IV

EXPERIMENTS UPON WHEAT

I. The Continuous Growth of Wheat, Broadbalk Field:
A. Maintenance of the yield under Continuous Wheat growing on the

same land.

B. Effect of Nitrogenous Manures.
C. Effect of the Mineral Constituents.
D. Retention of Manures by the Soil.
E. Character of the Crop as affected by Manuring and Season.

II. Wheat after Fallow and in Rotation.

III. Trials of Varieties of Wheat.
Practical Conclusions and References.

I.—THuE ContiNUOUS GROWTH OF WHEAT, BRoADBALK FIELD.

THE experiments on the continuous growth of wheat were
begun in the Broadbalk field in 18438, but for the first eight
years the manuring was of a varied description, so that only
three of the plots have received the same treatment during the
whole period of sixty years. The plots as seen to-day began in
1852, since which time the few changes in manuring have been
matters of detail and not of principle; thus the results repre-
sent a continuous trial of wheat grown with the same manures
upon the same land year after year for more than half a

century.
The Broadbalk field has an area of about 11 acres, and

slopes somewhat to the east; the plots are each half an acre in
area, and consist of strips 851 yards long by about 7 yards
wide, running down the slope for the whole length of the field,
and separated by paths which are not cropped. Previous to
1843 the land had been cropped on a five-course system :

manure was last applied to the turnips in 1839, and two white
81
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straw crops were taken immetliately prior to the first experi-
mental crop of wheat sown in the antumn of 1543, =0 that the
land was in low condition from an agricultural point of view at
the beginning of the trials. This is also shown by the fact that
the first experimental crop in 1544 amounted to only 15 bushels
per acre on the unmanured plot, although the wheat crop was
generally much above the average in that year.

The soil of the Broadbalk field consists of a stiff gl’eyiSh
loam containing an abundance of flints; the subsoil is of a
similar character, rather stiffer and reddey in colour—* the clay-
with-flints ” of the geologist, The chulk lics below at a variable
depth, rarely less than 8 or 10 feet, thus providing good
natural drainage. In addition, each plot has a tile drain
running down the centre of the plot at a depth of 2 to 24 feet,
the mouths of all the drains being led into a brick trench, where
the water draining from each plot can be scparately collected
for analysis.

The field cannot be described as more than fair average
wheat land, nor do the analyses show any special reserve of
fertility beyond that natural to moderately strong land which
has been under arable cultivation for a very long time.

The usual practice is to scuffle the land immediately after
harvest and remove the weeds; the land is then ploughed 5 or
6 inches deep; the mineral and other autumn-sown manures
are sOWn and harrowed in, after which the seed is drilled, The
following varieties of seed have been used: Old Red Lammas,
five years, 1843-4 to 1847-8; Red Cluster, four years, 1848-9 t0
1851-2; Red Rostock, twenty-nine years, 1852-3 to 1880-1;
. Club or Square Head (Red), eighteen years, 18812 to 1898-9;
and Square Head’s Master (Red), in 1899-1900 and since.

The chief difficulty experienced in growing wheat con-
tinuously is that of keeping the land clean; not only does the
crop occupy the ground for the greater part of the year, and so

1ea,ve little opportunity for cleaning operations, but the weeds
whose habit of growth is favoured by the crop tend to
accumulate from year to year. Thusin spite of repeated hand-
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hoeings, some weeds, like the “Black Bent” grass, Alopecurus
agrestis, are kept under with the greatest difficulty.

The general scheme of the experiments in the Broadbalk
field has been to test the manurial requirements of wheat by
growing it continuously with various combinations of manures
repeated year after year on the same plots. At the outset
of the experiments it should be remembered that little was
then known as to the manurial requirements of any crop.
Liebig had just stirred the agricultural world by the general
statement that if a plant were supplied with the mineral
constituents left as ash when the plant is burnt, it will require
no further assistance in the shape of manure, but will draw its
carbon and nitrogen from the atmosphere. The first experi-
ments were designed to verify the truth of this statement, and

were extended to test the effect of each of the constituents
found in the plant. The effect of mineral manures alone is

compared with that of nitrogenous manure in various forms, or
of a combination of the two, The constituents of the mineral °
manure—phosphoric acid, potash, soda, and magnesia—are
variously combined with nitrogenous manures, so as to ascertain
the part each of them plays in the nutrition of the crop. Thus
Plots 6, 7, 8, 9, 15, 16, 17, and 18 receive varying amounts and
combinations of nitrogen, together with the same mineral
manure containing all the elements present in the ash of the
wheat plant. Again, all the Plots 10,11, 12,13, and 14 receive
the same amount of nitrogen, but differ in the arrangement of
the accompanying mineral manure. Some of the plots also

test the question of the season at which the manures are ~
applied, and whether any of the residues are carried forward to
another year. The long duration of the experiment serves to
eliminate many of the sources of error in field experiments,
such as initial variations in the condition of the soil of various
plots due to previous manuring, irregular attacks of insect and
other pests, and variations due to seasons which may favour
some manures and not others, Also by gradually exhausting

the soil of particular constituents, the continuity brings to light
' C
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the function of any element of manurial plant food in a way
that is not possible in the first few years of an GXPE.I‘lD’l‘BI].f:
because of the large reserves of all plant foods contained In
ordinary soil.

Table X1V, shows the nature and quantities of the manures
applied each year to the plots. The mineral manures (p}’
minerals is understood at Rothamsted the phosphoric acid,
potash, magnesia, soda, and other constituents left as ash when
the plant is burnt, but not any manure containing nitrogen)
are sown before the seed in the antumn, the rape cake and the
farmyard manure, and a portion of the ammonium-salts MB
also supplied in the autumn before seeding, but the nitrate ot

soda and the greater part of the ammonium-salts are put On
as top-dressings in the spring.

Tanue XIV.—Ezperiments on Wheat, Broadhall Field. Manwring of
the LPlots per acre per annum, 1852 and since.

A

Nitrogeuous dManures, Mineral Manures.
Abbroviated Description Sl s le Te | sls |s =
Plot. of Manuring. P ZE 'é %"g‘ %;’é’ i:i é.::' ffiéi ‘ fﬁi é}
EEl 2 |22 1E8 a8 |22 |88 | &2
e=l g |2 |E "2 3% |8 |57
| Tons.\| Lb. | Lb. | Lb. JCwt. | Lb. | Lo, | LD
2 | Farmyard Manure 14 e -
3 | Unmanured
5 | Minerals . .o . . .. |85 (200 (100 |100
6 | Single Ammonium-salts and Minerals | ... | ...} ... 12001} 35 | 200|100 |100
7 | Double do. do. .| .. [ .. | .. l400] 35 |200 |100 |100
8 | Treble do. do. . .. | ..l .. 160085200 (100 |100
9 | Single Nitrate and Minerals . S b2 | L L85 1200 | 100 {100
10 | Double Ammonium-salts alone . sl e e L 100 L ] e e
11 Do.  and Superphosphate. R O T IR I Vo0 I 0+ S R I
12 Do. do. and Sulph. Soda . | ... | ... | ... |400| 35| ... |366%
13 Dao. do. and Sulph. Potash | ... | ... | ... |400 385|200 | ... | .-
14 Do. do. and Sulph. Mag. . 400 1 35 | ... 280
15 | Double Amm.-salts in auturan, and
Minerals . . . 1 | ] .. 400 35 200|100 |100
16 | Double Nitrate and Minerals . . | ... | ... {550 | ... | 85 | 200 | 100 | 100
171\ Minerals alone, or Double Amm.-salts f| ... | ... | ... | " | 35 | 200 | 100 | 100
18 alone, in alternate years . 4001 ..
' 19 | Rape Cake alone . . . . ... 11889

RN SR S S S

Noles on the Manures,

The ammonium-salts consists of a mixture of equal parts of sulphate and
muriate of ammonia; 200 |, supply 43 1b. of nitrogen, equal to the amount
contained in 275 1b. nitrate of soda, or 1889 lb, of rape cake. The super-
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phosphate contains 37 per cent. phosphate made soluble, or 66 1b. of soluble

phosphoric acid.
On Plots 9, 15, 16, and 19 certain changes in the manuring have been

made during the progress of the experiments, which are set out in detail in
the “ Memoranda”’ for 1901.

Table XV. shows the average production of grain and
straw for the whole period of sixty-one years, for the last ten
years, and for the single year 1911.

TabLe XV.—Zzperiments on Wheat, Broadbalk Field. Produce of Qrain

and Straw per acre.  Average over 61 years (1852-1912); and over 10
years (1903-1912); also Produce tn 1911,

Drossed Grain, Straw.
o | B . |8
, inti R | o@ - ey | & =
Plot. Abbr%\riﬁz%llx)jignpmon zz Eg E 55 gg %;
oot | Bed S S | By S
-4 :3 « :1

‘Buah. Bash.[Bush.] Cwt. | Cwt. | Cwt.
2 | Farmyard Manure . . . . . . [352182:8185°2[34:8(38°2(36°9
3 | Unmanured. . . . . . . . 12:6110°0]12:5]110°3] 9°3| 98
6 | Minerals . . . . . . . . 14-5{12°5(148|12°1]11°9(12-8
6 | Single Ammonium-salts and Minerals .. 232119°0 17-2021-4 | 20°7 (179
7 | Double do. do. . . . 82:1127°91256|382°9/82:3(276
8 | Treble do. do. . . . | 86°6/338|36°4]41°1]|42°1|3857
9 | Single Nitrate and Minerals e e e e e |2600]29°9] ... |28°7|29°0
10 | Double Ammonium-salts alone . . . . 120°0116°3|22-8] 184|167 (172
11 Do. and Superphosphate . . . 122°9117°1|20°1|22°3/20°2|15°2
12 Do. do. and Sulph. Soda . 129°1)24°6|27°0]128°0|26°2|20°6
13 Do. do. and Sulph. Potash . |31-0/28'7(29-7|31-5,83'1(27"4
14 Do. do. and-Sulph. Mag. 28'8122°0/24°1]28°0/{24°1)18°9
15 | Double Amn.-salts in autumn, and Minerals 29-0/26°4(24°1[29-7/29°0/228
16 | Double Nitrate and Minerals . . . v e 180°2]40°4) ... [39°1)42+4
17 Minerals alone, or Double Ammonium-salts{*, 14°9{12°9/13-8]138-0[12:4] 117
18 alone. in alternate years . . . . 1129°9|27°6)27°3129°5|29-7|24°6
19 | Rape Cake alone . . . . . I25‘4 22°8(28°6|25°7|24'8| 247

* Produce by Minorals. t Produco by Ammonium-salts,

The grain is expressed in measured bushels per acre, the
weight of the bushel depending on the plot and season. The
straw, which includes chaff, etc., is given in cwt. per acre.

Table X VI shows the average production of certain of the
plots for the six successive ten-year periods from 1852 to 1911.
Although ten-year periods are not long emough entirely to
remove the effect of season, yet the table enables one to judge
Whether the fertility of the plots has increased or diminished

under the treatment they receive.
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TABLE XVI.—Ezperiments on Wheat, Broadhall Fidld.  Averag: Produce
of Grain and Straw per acre the first 8 years (1844-1851), wud over the
successive 10-year periods (1852-1911) inslusive,

Jererages over

{
1
¥
.
!
f
|
a
|

Abbreviated Deseription
Plot. of Manuraos,

B oyears

AR N

19 yf’:}\‘&i

Dressed Grain,

] t
Bush.s l}nmh.l Un«th,l Um’h.g Bush. Bush] Bush
2 | Farmyard Manure . . . . . 128:0134-2, 875 us-7 | u821 502 3071
3 | Unmanured . 17°2]15:9 145 10+1 ] 1276 1273] 10°9
5 | Minerals e oo YA 1512010188 1408] 137D
6 | Single Ammonium-salts and Minerals . Clerei2s7 190 2as 2301 21
7 | Double do. do. .. lad4e7 35-9iz\‘3-9; 50 318 309
8 | Treble do. do. o 438710400 81721 3871 | 38°5] 872
10 | Double Ammonium-salts alone 95+1 19232 251,173 194|184 184
1 De. and Superphosphate . .| . 2841279 21'7\22'7&19'5 102
12 Do. do. and Sulph. Soda . | ... |33-1134:3 251 30°1 267} 274
13 Do, do. and Sulph. Potash . | ... |329 24-8 26-8 32-5 206|321
14 Do. do. and Sulph. Mag. .| ... {335 34-4 26-1|311)25°0}25°0
o
Straw.
Cwt, Cwi/.l(}wt. Cwt. | Cwh. | Gwb.| Cwi.
2 | Farmyard Manure . . |265183-9134:0({28°0|34-8|33:7 409
3 | Unmanured . 15501502 1106| 85) 851 91 96
5 | Minerals . . . . . o Jaraiiees! ee7) 99 11p) 12
6 | Single Ammonium-salts and Minerals, oo (2608122:81 1771205 20°0) 2274
7 | Double do. do. ... |36°4]34°3128-7|34:1|311{ 354
8 | Treble do. do. . 1 140514821366 42-5141°7( 455
10 | Double Ammonium-salts alone . . . 1237124°5121-9|15-2|15°8/162( 180
11 Do. and Superphosphate . o] .. 2820245213 20-81 188} 217
12 Do. do. and Sulph. Soda . | ... |84-2(305|250127-3|24-0{ 286
13 Do. do. and Sulph. Potash . | ... |34-4]|33-4(27-6{31-9)| 286} 358
14 Do. do. and Sulph. Mag. .| ... [85-0(80-7|26-3|986|234] 26°3
1

A. Maintenance of the yield under Continuous Wheat
growing on the same land,

The curves in Fig. 2 show the fluctuations in the yield of
total produce for the first eight-year and six ten-year periods
from the beginning of the experiment on certain of the plots
—Plot 3, which ig unmanured ; Plot 2, which receives farm-
yard manure every year; Plots 6 and 7, which receive a
c?mplete artificial manure containing varying quantities of
mt,rogen} a,n'd Plot 10, which receives nitrogen only.

.COHSIder}ﬂg the unmanured plot first, it, will be seen that
while there is evidence of g small decline in production for the
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first, eighteen years, yet the crop has been practically constant

during the last thirty years.

The fluctuations during this period

1872-81. 1882-91. - }892?!901, 1902191t

Fie. 2.—Broadbalk Wheat.

1862 -71.

1852 -61.
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1844 -54,

Total Produce,

81, a

are in the main due to season, and correspond very closely with

those of the completely manured Plots 6 and 7. For example,
there was a considerable drop during the decade 1872

a considerable

recovery in the next decade, which has been maintained for

But all the evidence seems to point tO
t. which has been without manure of

period of notoriously bad seasons; then followed

the last twenty years.

2

the fact that this plo

shels
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all. It has been already pointed out that the Rothamsted soil
is by Nno means exceptionally rich, how then can this continue.d
production of crop without manure he accounted for? It 15
estimated that the average crop on this plot has removed about
17 Ib. of nitrogen, 9 Ib. of phosphoric acid, and 14 Ib. of
potash per acre per annum. In the drainage water there 1S
also a further loss of nitrogen, which has heen estimated at 10
Ib. per acre per annum; some nitrogen is also removed in
weeds. Per contra, the rain brings about 5 1b. of nitrogen each
year, and the seed supplies perhaps 2 lb., thus leaving a netb
annual loss of nitrogen of at least 20 lb. per acre. ‘The
analyses of the soil taken in 1865, 1881, and 1893, show that
there is a steady diminution in the amount of combined
nitrogen present in the soil; but since in 1893 the proportion
present was 0:099, or rather more than 2500 Ib. per acre In the
top 9 inches of soil, there is still an enormous reserve -
touched. There may also be hitherto unrecognised gains of
nitrogen from the atmosphere. For example, the Black
Medick is a common weed on this plot, and like other legu-
minous plants fixes some pitrogen from the atmosphere, part
of which will be left behind in the soil when the roots decay.
Soil bacteria are also known which are capable of fixing
nitrogen independently of the higher plants; but until the
analyses of the soil have been repeated after another long
interval it is not possible to say whether such recuperative
agencies have any practical effect, or whether the crop is still
being grown out of the original resources of the soil. As regards
‘potash and phosphoric ac¢id, there can be wo external sources
of recovery, but the reserves are very great, amounting in 1893
to about 3000 Ib. of phosphoric acid and as much as 50,000
lb. of potash per acre in the top 9 inches of soil, though of
course the greater part of the latter would only become avail-
able for the plant very slowly.

On Plot 2 there has bheen a yearly dressing of 14 tons of
farmyard manure, and though the composition of the dung is

so far variable that it is impossible to say exactly what
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quantity of plant food has heen supplied, the annual applica-
tion is estimated to contain about 200 lb. of nitrogen, 78 b. of
phosphoric acid, and 235 lb. of potash; whereas the average
crop has only removed about 52 lb. of nitrogen, 27 b. of
phosphoric acid, and 53 1b, of potash per acre. There should
be an accumulation of fertility on this plot, and an examination
of the curve shows that after a rapid rise during the first eight
years of the experiments, when the land was recovering from
a state of comparative exhaustion, the yield of grain has been
slowly increasing, despite the depression during the decade
1872-81. The increase was particularly manifest during the
eighties and nineties, on the whole a period of dry seasons,
when the moisture retained by the accumulation of humus
from the dung also had its effect. The increased fertility
of this plot would doubtless have been more manifest were it
not for the tendency of the crop to be laid in the heavier
yielding seasons. The analyses show that enormous reserves
of plant food have been accumulated in the soil of this plot, the
amount of nitrogen in the surface soil being more than double
that of the unmanured plot, the phosphoric acid being also
almost doubled, and the potash showing a very considerable
increase. While some of these reserves are in a readily
available form, there is evidence from the other experiments at
Rothamsted that even in fifty years it would be impossible
to crop them entirely out, if a course of growing corn without
further manuring were now entered on.

Regarding now Plots 6 and 7, receiving artificial manures
which supply nitrogen, potash, and phosphoric acid, but no
organic matter to form humus, we see that Plot 7 for
forty years yielded a crop very little inferior to that grown
on the dunged plot, and shows no evidence of a decline in
fertility. The manure on this plot supplies 86 Ib, of nitrogen
per acre, whereas the average crop has taken away not more
than 50 Ib. The phosphoric acid and potash supplied are also
in excess of the requirements of the crop, On Plot 6 only
43 1b, of nitrogen per acre are supplied, little more than the



40 EXPERIMENTS UPON WHEAT

amount removed in the crop. If we consider the other sources
of loss of nitrogen to the soil, such as the removal of weeds,
drainage, etc., it becomes clear that the 43 1b. of nitrogen
in the manure are not sufficient to repair the annual with-
drawals of nitrogen. Consequently we should cxpect somC
diminution of fertility on this plot, and analyses of the soil
seem to show that it is slowly losing nitrogen. The curve
expressing the crop on Plot 6 is very similar to that of t.he
unmanured plot, indicating a considerable fall in fertility
during the first twenty years, and a comparatively constant
position for the last twenty years. Thus this plot like the
unmanured plot seems to have reached a position of com-
parative stability, when the annual withdrawal of nitrogen
by crop and drainage, etc., is almost balanced by the
additions from all sources, so that the fertility of the Jand
is declining very slowly, if at all. Though no material to form
humus has been supplied to Plots 6 and 7, and analysis shows
that the soil is gradually being deprived of its original stock,
yet the wheat crop so far seems to be unaffected by the 1088
of this important constituent of the soil.

Plot 10 has received an annual dressing of nitrogen only, it
the shape of 400 b, of ammonium-salts since the earliest date
of the experiments. Tt will be evident from the curve showing
the crop production that, despite this long-continued use of 2
manure supplying but one element of plant nutrition, the crop
has been wonderfully maintained. Whereas the average pro-
duction over the whole period is increased by the supply of
minerals to the extent of 1'9 bushels, the nitrogen alone has
produced an average increase of 7'4 bushels, the unmanured
plot being taken as the standard in either case. The curve, bow-
ever, shows that the production on this Plot 10 has declined,
but for the last thirty years it has remained fairly steady,
rising slightly from the low position in the years 1872-81.
The crop on this plot presents a very unhealthy appearance,
is very slow to mature, and is extremely liable to rust.

We thus see that it is possible to grow a cereal crop like
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wheat year after year on the same land for at least sixty years
without any decline in the productiveness of the soil, provided
an appropriate manure be supplied to replace the nitrogen,
phosphoric acid, and potash removed by the crops. There is
no evidence in fact that the wheat gives a smaller yield when
following a long succession of previous wheat crops than when
grown in rotation, although the vigour of the plant does not
appear to be so great. The real difficulty, however, in con-
tinuous corn-growing is to keep the land clean ; certain weeds
are favoured by the wheat and tend to accumulate, so that the

land can only be maintained clean by an excessive expenditure
in repeated hand-hoeing. Notwithstanding all the labour that
is put on the plots, the “ Black Bent ” grass, Alopecurus agrestis,
has from time to time become so troublesome that special
measures have bad to be taken to eradicate it and to restore

the plots to a reasonable degree of cleanliness.
How little -the wheat plant is able to survive when in

competition with weeds, may be seen from a portion of the
Broadbalk field where the wheat crop in 1882 was allowed to
stand and shed its seed, the soil not being cultivated in any
way. In the following season a fair wheat plant came up and
gave about half a crop, but after it seeded the weeds increased
their hold upon the ground until in the fourth season only two
or three stunted wheat plants could be found, which have never
reappeared since. The fundamental importance of cultivation
and the suppression of weeds is further to be seen in the
returns from the continuously unmanured plot. This piece of
land at the beginning of the experiments was not only in poor
agricultural condition but had been under arable cultivation for
at least two or three centuries, and was therefore far removed
from the condition of virgin soil with its accumulation of
fertility, and yet by cultivation alone it has been able to grow

for sixty years a crop averaging 13 bushels to the acre. This
is almost the average crop produced in the United States, and

is very similar to the general average production of the great
wheat-growing areas of the world.  Nor is there, as far as can
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be judged from the records of the last forty years, any reason
to expect that this crop cannot be maintained in the future, pro-
vided that the cultivation and cleaning of the land be continued.

B. Effect of Nitrogenous Munures.

It will be remembered that one of the main objects In
starting the Rothamsted Experiments was to ascertain the
value of nitrogenous manures, and test the truth of Tiebig's
opinions that the crop could obtain a sufficiency of nitrogen
from the atmosphere provided the ash constituents were
supplied. Plots 5, 6, 7, and 8 all receive the sume dressings of
mineral manures, 4.¢., phosphoric acid, potash, magnesia, and
soda, in greater quantities than are removed in the crops. Flob
5 receives no nitrogen, Plots 6, 7, and 8 receive increasing
quantities of ammonium-salts, supplying 43 1b. of nitrogen.per
acre on Plot 6, doubleé that quantity on Plot 7, and treble the
quantity on Plot 8. [An average crop of 30 bushels of grain, and
28 cwt. of straw, will remove ahout 50 lb, of nitrogen per acre.]

The diagram Fig. 3 shows the crops on these plots over the
period from 1852 to 1902. Table X'V. gives the figures to 19127

Plot b, which receives the minerals but no nitrogen, grows
very little more than the continuously unmanured plot; itS
average over the whole period is only 149 bushels, as against
13'1 without manure of any description. The other three plots
yield crops which increase with each addition of nitrogen ; the
grain increases from 24 bushels with 43 1b. of nitrogen, to 33
bushels with 86 Ib. of nitrogen, and to 37 bushels with 129 1b.
of' nitrogen ; the straw is even more affected by a free supply of
nitrogen, rising from 213 cwt. to 83 and 41 cwt. as the nitrogen
is doubled and trebled. It is thus seen that the wheat crop is
very specially dependent upon the supply of nitrogen in the
manure. With nitrogen alone (¢.g., ammonium-salts alone on
Plot 10, nitrate of soda alone on part of Plot 9, and rape cake
alone on Plot 19), even over a long period of years, the €rop

* For the s.ake of clearness the figures in the diagram (1852-1902) are
quoted.  The differences between these figures and those in Table XV, are
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search the soil for mineral plant food; hence when grown
under ordinary farm conditions in rotation, it is rarely necessary
to supply it with any but nitrogenous manures. Asitis also
grown during the cooler season of the year and with very little
cultivation of the ground, the natural nitrifying processcs arc
slow, hence the special need for an external supply of nitrogen
in the shape of manure.

Plots 9 and 16 receive nitrate of soda and mineral manures,
so that Plot 9 has the same manuring as Plot 6, and Plot 16
as Plot 7, except that the ammouium-salts on Plots 6 and 7
are replaced by equivalent amounts of nitrate of soda. The
manuring of Plots 9 and 16 has however heen changed
during the progress of the experiments, so that they are only
comparable with 6 and 7 since 1885. Taking the averages
from 1893 to 1902 as set out in the diagram Fig. 4, 1t will be
seen that nitrate of soda is a more effective source of nitrogeén
than the ammonium-salts ; the single application yields 16 per
cent. more grain and 26 per cent. more straw than the corré-
sponding amount of ammonium-salts: the double application;
however, yields practically the same amount of grain and only
about 1 cwt. more straw. This superiority of nitrate of soda
for wheat is no doubt partly due to the fact that it remains
sqluble, thus diffusing deep into the soil and encouraging a
greater range of roots, whereas the ammonium-salts are
retaifned. near the surface. The injurious effects of continuous
applications of ammonium-salts, which are due to the removal
of the carbonate of lime from the soil and its resultant acidity,
now so strikingly shown on the corresponding permanent
wheat and barley plots on the Royal Agricultural Society’s
farm at Woburn, are not apparent at Rothamsted, where the

soil started with a good supply of chalk. Analyses made in

1904 show that the soil of Plot 7 still contains more than
24 per cent. of carbonate of lime.

I.t, Sk'lould b.e noticed that the increase of crop for each
a,pphc:amon of nitrogen is not proportional to the extra nitrogen
supplied, but that each successive addition gives a smaller
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return in the crop. Thus Plot 6 with 43 lb. of nitrogen gives
81 bushels more than Plot 5 with no nitrogen, another 43 1Ib,
of nitrogen on Plot 7 produce a further increase of 89 bushels,

Tota} Produce
\  PerAcre
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W : 333
32-2
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255
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154 302

opo — W o

Plot 5 6 9 - 16

- Straw per Acre, lb. \\\\\\‘ Gram per Acre, Ib

i i Ammonium-salts on Wheat.
—Comparison of Nitrate of Soda and ! .
o & lgnysars (1893-1902). All Plots receive Minerals alike.

Whereas the next addition of 43 1b. of nitrogen only produces

an increase of 4'2 bushels. .
During the first 13 years of the experiment one of the plots

received g still further addition of ni‘m‘cgen., ma,'king 1’{2 “lb; ;x}
all. The Table (XVIL.) shows the yield of grain aud straw
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the plots receiving successive increments of nitrogen during
this period. It will be seen that the last 43 1b. of nitrogen had

practically no effect upon the amount of grain produced and
but little upon the straw.

TaBLE XVIL—Experiments on Wheat, Broadball: Field.
Awverages over 13 years (1852-1864).

Dressml Grain, Btraw. l
DU P i ‘_.-_‘-—-"",“
. . Increas | Inerense
Plot. Manures per acra tll):: I" f(r:lrci(f(q;: };’::‘ for euch
‘H: | wbiitional ;‘\T" | :‘ul;hlt{:ul{‘ﬂ‘
T 481b. N S b S
aer. iv fn Manure, ! aere. 'm. Muanuro.
- o | S
Bush. |  Bush. * Cwt. Cwt.
5 | Minerals alone . . . . . . . 188} i 166
6 Do. and 431lb. N.as Ammonium-salts , 286 | 103 , 27-1 105
7 Do. and 88 1h, do. do. 1371 8% 381 110
8 Do. and 128 1h, do. do. 3940 | 19 427 :1'3
16 Do. and 172 lb. do. do. 1 305 0D \ 466 39

These results illustrate very clearly what is known as the
“law of diminishing returns,” 4.c., that each increment in the
cost of production, whether labour or manure, gives rise to @
smaller proportionate return, until a point is reached when the
value of the increased yield is more than balanced by the outlay
required to bring it about. This point, when the extra crop
ceases to pay for the manure or labour expended on it, 18
sooner reached with low than with high prices for the crop.
Hence high farming (intensive cultivation and liberal expe_ndi-
ture on manure) is only justified in times of high prices and
is no remedy for low ones.

The diagram Fig. 5 shows a comparison between the
returns from these plots, (1) with corn at 24s. a quarter and
straw at 20s. a ton, and (2) when corn is 82s. and straw
at 380s.

The straight line indicates the cost of production taking an

arbitrary base of 80s. per acre for the cultivation, and adding

30s. for each 200 b, of ammonium-salts, Tt will be seen that

wi'th the lower prices the crop ceases to be profitable before the
third addition of manure is made ; the second addition is the
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most profitable, the extra 30s. for manure has produced an
increased return of 86s. in the crop. At the higher scale
of prices the crop remains profitable throughout, though the

third addition of manure only returns 14s. for an expenditure

Returns & Cost.

Yield.
Bushels or Cwi, Shitlings.

40 400
30 ! 300
20 200

7 - oSt

o e

10 100

1] i
+800 |b. Amm.Salts.

Minera} Manures +200 }b_ + 400 {b., =~ +600 Ib.
e, 5—~Relation between Cost of Production and Returns with varying

quantities of Manure.

of 30s., and the fourtl application only produces an increase of
crop worth 8s,

C. Zfect of the Mineral Constituents.

The series of Plots 7, 10, 11, 12, 13, and 14 all receive
the same amount of nitrogen—86 Ib., in form of 400 1b.
of ammonium-salts per acre—but differ in regard to their
mineral manuring. Plot 10 receives nothing beyond the
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nitrogen, Plot 11 has superphosphate also, while 12, 13,
and 14 receive a further addition of sulphate of soda,
sulphate of potash, or sulphate of magnesia respectively, all
three of which are combined to form a complete wincral
manure on Plot 7. It should be remembered that soda,
magnesia, and potash are always found in the ash of plants,
and at the time the experiments were started little was known
about the part they played in the nutrition of the plant. And
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Fre. 8 —Production of Wheat with varying Mineral Manures. All Plots receive equally
86 1b. N. as Ammonium-salts, Averages over 10-year periods (1852-1911).

although we know to-day that for practical purposes pomSh
alone of the three need be supplied in a manure, we are still
uncertain what is the function of the other two, which being
present in every plant can hardly be without some action.
Fig. 6 shows the crops upon these plots in successive ten-
yearly periods. Tt will be seen that Plot 11, receiving super-
phosphate, has always given a better crop than Plot 10, without
it. This superiority was more marked in the early years of
the experiment, when the reserves of potash, etc., were
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abundant in the soil, and when in" consequence the nitrogen
and phosphoric acid together had practically the effect of a
complete manure. Latterly, as the potash has become ex-
hausted by the continual cropping, the yield with nitrogen and
phosphoric acid has been but little superior to ‘that produced
by nitrogen alone. Similarly, in the earlier years of the experi-
ment the crop on Plots 12 and 14, where soda and magnesia
are added Lo the superphosphate and ammonium-salts, was
but little inferior to that of Plot 13, which receives
potash. The results in later years show, however, that neither
magnesia nor soda can replace potash, their good effect in the
first few years being due to the fact that the addition of any
soluble salts to the soil brings into action some of the dormant
potash. At first this is sufficient to grow as large a crop as
where a potash manure is directly supplied, but in course of
time the available potash becomes reduced, and there is a
manifest decline on the plots receiving magnesia or soda only,
till finally the steady state is attained, the soda giving per-
manently a higher yield than the magnesia. Plot 7, which
differs only from Plot 13 in receiving magnesia and soda in
addition to the potash, phosphoric acid, and nitrogen applied
to 13, gave until recently a somewhat higher crop. This is not
due to any specific effect of magnesia and' soda, because Plot
18 does not show any progressive decline as compared with
Plot 7, although its soil must be becoming exhausted of these
constituents by their constant removal in the crops, Doubtless
the effect of the sulphates of magnesia and soda on Plot 7 is due
to their action as soluble salts, maintaining in a more soluble
condition the other manurial constituents necessary to the.crop.

D. Retention of Manures by the Soil.

It has already been stated that, as a rule, 100 1b. of the
ammonium-salts are applied in the autumn when the seed is
_ sown, the rest being reserved for a top-dressing in the
spring. On one of the plots, however, Plot 15, the whole

400 b, of ammonium-salts is applied in the autumn,
D
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otherwise the manuring is identical with that of Plot 7.
The crop, however, on Plot 15 is on the average below that
of Plot 7, showing that some loss takes place when the
ammonium-salts are applied before the plant is able to utilise
them. Although the ammonium-salts are soluble in water
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they are caught by the soil and held very near to the surface,
%) tha,t. the loss does not arise by the washing out of the
ammonu'lm-salts themselves. They are, however, rapidly con-
verte('i Into nitrates when the land is warm and moist,
eSpe.cmlly after it has been recently stirred by the autumn
cultivations., The nitrates thus produced are not retained by
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the soil, and wash out very readily if heavy rain falls during
the early winter. This is seen in the analyses of the drainage
water collected beneath Plot 15. It is generally very rich in
nitrates in the autumn as compared with Plot 7; whereasin the
spring, when the ammonium-salts are applied, a corresponding
loss does not happen with Plot 7, because the crop then
occupies the land and is able to talke up the nitrates as fast as

they are formed.
The diagram Fig. 7 shows the estimated loss of nitrates in

lb. per acre on these two plots during the summer and winter
respectively, between the spring sowing of manures in 1879 and

the corresponding date in 1881.

Table X VIII. shows that the drop in yield due to the autumn
application is very small in dry winters but becomes considerably
more serious in wet winters.

TaBLe XVIIL—Comparison of Spring and Auwtumn Dressings of
Ammontum-solts in Wet and Dry Seasons respectively.

Total Produce, 1bs. per acre. ) Grain, bushels per acre. .
Rainfall l
of Ammonium- Difference in Ammoniume .Dirfference
favour of in favour of
preceding salts Spring salts Spring
Alflt;:amn applied. Dressing. applied. Dressing.
Winter
(October. In In
March). | b rovious g I? . | Per Per | previous Sprinng Por Per
Autumn,] PPE | acro. | cont. | Autumn,) PUSE ) acro. | cont.
Plot 15."| Flov 7. Plot 15. :

{ /

Mean of 11 yrs.
of low winter . :
rainfall * .| 11478 | 5631 5829 |+196 |+ 84| 318 325 | 407 |+ 22

Mean of 11 yrs.
of high winter
rainfall 't .1 1678 4932 6004 |+1072+21°7) 275 826 | +50 |+181

Mean for whole
period of 60

years (1852 to
1o11) . .| 189 | 5305 | 5843 |+538 [+10°1) 305 | 327 | 422 [+ 72

T Tho years Ol:lT);\” winter mmfaii were 1599, 1590, 1891, 1893, 139?»1901, 1902, 149;03,'1905, 1906, 1900,
1 The years of high wintor rajofall were 1592, 1894, 189, 1896, 1857, 1899, 1900, 1907, 1908, 1910, 1811,
Plots 17 and 18 further illustrate the fate of ammonium-
salts. These plots receive the dressing of Plot 7 —400 1b.
ammonium-salts and complete minerals—but the ammonium-

salts and the minerals are applied in alternate years to the two
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plots. Thus in 1910 Plot 17 received ammoninm-salts but 1o
minerals, and Plot 18 the minerals without the ammonium-
salts, and the treatment was reversed in 1909 and again i
1911, It will be seen from the diagram, Fig. 8, that the plot

which in any year is recelving minerals Wlthout nitrogen
derives little or no benefit from the ammonia it had the
year before. The crop shows every sign of nitrogen starva-
tion, and amounts on the average to only 153 bushels of
grain, as compared with 14'9 bushels on Plot 5 which has
received minerals without any nitrogen every year since 1852
On the Rothamsted soil, then, we may conclude that the effect

of sulphate of ammonia applied to a cereal crop is confined t0
the season of its application. In the seasons when the
ammonium-salts are applied the crop is but little short of that
on Plot 7, where minerals are used every year with the same
amount of ammonium-salts, thus showing that the pl'eviol}S
mineral manuring is carried forward and has an effect 10
seasons beyond the year of its application.

Much of our knowledge of the process of nitrification, by
which not only ammonium-salts but other compounds of
nitrogen, such as are contained in dung, are converted into
nitrates, was worked out in the Rothamsted Laboratory by Mr
Warington. From the continued analyses that have been made
of the water flowing from the drains beneath the Broadbalk
wheat plots, we learn that not only may readily nitrifying
manures sufter great losses through nitrates forming and being
washed out when a crop does not occupy the ground, but that
the same causes lead to continuous loss of nitrogen from all
cultivated land. This loss is at its highest when heavy rain
falls after the land has been broken up after harvest; then the
conditions occur which are most favourable to nitrification,
i.., warmth, moisture, aération, and stirring of the soil. Thus
analyses of the soil show that, despite the fact that much larger
amounts of nitrogen are applied to Plots 7 to 18 than are re-

moved in the crop, the soil is not getting any ncher in nitrogen ;

and even on Plate O and 1600 oo

- - nﬁv\l‘\11Y‘Iql‘1 I\"“
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nitrogen are used, the accumulation of nitrogen is far less than
the difference between the nitrogen applied and that removed
would indicate.
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Fig. 8.—Comparative Effects on Wheat of Ammonium-salts applied at different times.
Averages for 51 years (1852-1902). Plots 7 and 15, 26 years only (1878-1902).

Periodical determinations of nitrogen in soil and crop
enable us to draw up an estimate of the nitrogen per acre
supplied in the manure and recovered in the crop over a fifty-
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year period, 1844-1893, together with the nitrogen contained
in the soil at the close of that period for the unmanured I’lot
3, and Plot 2 Teceiving farmyard manure. The top 9 inches of
soil only are considered, because the analyses do not indicute
that any appreciable amount of organic matter has found its
way into the subsoil.

The results show that of about 10, 000 Ib, of nitrogen supplied
as dung during the whole period, only about 2600 Ib. have
been recovered in the crop, or about 26 per cent., and that
although the nitrogen present in the soil at the end of the
period has been doubled, the excess over the manured plot is
only 2580 Ib. per acre; so that there is still 5670 1b. which
has been supplied in the manure, but is unaccounted for either
in the crop removed or in the accumulation in the soil :—

Nitrogen in Soil y Apprc_).\'imntok yrplug of
0 inc?egsgdcep, ’ Apgg(;;&)m aie e nlx)?\'nl ; %&‘ ; 3.‘,‘::,,,,{
! troy i over ot
Plot. Manuring. S of Nimr()},en \‘(""r-“'x‘ | nnnummttd
Pounds Manura 1&;};:{11{;‘) ‘ Tor “é .
Per cont. por acro, in 50 Years. (1844-1803). | Grop or Soi
Lb. Lb. l Lb,
% | Unmanured . . 00992 2,570 850
2 | Farmyard Manure . 0°2207 5,150 10,000 2,600 | 5,670

Some of this has no doubt been washed away as nitrate into the
drains and the subsoil water, some has been removed in the
weeds, but much must have been lost by the conversion,
through bacterial action, of nitrogenous compounds in the
manure into free nitrogen gas.

Phosphoric acid and potash, however, behave very differ-
ently from nitrogen ; but little of these substances are ever found
in the drainage waters, and Dr Dyer’s analyses show that the
greater part of the excess of phosphoric acid supplied over that
removed in the crop is still to be found in the top 9 inches of
soil, where it remains in a condition readily available for the
plant. The potash is not quite so completely retained as the
phosphoric acid, and descends further below the surface. There

is still, however, no practical loss to be feared when potash is
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applied to the land before there is any crop immediately able

to utilise it -
. T N

L=

B. Character of the Crop as ajected by Manuring and Season.

Table X1X. gives certain particulars regarding the quality
of crops grown during the fourteen years 1889-1902, in
which Mr R. Hewlins of St Ives has made valuations of the
grain from each of the plots, These valuations and figures
respecting quality are to a certain extent disturbed by factors

TasLe XIX.— Wheat, Broadbalk Field. Averages over 14 years
(1889-1902).

{ Sz £ |88 |s | 8
‘ a B (S> (S8R | %
73 28 . 3 -2
Plot. Abbroggo;(n’{lua%sscripuon g; 2 gg g g 2 % g f"g
{ 22| 2 g8z |8 | 58 (Es
| 25 2 |38 |Z%| Eq by
I =% g 'E‘Z?; S § 3

! =

Lb. Gms,
2 | Farmyard Manure . e e 61+3 5671023 | 38 | 2536 |3-94
4 Upmunured . . . v 60-7 1772|1003 | 4°3 | 2708 [3-69
b | Minerals. . . . . . . . 1608 74*41100°5 | 4'7 | 2586 |3°'88
6 | Minerals and Single Ammonium-salts . . 61°1166°3) 1014 40 | 2520 |3°97
7 Do. and Double do. . 61-1157°21101°1 | 87 | 2578 |388
8 Do. and Treble do. . 60°8 51'5‘ 100°8 | 42 | 2636 |8'79
9a*| Minerals and Single Nitrate ., - . . |60°6/59'5, 1000 | 35 | 2612 1383
16 | Double Nitrate and Minerals . . . . 1605531 100°8 | 4+¢ | 2772 |8'61
10 ! Double Ammonium-salts only . . . | 596 “ 666 987 | 671 | 2966 |3°37
11 Do. and Superphos. . . . 15861595 97-1| 74| 3238 |3°09
12 Do. do. and Sulph. Soda . 599619, 99-2 | 4'3 | 2026 |3-42
13 Do. do. and Sulph. Potash. | 8101573 1010 | 36 | 2592 |386
14 Do. do. and Sulph. Mag. . [59°9 60'2/ 10071 | 46 | 2978 | 336

* 0a and b, 1894 and since. t Average for 7 years (1893, 04, '0¢, '07, '88, 1900, and 1902).

arising only at second-hand out of the manuring. For
example, Plots 8 and 2 are very liable to be lodged and
to show a much higher proportion of sprouted corn in
a wet ‘harvest like that of 1902. These effects may easily
overpower the differences directly due to the manuring and
visible in normal seasons. The farmyard manure plot, No. 2,
. has given on the average the best grain, showing the highest
weight per bushel and the highest price in the valuation,
but there are several years in which the corn from this

plot occupied a very low place in the series. Plot 10, again,

e
[

S 6: 2875 i
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receiving ammonium-salts only, shows almost the lowest
weight per bushel and the lowest price. In some years,
however, the highest valuation has been put on the corn from
this plot. It is important to notice that the continuously
unmanured plot, with its small yield, yet produces grains of
corn which are almost up to the average in size, weight per
bushel, and value from a commercial point of view. The plant,
when starved, diminishes the number but not the quality of the
seed ; even the proportion of “tail” corn is not above the
average on this plot. The proportion of corn to straw is the
highest on this plot, as though starvation resulted in con-
centrating the highest possible proportion of material on the
reproductive parts of the plant.

The plot receiving minerals only differs very little from the
unmanured plot, but with each successive addition of nitrogen
on Plots 6, 7, and 8, the weight per bushel, the size of the
grain, and the value somewhat diminish; at the same time the
proportion of straw to corn is much increased. The effect of &
given quantity of nitrogen in the directions thus indicated seems
to be intensified when it is applied as nitrate instead of
ammonia.. ‘

Turning to the Plots 7, 10, 11, 12, 13, and 14, which receive
the same amount of nitrogen but vary.in their mineral manures,
we get the highest weight per bushel, the largest grains, and
the greatest value on Plots 7 and 13, where potash is supplied ;
on these plots also the proportion of straw is at a maximum,
facts which depend upon the function of potash in the formation
of carbohydrates—starch in the grain, and woody-fibre in the
straw. . The soda and magnesia applied to Plots .12 and 14

bave.rendered some of the potash of the soil available, and the
quality of the grain is better than on Plots 10 and 11. Plot 11,

receiving nitrogen and phosphoric acid, produces distinetly
worse grain than Plot 10, showing by far the smallest grains,
the lowest weight per bushel and value, and the highest
proportion of “tail” corn; again demonstrating how the
continued use. of phosphoric acid and ammonia bas depleted



TaBLE XX, ~— Wheat, Broadball Field, Rothamsted,

Comparison of the yield in ¢ web year (1879), and in « dry
year (1893), with the average over 61 years (1852-1912).

Dressed Grain. Strav. Weichit ber Bushel Grain to 100 Strow.
Plot. A Mamnras, T T e Do ||| e | sverago
1870, | 1893, .emwwm%w 1579. | 1803 ,cm o 1879, | 1398, cmw Jan 1879, | 18w, cmoﬁﬂ
Bush, W Bush. _ push, | owt. | Get | cwt Lb. | Lb. Lb.
2 | Farmyard Manure . . . .| 160 842 , 35-2 200 | 2071 34°8 56°8 | 634 607 47'5 | 995 582
3 | Usmsnured . . . . . .| a5|107 126 | 67 | 56| 103 {518 |62 | 593 |42 1105 | 691
5 | Minerals . . . . . . . 56 1142 14°5 76 70 Hm.w 535 | 623 | 595 449 (1160 681
6 | Single Ammonium-salts and Minerals . | 1075 | 164 232 142 1102 | 214 }56% | 631 60:3 {439 (1104} 615
7 | Double - do. do. <1162 (2002 32:1 26-9 | 117 32-9 56°7 | 625 604 349 11004 558
i W,, Treble do. do. 1205 {217 | 366 |3703 180 | 4101 |56 |62 | 603 324 | 906 | 512
me Nitrate and Minerals . . . .1 219|179 .‘ 388 | 106 565 | 61°7 59-9 336 | 962 525
mow Nitrate 7 alone . . . . . 481100 22+7* 95 | 63 23-4% 1498 | 601 56:7% } 323 | 871 54-4%
16 M, Double Ammonium-salts alone . . 43 B4 200 85 | 56| 184 508 | 591 584 336 | 84-4 608
11 Do. and Superphos. . . RIS 0 U N A 229 180 | "62 201 546 | 56°4 | 583 362 | 673 57°1
12 Do.  do. andSulph.Soda .| 140 |11 | 291 | 220 { 76 | 280 {550 | 592 | 599 |378 | 855 | 595
13 f Do. do. and Sulph. Potash. | 16:0 | 164 310 272 | 977 ars 578 | 626 | 605 352 | 98-Q 564
14 | Do.  do. and Sulph. Mag. .| 161 | 12'8 288 259 F g1 | 980 |572 | 6073 599 | 379 { 90-8 | 587

* Average of 40 years Gmmw.umﬁw. .
4 550 1b. per apnum to 1884 inclasive ; 275 1b. only since.

e e e e —_ T

1 9a to 1893 inclusive; whole plot (¢ and b), 1894 101902,
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the potash in the soil of this plot. The plot receiving @-m«-
yard manure gives corn of about the same size and weight
per bushel, and also the same proportion of corn to straw, a8
Plot 7, which receives a medium amount of ammoniuni-salts.

Turning now to the influence of season on the wheat crop,
Table XX. shows the yield of both grain and straw, the
weight per bushel, and the proportion of grain to straw, m
1879, a typical wet year, and in 1893, an exceptionally dry one;
the corresponding averages for the whole sixty-one years being
put alongside for comparison. Table XXI. shows the
monthly rainfall for the same periods, during the lharvest-year
from 1st September to the following August 81st.

TaBLE XX L—Rainfall at Rothamsted (Large G’auge). Com-

parison of a wel and a dry harvest-year with the average
over 60 years (1852-3 (o 1911-12).

!
e O yoears
k 1878-9. { 18028, Nees v, |

Inches. Inchos. Inches.
September . . . 1446 248 237
October . . . 299 3+09 318
November . . .| 455 2+08 2°58
December . . . 160 163 247
January . . . 285 205 \ 234
February . 3:80 362 1-81
March 1418 042 | 192
April . . . 279 025 1+84
May . . . . 348 1-22 219
June . . . 565 1-00 2445
July . 4-24 3:00 2:50
August 656 2:38 269
Total . - . 4105 2408 28-34

—_—

It will be seen that for the crop of 1879 there was & total
rainfall of 41 inches, of which 23'8 inches fell in the last six
months, as against 8'3 inches out of a total of 24-1 inches for
the corresponding periods of the harvest-year of 1892-3.
While the amount of grain produced is not so very different in
the two years, the wet year grew a far bigger crop of straw,
so that the grain weighed little more than one-third of the
straw, whereas in the dry year grain and straw weighed about
the same. The weight per bushel of the grain is very much

-
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higher in the dry than in the wet year, averaging 612 lb.
against 55°0 1b. In the dry year the manures had compara-
tively little effect, the crops on all the plots being brought
nearer to a uniform level ; in the wet year, on the contrary, the
differences due to manuring were much accentuated. The
plot receiving farmyard manure occupies about its usual position
in the wet year; but whereas it usually gives about the same
proportion of grain to straw as the medium nitrogen plots, in
1879 it was rather better than they were in this respect. In the
dry year this plot gives by far the heaviest yield of grain, almost
up to its usual average; the straw also is much less reduced
than on the plots receiving artificial manures, due no doubt to
* the water-retaining powers of the dung. It is interesting to find
that Plot 9, receiving nitrate and minerals, gave the best crop
both of grain and straw in the very wet year 1879, whereas in
the dry year, 1893, the crop on this plot fell below the crop of
Plot 6, which received the same amount of nitrogen as
ammonium-salts, though on the average of years the nitrate
answers better. This is contrary to the generally received
opinion that nitrate of soda is the more effective in dry, and
ammonium-salts in wet seasons.

The very low crops on Plots 94 and 10, which receive
nitrogen only, show that in a wet season the plant has very
little power of obtaining minerals from the reserves in the soil ;
and the great jump in crop produced by adding superphosphate
to the ammonia on Plot 11 shows that the phosphoric acid is
then more difficult to obtain. In a wet season when the
maturity of the plant is retarded, the ripening effect of
phosphoric acid will be exceptionally beneficial. In the firy
season the lowest returns come from Plots 10 and 11 (with-
out potash), and the potash on Plots 7 and 13 hafs_ an
exceptionally marked effect, showing that under conditions
of drought the plant specially responds to an a.»bun.dance of
potash in the manure. Probably the explanation is that a
free supply of potash prolongs the growth.of the.plant,‘ and
that in the absence of potash the ripening action of the
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phosphoric acid comes into play prematurely and stops
development at a very early date, sinee it is acting in the
same direction as the heat and dryness of the season.

The indication of the 1879 and 1903 returus, that the
superiority of nitrate of soda over ammoniam-salts is morc
marked in a wet than in a dry season, is confirmed by a further
examination of the records over a serics of years. Taking
the thirty years 1873-1902 and dividing them into two groups3
according as the rainfall is above or helow the average, and
then comparing the yields of the two plots, which reccive unal
amounts of nitrogen, but one as nitrate of soda and the other
as ammonium-salts, we find that in the dry seasons the yield
from ammonium-salts is 866 per cent. of the yield frow
nitrate of soda. In the group of wet seasons, however, the
yield from ammonium-salts is only 78'8 per cent. of that giver
by nitrate of soda, as shown in Table XXII. Thus the wet
seasons are on the whole more favourable to nitrate of sod@
than to ammonium-salts, Presumably in the very wet and
cold seasons the conditions are unfavourable to the nitrifica-

tion. of the ammonium-salts, and the immediately available
nitrate of soda is more effective.

TaBLe XXIL—Broadballi Wheat. Comparison of the yield of Dressed
Grawn with Nitrogen us Ammonsum-salts or Nitrate of Sode; n scasoms
when the Rainfoll was below or above the average, 30 years (187 3-1902.)

- Dressed Grain Ratio
per acre. of g’;“ld
. Am.-salts
Rainfall. Plots “to thab
Plot Ga. 6 and 7. of
Nitrato Soda. | Ammontum- { Nit. Soda
° salts, = 100.
P
. Inches. DBushels. Bushels.
14 Seasons below average Rainfall 24-23 306 2673 866
16 Seasons above average Rainfall 33-13 321 25°3 788

One of the most critical periods in determining the yield of
wheat appears to he the winter months ; if the wheat be sown

in-October or early November it spends the next three or four



EFFECT OF WINTER RAINFALL 61

months almost wholly in developing its system of roots:
Should the weather be wet and the soil in a saturated condition
the root-system will be restricted, both because of the deficient
acration and because the roots need not extend far in order to
obtain the water necessary for its growth. From the indifferent
development of roots which thus results, the plant seems
never able to recover, so that a wet winter is almost invariably
followed by a poor wheat crop at harvest. ~This fact is illus-
trated by Table XXIII, in which a comparison is made
between the average wheat crop on three of the plots (6, 7,
and 8) following the ten wettest and the ten driest winters
respectively during the period 1852-1902, a$ measured by the
rainfall in the four months November to February inclusive. -

TapLe XXII1.—DBroadballe Wheat. Comparison. of 10 Wettest and
10 Dricst Winters (1852-1902).

{ 10 IPettest / ‘10 "Driest
Winters, Winters.

Rainfall, November to February inclusive . Inches 13-01 5179

Average Crop per acre, Plots 6, 7, and 8 Bushels 262 549

Comparison of Winters with more or less than the average percolation

(1870-1 to 1903~4).
10 Seasons 16 Seasons
above below
averago avernge
Percolation, Percolation.
Percolation (60-inch Inche 943 502
- gauge), Nov. to eb. . Inches k 0
Average Crop per acre, f)lgts 2, 6, and 7. Bushels 268 315

The ten dry winters with an average rainfall of 5:79 inches
were followed by an average wheat crop of 349 bushels per
acre on the plots selected for comparison. The ten wet winters
with a corresponding rainfall of 13 inches were followed by an
average wheat crop on the same plots of only 262 bushels.

Making the comparison in another way and dividing the
thirty-four seasons 1870-1904 into two groups according to
whether the percolation during the winter months, N ovember
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to February, was above or below the average, we obtain a
similar result. In fifteen seasons with a low winter percolation
averaging 502 inches, there was an average crop on the
selected plots of 31'5 bushels per acre ; in the other pineteen
seasons of high percolation, 943 inches, the average crop on
the same plot was only 268 bushels.  Although of course the
weather later in the season has a great effect in determining
the wheat crop, it is yet evident that the most critical period of
its growth lies in the first four months, when the foundation of
roots is being laid.

On the whole, it will be seen that the great differences of
manuring to which the Rothamsted plots have been subject
for so long a period have a much greater effect on the gross
amount of crop than on the quality of the grain. Space does
not admit of a discussion of the detailed analyses of the crops
but they show similar results in regard to the comparative
stability of the nature of the grain. Fluctuations in the amount
of the crop due to season or manuring are reflected to a much
smaller degree in the composition of the grain ; the composition

of the straw, however, shows wider variations, induced by the
differences in the manure applied.

IL.-—WuEaT Arrer FALLOW, AND IN ROTATION.

Since the year 1856 two half-acre plots in the Hoos field
have been cropped in alternate years with wheat without
manure; every year one of the plots is in wheat while the other
is being fallowed, so that the wheat crop always succeeds 2
year’s bare fallow,

The accompanying Table (XXIV.) shows the average
produce, grain and straw, on the cropped plot following fallow,
compared with the crops on the plot in Broadbalk, which
is continuously cropped without manure. It will be seen that
the produce of wheat after fallow is considerably higher than
when it is grown continuously, 16'0 against 122 bushels per
acre ; but if reckoned ag produce over the whole area, halfin crop
and half fallow, the whole acre grows much less both of grain and
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straw than where the crop is grown year after year on the same
land. A given area of land would therefore be more productive
when cropped every year than if the crop were alternated with
fallow. The superior yield of the portion in crop after a
fallowing may to some degree be attributed to the greater

TaBLE XXIV.—Wheat without Manure.—Grown continuously (Broadbalk
Field), and n alternation with Fallow (Hoos Field). Average Produce
per acre, 57 years (1856-1912).

Wheat after Fallow.

Wheat cvor{ Year.
d (Hoos Field, Plot 0.)

(Brondbalk Field, Plot 3.)

Dressed Grain, f Straw.

Dressed Grain.

Straw.

Cwt.
9-8

Bushels.

Bushels.
160

Cwt,
13+7

12°2
I

freedom from weeds, but in the main it is due to the pro-
duction of nitrates in the soil during the summer when it is

fallow, a process which is much stimulated by the stirring
and adration the soil receives. The success of a fallowing
depends upon these nitrates remaining for the succeeding crop,
since they are not retained by the soil they may be entirely

washed out by heavy autumnal rains.

That the autumnal rainfall is the great factor in determining
whether a bare fallow shall be profitable or not to the following
crop, may be well seen by comparing the crops yielded by
these plots with the rainfall and percolation which took place
during the autumn previous to each crop.

The percolation through 60 inches of bare soil for the four
months September to December inclusive, as measured by the
drain gauge, amounted on the average to 645 inches for the
seasons 1870-1901. If then, we divide the years into two
groups according as the autumnal percolation is above or below
the average, and allot to each year the crops on the continuous
wheat and wheat after fallow plots for the harvest following
the given percolation, we shall obtain the average results shown
in Table XXV. and illustrated in the diagram Fig. 9.
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TABLE XXV.—Effict of Wel or Dry Autwmus on the {nrrers of the

Wheat Crop due to Iallvsing (1%7(: 160 )

T Senanuhs

Rainfall (Sept. to Dec. inclusive). . . . . In gesd 138
Percolation through 60 in. of Soil (Sept to Dec. inclusive) In. . 403 groz
Total Produce {Wheat after Wheat) . . . . Lb.! %}g ‘;x'»‘f‘z t
Total Produce (Wheaut after Fallow) . . . . Lb, 2713 1757 !
Increase due to Fallowing . Lb. 033 120 |
Percentage increase due to Fallc)wn‘q3 ) 515 j 70

Taking the seasons of small rainfall, averaging 888 inches
for the four months September to December inclusive, the

Small Rainfall and Percolation

Large Rainfall and Percolation. CROP

30001b.
RAIN
Inches
25 e 2500,
20~ [ 2000
15 N g ( 1500
%
S
10 \\ 1000
5 \ 500
, & L A

(] Rainfall -Inches

7] Percolation-tnches |-

5

] Wheat after Wheat - 1b. per Acre.
Sept.toDec.

[TIT0] Wheat after Fallow - lb. perAcre.
BN !rcrease due to Fallowing.

Fia. 8.—Effect of Wet or Dry Autumns on continuous Wheat, and Wheat

alternated with Fallow,
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percolation was only' 4 inches, and the total produce on the
wheat after fallow plot was 2743 lb. as against 1810 1b. on
the continuous wheat plot, or a gain of 933 Ib. due to
fallowing.

For the wet autumns, however, with an average rainfall of
1366 inches and a percolation of 8'92 inches, the wheat after
fallow yielded 1757 Ib. against 1627 lb. on the continuous
wheat plot, or a gain of 130 lb. only due to fallowing,

It will be seen that the bare fallow increased the wheat crop
coming after it by nearly 52 per cent. when a comparatively dry
autumn succeeded the fallow, but the increase was less than 8
per cent, when there was much rain and percolation after the

summer fallow.

It is interesting to compare these two plots, both without
manure, with the continuously unmanured plot in the Agdell
field, which comes into wheat once every four years in the
course of the rotation (see p. 190). The plot in question has
received no manure since 1852 ; it is cropped on a four-course

rotation, beginning with turnips which are completely removed

TABLE XXVI.—Wheat grown without Manure at Rothamsted. (1) Grown
continuously ; (2) In alternation with Fallow; (3) In Four-course
rotation. Average for the 15 years (1855, '59, '63, 67, °T1, 75, '79,'83,
'87, '91, 95, '99, 1903, 1907, and 1911).

Dressed Grain per acre.
Continuous Wheat. Wheat after Fallow. Rotation Whoat,
(Broadbalk, Plot 8.) (Hoos Feld, Plot 0.) (Agdell Fleld, Plots 21-22.%)
Bushela, Bushols. Bushels,
118 172 26°9

* Now called Plot 5.

from the land, after the turnips barley is taken, then comes a
season of bare fallow before the wheat. It will thus be seen
that three crops are removed in the course of the four years,
but so very small is the turnip crop that practically the land is
cropped only every other year. For the fifteen years during
which comparison is possible, the average crop of wheat grown

thus in rotation on continuously unmanured land has been 269
E
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bushels per acre, as against 17°2 bushels for wheat after fallow
and 11°8 bushels for continuous wheat.

Tt is difficult to explain this superiority of the wheat growh
in rotation over the wheat after fallow. There are no mort
residues in the land in the one case than in the other, the Jand
is equally clean and has similarly reccived a summer fallowing
before the wheat crop. Inthe case of the rotation plot, however,
the particular stratum of soil usually occupied by the wheat
roots is only drawn upon once in four years, the intermediate
crop being the much shallower-rooted harley.

III.—TriaLs oF VARIETIES OF WHEAT.

In the eleven years 1871-1881, trials were made of aboub
twenty varieties of wheat under the ordinary conditions of

TabLe XXVITA— Varictics of Wheat grown ot Rothamsted. Product of
Grain per acre (bushels).  Resulls arranged in order of highest avere!f

yeld.
1871, 1872.%1878. 1874. 1676.‘13?&'11877.\1878. 1879, | 1880. | 1881. Mean.
Rivet (Red) . .| .o | w0 [48°1167°01484142°5|49°6|66°1 (160|224 | 522 45'_§
White Chaff (Red) . | ... | ... |406155°1140°2]49°3|484|59°0|22:8|28°1| 545|442
Club Wheat (Red) . | 360458 | 475|696 | 466|476 |49°5|61-0 235|164 | 434 | 434
Golden Drop (Red), 3 ) i
Hallett’s . . |895149-8]44°2151°8|381|48"4|495|52-8| 210|180 508|423
Bole’s Prolific (Red) . |83°6142:8145-2{48°1{43°841°4|44'8 | 52:8| 310|945 | 165 | 413
Hardcastle (White) . | ... |46'5]42°0{49°6 | 33-9|44°0]42°1| 540|215 |24-4 | 456|404
Red Rostocl . |87°0 ... 1463{53'8(37-41400|46'4|57-0] 885|084 | 458|401
Red Langham . 30814381 34°1]53°1|34:9142'5 (429|508 | 25-8 | 28+ | 485 [ 896
Bristol Red 29°4144°413951534|316|42°4144°1 1 52-1 1 216 | 30°6 | 46°2 | 390
Red Wonder . 31°2143-8137°11551133-2144°2141°6(52-11922.0( 0821450189
Red Chaff (White) 32:8137-0135-3148'8134:3143:8141°0| ...\ . | . | ... |39°0
Browick (Red) . 8531405 1385|511 {385 | 397 |40°9 | 49-5 [ 24-0 | 196 [ 47°3 3876
Casey’s White , 29:9142°1137°5152°1{39:0145°5143°0|47°8 | 15-4 | 24-1 | 42°9|38°1
P‘;;d llfuréerszwfl.t . ?3>4-1 45-3127-1141-1139-037°5140'6 | 47-8 | 30-9 | 275 | 46°0 37/_2
oolly Ear (White) . 131-2{42:8137-0151-3|36°1|46°6|{37'5 | 48- . 0| 44137
Bl}_x:well ()Old ) 5148:3120-0|210 ]
ammas « < |81-1141-3185-1147°3{385|38°4{39°0| 48" . 0| 44-8)87"
Golrc{leg Rough Chaff 46:3127-0127°0 4
e . . - [330139-3{385|52'1{38°8/38'4!36"4{46-8{14-4|31'3|41°6|373
Chubb Wheat (Red). |28:4|40-0{35-8150'5|383|40°3 |41~ . 3| 14° 366
Original - Red o ? 41°5155:1120°8 | 14°9| ..
ett’s) . . . 130°0|35-3|36°4|436|26-0| 40" . .. |86
Vilctoriz;. White (Hal- R et T R
ett’s) . . . 133'8145'3138°3 443 338|411 |426|43-9|14-0 158 44°0|36°2
White Chiddam 1269|388 | 318|420 324|375 |37:6 | 49-a| 110|274 | 4771 | 34°8
Haunter’s White (Hal- 37°5137°6 {49-g| 11-9 | 274 | 4771},
lett’s) . . . 126'9139:8)38'6 454 264|435 |40-0|40-5|17-4 228 ... |34°3
B Mean . 1322142-3138:3 507 | 36-8 | 425 | 49 | 51-5 | 20-5 | 24°1 | 465 | 391
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farming, the wheats being grown in a different field each year.
Table XXVIIa. shows the results obtained in bushels per
acre each year, and Table XXVIIe. the same results
reduced each year to the common ratio of the average

Tapug XXVIIB. — Varictics of Wheat grown at Rothamsted, 1871-1881.
Mean Produce of all the varietics each year taken as 100.

Variety, \ 1871. | 1872, | 1S78. | 18T4. | 1575. | 1876. \ 1877, ' 1878. | 1870, | 1880. | 1881. |[Mean.
Rivet (Red) . [ R ... 11251132 1131 {100 {116 | 128 | 78 | 93 {112 |118
White Chatf (Red) . | ... | ... [103 | 109 | 108 | 117 [113 |114 | 111 | 117 |117 |112
Club Wheat (Red) . | 112 {108 | 122 {119 |127 | 112 | 115 |118 | 115 | 68| 93 |110
Golden Drop (Rcd),

Hallett’s . 123 1119 1 114 1 102 104 | 114 | 116 | 102 | 102 | 78 | 109 | 108
Bole’s Prolifie (Red) 104 1101 [ 116 | 95 | 119 ] 97 | 104 | 102 | 151 | 102 | 100 | 108
Red Langham . L) 951104 ) 8811065 ) 85 1100 {100 | 98 |126 | 119 {104 | 103
Red Wonder . . 97 {104 | 95109 | 90 104 97 1101 | 107 | 117 99 1102
Bristol Red . 91 1105 1102 1105 | 86 100 {1103 | 101 {106 | 127 | 99 {102
Hardcastle (Whlte) ... [110 /108 | 98| 92 /104 | 98 (104 [105 101 | 98 [ 102
Red Rostock . 116} ... | 119 | 106 | 102 94 | 108 | 110 41 | 118 98 | 101
Red Nursery . .|106 107 70 ) 81 1106 ) 88 95| 92151 (114 | 99 | 101
Browick (Red) . . 1109 | 96| 99 /101 [105 | 92/ 95| 96 | 117 | 81 |102 | 99
Burwell (Ol Red

Lammass 97 | 98| 90 93 /105 ) 90| 91| 89 (132|112 96 | 99
Woolly Kar (Wbltc) 97 1101 95 (101§ 98 111 | 87 ) 93| 98| 87 | 95| 97
Casey’s White . .| 981100 96 104 {106 | 107 {100 | 92| 75 (100 ( 92| 97
Red Chaff (White) . ]102 1 88| 91} 96| 9311085 96| ... | ... { .. | ... | 96
Golden Rough Chafl

(Red) . 102 03 991100 {106 90| 8 | 90 70,130} 90| 98
Chubb Wheat (Red) 881 95| 92 1100 | 104 95| 97 [107 |101 | 62| ... | 94
Victoria White (Hal- ) i

lett’s) . 105 1107 | 98 ) 87 ) 921 97 ) 99| 85| 73| 65) 95| 91
Hunter’s White (Hal— ) 3

lett’s) . 83| 94| 99| 89 721103 | 93| 82| 8 | 95| ... 90
Original Red (Ilal—

lett’ s) 931 83| 94| 8 | 71 ] 964|104 | ... e 89
White Cludda.m .1 831 921! 82 83| 88 | 88 | 88| 96| 58 | 114 | 101 | 88

100 } 100 | 100 | 100 | 100 { 100 { 100 | 100 {100 [ 100 | 100 | 100

crop taken as 100. The final order represents the mean
of these last figures, and shows the average relative position
occupied by each variety when seasonal fluctuations are
eliminated and each year is allowed the same weight in
making up the average. It is evident from the fluctuating
position any Wwheat occupies from year to year that variety
tests require a good many repetitions before great trust can
be placed in their results. In the present case five wheats
stand out as considerably heavier croppers than the others on
the strong Rothamsted land—Rivet, White Chaff (Red), Club,
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Golden Drop, and Bole’s Prolific. ~ Of these, Rivet is perhaps the
oldest English wheat remaining in cultivation, known every where
for its heavy yields on strong land, its coarse straw, the inferior
quality of its grain, and its bearded character. Whitc Chaft
(Red) appears to be the wheat now grown as Square Head’s
Master, Teverson, etc., just ag Club wheat is the original form
of the wheat now generally known as Square Head. These
two wheats are perhaps the most generally grown of any
at the present time. Golden Drop is an old wheat of fair
quality, still very generally grown. Bole’s Prolific is no longer
grown as such, but may represent the wheat now known as

Pilgrim’s Prolific and Red Giant, not uncommon in the South
Midlands.

PracticaL CONCLUSIONS

1. The results obtained on the rotation field show that
wheat, with its deeply-rooting habit and its long period of
growth, is in less need of direct manuring than most crops of
the farm. If the land is in good heart it can usually be grown
with the residues in the soil, especially if it follows a clover
crop.

2. Whenever manure is needed it should be mainly nitro-
genous, and nitrate of soda generally answers better for wheat
than sulphate of ammonia. After a wet autumn and winter
a top-dressing of nitrate of soda, 1 to 1% cwt. per acre, will be
found particularly valuable.

3. When wheat is grown two or three times in succession,
about 1 cwt. per acre of some slow-acting nitrogenous manure
and 2 cwt. of superphosphate, should be ploughed before
seeding, and a, top-dressing of 1 to 2 cwt, per acre of nitrate
of soda should be applied in February. Only on the lightest
sandy and gravelly soils will any return be obtained for the
use of kainit and other potash salts with wheat,
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CHAPTER V
EXPERIMENTS UPON BARLEY

I. The Continuous Growth of Barley upon the same Land, Hoos Ticld :

A. Maintenance of Yield under the Continuous Growth of Barley ot
the same Land.
B. Effect of Nitrogenous Manures.
C. Effect of Mineral Manures.
~ D. Character of the Crop as affected by Manuring.
IL. Barley grown in Rotation—Agdell Field.
Practical Conelusions and References.

I—Tre ContiNvous GROWTH OF BARLEY UPON THE SAME
Lawnp, Hoos FieLp,

THE experiments on the continuous growth of barley were
begun in the Hoos field in 1852, The arrangement Of the
plots and the manures applied to each plot have praetioally
been unchanged since, so that the plots to-day show the
effects of more than sixty years’ continuous growth of barley
under the same treatment year after year.

The Hoos field adjoins the Broadbalk wheat field, and the
soil 1s very similar,

The following varieties of seed have been sown :— Chevalier,
twenty-nine years, 1852-1880 ; Archer’s Stiff Straw, ten years,
1881-1890; Carter’s Paris Prize, seven years, 1891-1897 ; and
Archer’s Stiff Straw, 1898 and since.

The manures are sown in the spring, and ploughed in about
aweek or a fortnight before seeding. The plots do not run the
whole length of this field, as in Broadbalk. Instead, there are
four longitudinal strips receiving different combinations of the
mineral manures; these are all crosged by four breadths

receiving different nitrogenous manures, The mineral manuring

on the7 0s1;1.*ips is as follows :—(1) none ; (2) phosphoric acid only,
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no potash or alkali salts; (3) potash, magnesia, and soda, no
phosphoric acid; and (4) complete mineral manure, supplying
both phosphoric acid and the alkaline salts. Fach of these is
combined with the four different cross-dressings of nitrogenous
manures—>sSeries O no nitrogen, Series A ammonium-salts,
Series AA nitrate of soda, and Series C rape cake. There®
are other plots, one of which has received farmyard manure
each year, and a second which received farmyard manure for
the first twenty years but has since been unmanured.

Table XXVIII shows the nature and quantity of the

TasLe XX VIIL—ZEzperiments on Barley, Hoos Field. Manuring of
the Plots per acre per annum, 1852 and since.

Nitrogenous Manures. Mineral Manures. ,
E2! S 182 23|58 25 |22 |59
SE| 8 g7 |%25 |3 | Z5 | 24
A Bl
i Tons.] Lb. | Lb. | Lb. 1 Cwh. | Lb ’ Lb. | Lb.
1O | No Minerals, and no Nitrogen e
2 Q | Superphosphate only, do. . 330 o .
3 O | Allsali Salts only, do. B O O I R T B By
4 0 | Complete Minerals,  do. e o e ]| e 18751200 11200 ] 100
éﬁ Ammorl)ium—salts alé)ni ST I ggg R
Superphospbate and Ammonium-sa v | e 1200 ..
3A | Al ca]ipSalts and do. o] e 200 ‘r o 200 | 100 | 100
4 A | Complete Minerals and do. vl e | s {200 } 35 | 200 | 100 | 100
}) ﬁa‘% Nitrate} of Soda alogeN. o Sodn | ‘ g'lzg 55
2 AA| Superphosphate and Nitrate of Soda . 7!
3 AA| Allali Salts and do. 275 o 200 1100 108
3+ AA| Complete Minerals and  do. 275 | 35 [ 200 | 100 | 10
1 G | Rape Cake alone e Cake el %ggg i
2 C | Superphosphate and Rape Cake . | .-
3 C | Alkali Salts and do. Ll j1000] L L - 208 100 %88
4 C | Complete Minerals and do. ... 11000 ... | ... ) 3751200 {100
7-1 | Unmanured (after dung 20 yrs.,1852-71)
7-2 | Farmyard Manure . . .

manures applied each year to the plots. Table XXIX. shows
the average production of grain and straw for the whole
period, for the last ten years, and for the single year 1911.

Table XXX, shows the average production during each fo the
1 WP
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TapLE XXIX.—Eaxperiments on Borley, Hoos Figld.  Produr of Grain
and Straw per acre.  Averages over 60 years (1852-1911), and over
10 years (1902-1911).  Also Produce 12 1911.

’i Diresued Gratu, HLgaw,
Plot, A1)brc\c')it9§?3"1l)lséggfiptfon é é-,“? ig E:
| 2 H

10 |NoMi 1 d N Liish Hrhh.(ﬁihh, Cwt. | Cwt '{T;IL_'
~No Minerals and no Nitrogen . . L1270 geas 4e9| 8 | Bty DO

20 bull()erlphosphate only, do, . . L0107 17 lree] 1000 2| 91
80 | Alkali Salts only, do. .. 1152 |10 43| s | 82 53
40 |Complete Minerals,  do. co [ 197 150 se9f 1101|1274 78
1A | Ammonium-saltsalone . . . .| 255 |197|13-8| 147 (180|127
2A SuEerphosphate and Armamoniuma-salts . 382 |29:7/10'8] 220 E19'3 11,6
3A | Alkali Salts and do. ©1 280 [203|11-8| 169 |16°6 1471
4A | Complete Mincrals and  do. .1 415 |38+ 28| 25°0 |26°3 2270

1 AA | Nitrate of Soda alone, . . . | 29-3 ,23'03 16-2| 1778 |1671 3 17:;5
2 AA SuEerphosphute and Nitrate of Soda . 431 386 2¢1|26'3 |28° 24.5

8 AA | Alkali Salts and do. . 300 |21+4|12-5] 183 | 161 14"
4 AA | Complete Minerals and  do. L1427 ‘37'8 ogep| 273 | 263|237
1AAS | As Plot 1 AA and Silicate of ar 7| 197 [ 185184

) | Af of Soda . . 82:8%|280|19'7| 1977|180 19
2AAS [AsPlot2 AA  do. do. . .| 42:3°|37-2(26°0( 2670”259 24-?{
3AAS AsPlot3AA  do. do. . .| 852%129:0|17-6] 21-7* 20°3 ‘8.8“
4 AAS |AsPlot4 AA  do. do. . .| 43°8% 4074 |27-5) 27771 27°1|28°%
1C |RapeCakealone ., . . . .!383 |334|27-4} 221 |20°7 20]@

2C | Superphosphate and Rape Cake . .| 405 |35-4|282| 236 |22°0{20
3C | Alkali Salts and do. . .138'9 331|216 22:3 |219 1876
4 C | Complete Minerals and do. . .| 405 |382|257] 245 |24-4|20°]
7-1 | Unmanured (after dung 20 years, 1852-71) | 2481 |18-3| 9-5| 14-8}|12°0|10°D
7-2 | Farmyard Mapure . . . Sl 471 |44-3l23-0) 20-6 |81+7|24°0
BRI

* Average 48 years (1864-1911). 1 Average, 41 years (1872-1011).

A, Maintenance of Yield under the Comtinuous Growth
of Barley on the same Land.

One of the plots, 1 O, has been without manure since the
beginning of the experiments. Under the continuous barley-
growing the decline in production has been much more marked
than on the wheat plot similarly treated, the average crop having
been only 9'3 bushels for the ten years 1902-1911, against an
average of more than 12 bushels for the whole period. The
continual fall of crop from decade to decade would seem to
show a progressive exhaustion of the soil, without reaching the
comparatively stable condition of the continuously unmanured



YIELD IN SUCCESSIVE DECADES

TaBLE XXX.— Eaperiments on Barley, Hoos Field. Average Produce per
acre of Dressed Grain and Straw over successive 10-year periods, from

1852-1911 znclusive.

73

-

Averages over

i
Plot, I Abbreviated Description -~ A ~ -~ A ~
of Manures, 2@ i am e 2 ) PR
g9 i g2 | 59 | 82 | 52 | £2
; ) b By By S ]
L 22 | 28 |25 [ 28 | 28 | 28
}' Dressed Grain.
. rl e S -

! f , Busb. | Bush. | Bush, [ Bush. | Bush. | Bush. |
| 1 O | No Minerals and no Nitrogen . .| 224175 187127 1000 98,
2 0 Superphosphate only, do. . .| 9709282 (179 (177 {186 | 176
3 O | Alkali Salts only. do. . L 24712071 | 1451204 ) 91101
4 O | Complete Minerals, do. .| 805|244 | 177 ) 16°9 | 128 | 159
1 A | Ammonium-salts alone . . . .| 836|812 (262250 (166 [ 187
2 A | Superphosphate and Ammonium-salts .| 456 | 484 | 405 | 867 | 28°0 | 29°7
3 A | Alkali Salts, do. .| 850 (850 | 80°1 | 255 | 22-1 | 203
4 A | Complete Minerals, do. .| 46°1 [ 46°4 | 41°0 | 407 | 36-3 | 384
1 AA /| Nitrate of Soda alone . . . .| 897|842 | 282285 219|280
2 AA | Superphosphate and Nitrate of Soda .| 48'9 | 496 | 420 | 42'7 | 865 | 384
3 AA | Alkali Salts, do. .| 386 361 20-9 1 291 | 24°6 | 214
4 AA | Complete Minerals, do. .| 49°9| 495 1 422 | 404 | 36°0 | 378
1C | Rape Cakealone . . . . .| 470 (436 |39:0 | 354 | 813 834
2 C | Superphosphate and Rape Cake . .| 478|457 | 415 | 38+4 | 387 | 354
38 C | Alkali Salts, do. .| 440|432 | 874 | 838|297 | 331
4 C | Complete Minerals, do. . | 474|472 [ 41-9 | 860 | 324 | 382
7-1 | Unmanured (after dung 20 yrs., 1862-71) } . . { 34:2 | 264 | 20°3 ) 1873
! 7-2 | Farmyard Manure . . . ’ . . 460 | 51'5 502 | 476 | 44°3 | 443

f Straw.
Cwt. | Cwt.
1 O | No Minerals and no Nitrogen. 6:6 gg
2 O | Superphosphate only, do. . 7.8 52
| 30 [ Alkali Salts only, do. . 3 o
i 4 0 | Complete Minerals, do. . 80
1 A | Ammonium-salts alone . . . 11:0 igg
2 A | Superphosphate and Ammonium-salts 170 15
3 A | Alkali Salts, do. 13.? 258
‘ 4 A | Complete Minerals, do. 21 v
1 AA | Nitrate of Soda alone . . . %;g %gé
2 AA | Superphosphate and Nitrate of Sod 164 | 16°1
3 AA | Alkali Salts, do. 162 26
4 AA | Complete Minerals, do.
. . 2047
1C | Rape Cake alone . . . . 3 %gg 220
2 C | Superphosphate and Rape Cake . 9 | 184 | 21'9
3 C | Alkali Salts, do. . 5| 19:9 | 244
4C | Complete Minerals, do. .
. ! . 14°5 18°8 | 12°9
-1 | Unmanured (after dung 20 yrs., 1852-71) \gg6 | 29-{| 1875 005 | 200 | 317
7 < 30 1
2 | Farmyard Manure . . . . ¢ )
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wheat plot. The more limited root-range of the plant would
bring about a complete cxhaustion of the available soil much
sooner with barley than with wheat, but there is evidenee that
the decline in the yield of thesc barley plots is to some extent
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Frc. 10.—~Yield of Barley during successive 10-year periods (1852-1911).

Plot 7-2.—Farmyard Manure. Plots 4 A, AA, and C.—Each receive Complete Minerals,
+N. as Amm.-salts, Nitrate Soda, or Rape Cake. Plot 1 O.—Unmanured.

due to a run of less favourable seasons. Both the continuously
dunged plot, which must be gaining fertility, and the plots
which receive heavy complete dressings of artificial manures
showed a similar decline in the average production from 1862
to 1902, though for the last ten years the yield on the latter
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plots has gone up, as may be seen from diagram Fig. 10, which
shows the average yield of grain on the unmanured plot, on
the dunged plot, and the mean of the three plots completely

wanured with artificial manures. The decline in the production
of the dunged plot is the least marked, although considerable.

Again, the Agdell field, which comes into barley every
four years, has shown a decline in its yield of barley during
the last fifty years, which is very similar to that of the
continuous barley plots when the yields of each field are
compared for the same years, Table XXXI. shows the total

produce from the unmanured and two of the completely

TaBLe XXXI1.—Barley, grown continuously, Hoos Ficld, and in four-course
rotation, Agdell Field.  Comparison of the Total Produce (Grain and
Straw) per acre in the years 1853,°57, 61, '65, ’69, '73, *77, ’81, '85,
’89,’93, ’97, 1901, ’05, ’09, and ’13.

Continuous Barloy, atie arley,
s e | ot By
Complote }
rar N Complete
Un. d r‘\ﬂiﬁ Mx:,féuls Uu- ¢ M‘iinoml
: b manured., { and Nit.
manured. | arapure. x\ggégtfu v | Dl[lzmurle.
Plot Plot Plog *Plots | $ Plots
10. 72, 4 AA, 12land22 l 3and 4.
Moan of :— Lb. Lb. Lb. Lb. Lli.
First § years (1853, ’57, *61.65, "69) . 2521 5738 6694 3922 6035
5 years (1869, ’73, 77, '81, ’85) . . 1626 6028 5681 2730 52’1_8
5 years (1885, 89, 93, ’97, 1901) . . 1001 | 5122 ’ 4066 2100 4579
Last 4 years (1901, 05, '09, '13) . . 1452 ; 5886 f 5845 2010 G106
Mean of 16 years 1731 6779 ' 5564 2788 5153
J

* Now Plot 5. + Now Plot 2.

manured plots in the Hoos field for the years when barley
was grown in the Agdell rotation field, for which field the
crops on the unmanured and the most highly manured pI_Ot
are also given. It will be seen that the barley crop grown in
rotation on the plot that is highly manured (& complete manure
IS put on for the preceding Swede crop, which is returned
to the land) showed until 1901 the same decline in yie'ld as the
°rop on completely manured plots growing barley continuously,
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the average production over the whole period and in successive
twenty-year periods being very similar. This seems to show
that the decline in production on the manured plots in the
later periods in the Ioos field is due to season, and not
to the fact that barley has heen grown continuously on
the same land. The unmanured plot, however, under cgn-
tinuous harley showed a much greater progressive dcclu}e
than the corresponding unmanured plot growing barley 1D
rotation, where the land is practically fallowed in alternate
seasons, Although rather different results have heen obtained
during the last four years given in the table, the figures OP
the whole point to the probability that unmanured land \\jill
become unable to grow barley continuously at a much earlier

date than will be the case with wheat, so comparatively
restricted is the range of the barley roots.

B. Effect of Nitrogenous Manures. '

The effect of nitrogenous manures upon the harley crop 18
best seen by comparing the yields of the various Plots 4, all of
which receive the same mineral manures ; the diagram * Fig'.ll
shows this comparison in a graphic form. Plot 4 O, receiving
no nitrogen, has only given an average crop of 204 bushels 1_361'
acre, and this has been more than doubled by the applicatiol
of 43 1b. of nitrogen per acre to the other three plots. But little
difference is seen in the return for this amount of nitrogen;
whether it be applied as ammonium-salts, nitrate of soda, OF
rape cake. Over the whole period the nitrate of soda gives the
highest return by about 3 per cent., but during the last three
decades, the plot receiving ammonium-salts has been slightly
the best of the three. In the straw, again, the differences are
very small, though the superiority of nitrate of soda is rather
more pronounced with the straw than with the grain. The
fact that ammonium-salts answer better with barley than with
wheat is due to their retention by the soil cloge to the surface ;
the comparatively shallow-rooted habit of barley and its growth

* Figures up to 1911 are given in Table XXIX.: they are very similar.
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during the warmer portion of the year when nitrification is
active, renders such a surface accumulation of nitrogen as
readily available to the plant as the nitrate of soda itself.

On the completely manured plots the rape cake, 4 C, is

6000 1b.
s000
4000
3000
2941
27-4
24°9 245
2000 204
Q
15-3
1000
08
88
Plot 10 40. 4A. 4AA. .4c. 7-2
Unmanured Minerals Minerals Minerals Minerals Farmyard
only. +43 [b.N. +431b.N. +491b N. Manure
ssAmmonia. as Nitrate,  as Rape Cake.

@ Grain per Acre,lb. - Straw per Acre,lb

Fra. 11.—Yield of Barley (Grain and Straw) with different sources

) of Nitrogen, Averages for 51 years, ¥852—1902.
The figures in the labels indicate bushels of grain and cwt. of straw.

not quite so effective as the more active forms of nitrogen,
giving over the whole period an average yield of 41 against
43'5 and 421 bushels of grain. This small deﬁoieflcy‘ has
hot diminished in the later years, which seems to indicate
that the nitrogen compounds of rape cake are almost wh‘olly
utilisable by the crop to which they are applied. At any rate,
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no large amount of residue slowly hecoming available 1s left
in the soil, as in the case of farmyard manurc.

The plot rveceiving farmyard manure, 7-2, eives a higher
crop than any other, hut the wuount of nirogen supplivd 111
this case is very high, being cstimated at 11(,32},1:1}' five times as
much as on any of the other plots.

One of the permanent barley plots (Plot 7) received 14 tons
of farmyard manure per acre each year for twenty years in
succession, viz., from 1852 to 1871. It was then divided into
two plots, one of which, 7-1, has received no manure of any
kind since ; the other, 7-2, continued to vet its annual dressing
of 14 touns of dung. After the dlseontmu(mce of the dung, the
barley crop on that half of the plot naturally began to fall off,
but only slowly, and even now, after forty-seven years’ cropping
without manure, the effect of the residues left by the previous
twenty years’ application of dung is still to be seen in 2
yield that is double the crop obtained from the continuously
unmanured plot.  Table” XXXII. shows the total produce

TaBLE XXXIL—Total Produce per acre of Barley Plots, showing Residuwit
L’ﬁects of Dunyg.

e e et e e e sttt e Y
i Dung for
Dung 20 years,
evory yoar, 185471, Unmanured Relation to Produco of Plot 7-2,
| 1852 — continuously, reckoned as 100.
| and since. | Unmanured
[ | ginco,
\ \,‘\‘ — e
Plot 7.9. Plot 71, | Plot1 0. Plot 7.2, - Plot 7.1, Piob 1 0.
- R PR o ,- o
Lb., l Lb. ' Lb. Lb. Lb Lb.
——— — .
Mean, 1852-1871 5933 2454 100 41
S R, I
1872 5202 4870 1282 100 94 25
1873 6561 5165 | 1570 100 79 24
1874 7943 5875 1922 100 71 24
1875 5825 3955 1448 100 68 25
1876 8168 4016 | 1581 100 65 25
————v————'z*v— A _;_7)_«[ N e e e
Mean, 1877-1881 6167 3305 1528 100 25
,» 1882-1886 6546 3494 1520 100 23 28
,» 1887-1891 5334 2664 1879 100 50 26
» 189218961 6477 8101 1508 100 48 23
,, 1897-1901| 5349 2951 1141 100 49 21
. 1902-1906 6223 2485 130 100 38 20
,  1807-1911 6144 2582 1251 100 40 20
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obtained from the three plots in question for the first forty
years that elapsed since the dung on Plot 7-1 was discontinued,

s

[T U

B NRE Bt Y g X
1876. :erz/é;.' 1882/86.  1887/91.  1892/36. 1897/1901.

1es2/71. 1872 1873. 1874, 1875.

4
* I Dung t0 1871, then Unmanured.

Unmanured the whole time.

F1e, 12.—Barley. Total Produce, showing residual efect of Dung and no
Manure in relation to the Dung Plot=100.

j y are
the first five years are given singly, after that five years

. der

grouped into one period and the mean result gwen.1 y I]?ax: 1
o rop resu

to eliminate the effect of seasons, the crop on the

been reduced to the common standard of the crop
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continuously dunged plot, 7-2, which has varied very little
during the period.

Diagram 12 expresses these results in a graphic form for
thirty years, and shows that, though the crop grown with the
residues of dung is continually falling, it will only reach the level
of that on the continuously unmanured plot after a long. time.

C. Effect of Mineral Manures.

The Rothamsted barley field affords a more thorough series
of comparisons of the effect of the various mineral manures than
does the wheat field, for in conjunction with each of the nitro-
genous manures we get plots receiving no minerals (1), phos-
phoric acid alone (2), potash and the other alkaline salts, but Do
phosphoric acid (3); and the complete mineral manure, con-
taining both phosphoric acid and the alkaline salts (4). In the
absence of nitrogen the mineral manures have but little effect,
though they produce a much greater increase of crop over
that of the unmanured plot with barley than with wheat.
Ammonium-salts and nitrate of soda used alone are not SO
effective as with wheat, but the rape cake uged without
minerals gives almost as big a crop as when supplemented
with a complete mineral manure. Of course rape cake is not
a purely nitrogenous manure, but itself supplies about 24 1b. of
phosphoric acid and 17 1b. of potash per acre per annum.

The diagram * Fig. 13 shows in a graphic form the effects of
the various mineral manures, the nitrogen supply being the
same in all cases.

' The great importance of phosphoric acid to the barley crop
Is seen on comparing Plots 8 and 4, which only differ from
one another in the omission of phosphoric acid on Plots 3
It will be seen that Plots 8 give but little more crop than Plots
1, which receive nitrogen alone—only 816 bushels per acre
against 310, taking the average of the three series, A, AA, and
C—but that a very marked increase to 41'6 bushels per acre i$

* Figures to 1911 are given in Table XXIX. .

. . v simi to
those in the diagram. they ave very similar
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found on Plots 4 for the addition of phosphoric acid. The
straw shows just as marked an increase of crop brought about

7,

ib.

2000

NS

X
|

i

D,

4000

\\\ 329

32'0

005
/
770

AN

3000

256

2000

19:7
18-5

1000

Nitrogen Nitrogen Nitrogen Nitrogen,
only. and and Phosphoric Acid

Phosphoric Potash. and
Acid. Potash.

R Grain per Acre,lb. - Straw per Acre,lb.

. rield of Barley (Grain and Straw).
; __Effect of Mineral Manures on the yield o ¥
Fre. 13— fean of Series A, AA, and C. b1 years (1852-1902).

by phosphoric acid as does the grain, rising from 195 cwt. to

256 cwt. per acre. In the field the most striking effect is
) F
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seen in the hastened maturity brought about by the phosphoric
acid. Not only are Plots 2 and 4, which receive phosphoric
acid, in the ear long before Plots 3 and (to a less cxtent)
Plots 1, but they will have begun to yellow for harvest when
Plots 3 still show only upright green ears.

Comparing Plots 2 and 4, we sec that a manure supplyipg
phosphoric acid and nitrogen is almost as effective as a complete
manure containing also potash and the other alkaline salts.
There is a great increase of crop caused by the superphosphat€
and nitrogen on Plots 2, over the nitrogen alone on Plots L
and very little further increase for the further addition of potash
and other alkaline salts on Plots 4. Where the nitrogenous
manure is nitrate of soda or rape cake, the omission of the

Tasre XXXIII.—Ratio of yicld of Barley (Grain) without Potash 10 -?/m;ﬁ
with Potash, for successive 10-year periods, Ammonium-salts and Nira
of Soda being the respective sources of Nitrogen.

| ;

) 1532.61.  1au2-71. | 1872-81. | Is52-0L.
|

t

! 18921901.{ 100211

I

Ratio of 2 A to 4 A, Ammonium- |

salts. . . . . . 089 { 1043 | o8 | o2 | 771 | 773
Ratio of 2 AA to 4 AA, Nitrate
of Soda . . . .

U

98°0 | 1002 | 995 \105-7 1014 | 1016
Q I A——

potash on Plots 2 compared with Plots 4, receiving a complete
manure, shows no effect, whether we make the compariso®
over the whole period or for successive ten - year pel'iods'
With ammonium-salts, however, as the source of nitrogen the
omission of potash does eventually diminish the crop; for the
first thirty years the crops on Plots 4 A and 2 A, with and
without potash, were equal, but in the fourth decade, as the soil
became depleted by the continual removal of potash, the crop
on Plot 2 began to fall off, and the diminution is much increased
in the following decades. That theve is no similar fa,lling—off
in the yield of the corresponding plot receiving nitrate of soda;
is partly due to the greater root-range induced by the soluble
nitrate, and partly to the effect of the soda base of this salt in
rendering available to the plant the potash reserves of the soil-
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Table XXXTIL shows very clearly how the omission of
potash begins to tell upon Plot 2 A, manured with ammonium-
salts and superpbosphate, after the first thirty years, whereas
on the corresponding Plot 4 AA, receiving nitrate of soda and
superphospbate, the omission of potash has made no difference
to the yield up to the end of the sixty-year period. The figures
show the ratio the yield of Plot 2 (without potash) bore to that
of Plot 4 (with potash), during each decade.

Thus the yield on Plot 2 A (ammonium-salts and super-
phosphate), which for the first thirty years was practically equal
to that on Plot 4 A (ammonium-salts, superphosphate and
potash), showed a decrease of 10 per cent. in the fourth decade
and 23 per cent. both in the fifth and also in the sixth; whereas
the corresponding yield on Plot 2 AA (nitrate of soda and
superphosphate) is as good as that of 4 AA (nitrate of soda,
superpbosphate and potash) up to the end of the sixth decade.

Potash plays a less important part than phosphoric acid
in the manuring of barley. Very little increase of crop has
resulted from its use on the Rothamsted soil, and the only
indication of the supply in the soil giving out has been seen in
the last twenty years on the plot receiving superphosphate and
ammonium-salts, Of course the Rothamsted soil starts with

a very large original store of potash.
Speaking generally, we find that barley is much more

dependent on a supply of mineral manures than is wheat, a
free supply of phosphoric acid in particular being essential to
its proper development.

D. Character of the Crop as afected by Manuring.

Table XXXIV. shows some of the characteristics.of the
barley erop during the fourteen years 1889-1902 compared with
the average market valuations put upoen the samples by Mr
Few, of Cambridge, who examined them from year to year.
The current market price prevailing at the time fof the
valuation is taken as 100, and the value put on each sample
is caleulated on that basis. The first thing that becomes
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apparent on inspecting the table is that it is impossible o grow
high-class barley by simply starving the plant. Tn cach of the
series it will be seen that the barley showing the highest
average value, the hest weight per bushel, the largest grains,
and the smallest proportion of tail corn, is that grown on Plots
4, where a complete manure containing both nitrogen and
minerals is supplied. It does not, however, follow that any

TABLE XX XIV.—Zxperiments on Barley, Hoos Field. Prri iculars of
Quality. Averages over 14 years (1889-1902).

HE E (=~ = £ odi
5| 3 | g8~ 23 z
Abbreviated Description b = wag 27 g
Plot. of Manures. ai - Gl O S
*”?23 = E"E "l o=s = L5 2
Fz | 8 |82 | 8 2 o7
=5 ) £5 © Z 7
o, Groms.
10O | No Minerals, and no Nitrogen . 52-4 | 868 | 973 | 79 | 30T
2 O | Superphosphate only . . 5% 1985 | 1041 69 | 393
30 | Alkali Salts only . .. 530 | 79°2 | 9g6| 78 | 3L
4 O | Complete Minerals . . . 535 | 86:8 | 994 | 5.9 | 391 | 140
1A | Ammonium-salts alone .. .|523 |845 | 911 85 | 403
2 A | Superphosphate, and Anamonium-salts | 52:2 | 88-1 | 92-6| 8-1 | 330
3A Al}zali Salts, and do. 523 | 81-2 | 938 55 | 414 -
4 A | Complete Minerals, and do. L1538 | 846 |104-3| 26 |42l | 144
1 AA | Nitrate of Soda alone . . . .| 526 | 822 | 91-3] 89 | 405 :
2 AA | Superphosphate, and Nitrate of Soda . | 536 | 84'6 | 1000 | 75 | 404 .
3 AA | Alkali Salts, and do. 5H34 | 809 9361 61 412
4 AA | Complete Minerals, and  do. 539 | 791 | 1003 | 4G | 4-10 | 153
1 C | Rape Cake alone . . . . 537 | 894 | 1020 | 4'9 .
2 C | Superphosphate, and Rape Cake. 541 | 871 11032 3'3
3 C | Alkali Salts, and do. . . 588 | 834 110151 43
4 C | Complete Minerals, and do. . .| 542 | 832 | 1032 | 40 152
7-1 | Unmanured after Dun . . | 542 | 84 5 . .
L?—z Farmyard Manure & 546 7%3 1882 23 447 | 151

* Based on averu:'e samples of 24 years (1872-1805), See ¢ M;n ) i i n
26 5 s . . Se urinl Conditions alfocting tho DIalting
Quality of English Barley,” by Munro & Beaven, J. R. Ag. Sgc., nllsg%lj ne

kind of manure will improve the quality of the barley. The
grain from the plot receiving farmyard manure every years
despite the high weight per bushel, and the bold berry indicated
by the high weight of 100 grains, has yet 4 value considerably
below the average, Again, the use of nitrogen alone on Plot
1 Aor 1.AA gives the lowest weight per bushel and the lowest
valuation of the whole series. 1t has already been seen that
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the yleld of the barley crop is very dependent on the supply of
minerals, especially of phosphoric acid, and the table now
under consideration shows that the same effect extends to the
quality of the crop. The use of superphosphate on Plots 2 as
compared with Plots 1 gives a better proportion of grain to
straw, a higher weight per bushel, and a greatly increased
value; similarly, the omission of superphosphate on Plots 3 as
compared with Plots 4 results in a deterioration of all the
qualities making for value in the barley. Comparing the
barley from Plots 8 and Plots 1, in the absence of super-
phosphate the potash salts on Plots 3 do not effect much
improvement, though their presence on Plots 4 as compared
with Plots 2 results in an improved quality. The presence of
potash in the manure increases the straw more than the grain.
In all the series it will be seen that Plots 8 and 4, receiving
potash, give a lower proportion of grain to straw than do Plots
1 and 2, without potash.

If we compare the series together, the rape cake gives
better barleys than either ammonium-salts or nitrate of soda,
hut the sample which on the average is the best is that grown
with the full minerals and ammonium-salts.

Table XXXV. gives a comparison of the crop of grain and
straw, the weight per bushel of the grain, and the proportion
of grain to straw, in 1893, a typically dry and hot year, and in

1894, a wet but free-growing year.
The amount of grain produced is not dissimilar in the two

years, but 1894 grew very much more straw, the average
proportion of grain to straw being only about 70 as
against 90 in the dry season. The weight per bushel
of the grain is also higher, averaging 5577 Ib. in the dry
year 1893 as against 52'5 1b. In the wet year 1894. In the
dry year the plot receiving farmyard manure had a very great
advantage, and grew 25 per cent. more than the other completely
manured plots; Whereas in the wet season when It gave .a.bout
its average crop, several others gave almost as much, and it was
actually excelled by the plot receiving nitrate of soda and
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minerals. As was noticed in the case of the wheat crop,
nitrate of soda answered better than ammonijum-salts in the
wet year, giving on Plot 4 A A 45 bushels of grain and 33'4 cwt.
of straw against 414 bushels of grain and 268 cwt, of straw on
Plot 4 A ; whereas in the dry year the ammonium-salts had a
slight advantage. Taking, however, averages over the whole
period, it is found that the seasons in which the ammonium-
salts give a better crop than the nitrate of soda are wetter
throughout than those in which the nitrate of soda is the more
effective source of nitrogen. A wet March seems to be the
most hurtful to the nitrate of soda plot. The comparative
effects of the mineral manures in a wet and dry season are also
similar to those noticed in the case of the wheat. In the wet
season the crop is very dependent upon supplies of minerals in
the manure, and especially on an abundance of phosphoric
acid. In 1894 the addition of phosphoric acid raised the
yield from 104 bushels per acre on Plot 1 A to 84'9 bushels
per acre on Plot 2 A, and from 17'8 bushels per acre on
Plot 3 A to 41'4 bushels per acre on Plot 4 A, In a dry
season it is potash that chiefly tells; for example, in 1893 the
addition of potash on Plot 4 A to the superphosphate and
ammonium-salts on Plot 2 A produced a specially marked
increase of crop, from 18'1 to 30°8 bushels per acre.

Doubtless in the wet season the ripening effect of the
phosphoric acid is specially valuable, while in a dry season the
potash, by inducing a longer period of growth, is more effective
in increasing the crop. The ripening action of the phosphoric
acid may also be seen in the way it increases the weight per
bushel of the grain in a wet season, whereas in a dry season it

has little or no effect.

In the dry season the weight per bushel is much higher
than in the wet, and the grain is about equal in weight to the
straw, whereas in the wet season the weight of grain only
amounts to about 70 per cent. of the straw.

Taking the results as a whole, it is seen that season has a

much greater effect in bringing about changes in the composi-
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tion of the barley grain than have variations in the mnurimgs
hut that the best barley will be grown with a fair but not. large
amount of nitrogenous manure combined with a free supply of
phosphoric acid in sume way or other, ]
It does not appear possible to establish any such cntma-
periods for the rainfall in relation to the growth of barley &%
could he done for wheat. _
The Table (XXX VL) shows ffty-three harley cvops 1%
1852 to 1901, taking the average of the c;ﬂmphzwly 1“?““11‘5)'('
plots divided into five groups according to their yicld of gratth
TasLe XXXVI,

Produce per Acre. Rainfail, e
Average uf Plots SO :
7.9, 4 A, £ AA, and 40, : Total. Total.
Ty T March, © April, ! May. | June. ‘ July. 3};;,2(-}‘[‘,' }:H;f"
Grain, Straw, { 5 & Moy, | B
— ' I P
e e e | \ .
Bushels, Cwt. {nches. | Inches. | Jaclies. . Inches. L Inehes. Tnchos. 1:“1:;
50-2 292 T4d2 | 14649 | 1°919 | 202 | 2-067 5010 v 2o,
34 255 1009 | 1803 2122 1 2769 i 2801 5-834 '_’.};go
386 216 | 1938 | 1609 | 1996 | 2506 | 3074 | 5543 | P
34°8 225 | 2002 | 1040 | 2:048 | 2386 | 2666 6-080 3913
277 18-1 | 1°5%0 | 2-086 | 2807 | 2-103 l 1-840 6483 |

together with the mean rainfall for each of the five mOf_’ths
during which growth is proceeding. No very definite relation”
ship is observable, though a general tendency will be see?
to get the heaviest average yield when the sarlier months ©
growth (March to May) ave dry, also the lightest average yield

when the later months of growth (June and July) are the
driest.

IL—BarLEY GROWN IN RotarioN, Aeprrn FIELD.

It has already been stated that the production of barley n
the rotation field shows much the same decline on the manur®
plots as it does on the completely manured plots in the Ho05
field, and the fall has continued instead of being reversed 8%
in the case of the continuous barley plots,

‘ For selected plots on the rotation field, Table xxX VI
gives the production of grain and straw and certain particulars
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as to quality, taking an average of the five courses from 1885
to 1901. The first plot has been wholly unmanured, and all
the crops in the rotation are removed from the land; the
average production is, however, higher than on the unmanured
plots growing barley continuously, because of the fallowing the
land receives. When minerals only are applied to the root-
crop on Plot 2 (roots are grown immediately before the barley),
there results a comparatively large production of roots; since
these are removed and since no nitrogen has been supplied,

Tasre XXXVIL—Agdell Botation Barley. Awerage of 5 years
(1885, ’89, "93, '97, and 1901).

M o , i Phird Produce por . Grain . . )
oo | gk | cope || B | Sy | e | s
. | 5. Rotasion.{ orain. ) straw. Bush. | goo o | Grains, Gmin"’: Quarter.
- - |
Bush, Cwt. Lb. o

1. Unmanured | Carted | Fallow | 156 | 108 "31'38 7676 G‘;g,fr' P;r'.;g';t. ‘>s7 IDO
9. Minerals .| Carted ! Fallow | 186 | 93 | 54-0 | 773 | 86-7 | 1-484 | 28 7
3. Do. . . Carted Clover | 19°9 | 12:8 | 54-¢ | 80°0 | 430 1559 | 29 0
4. Do. . . Fed Clover | 289 | 17°3 | 553 | 859 | 44°8 1576 [ 29 11
5. Complete . Ifed ;Clover 3471 | 28+ | 558 | 740 | 482 1693 | 29 6

Theso plots have been differently numbered since 1904, The present numbers are:
Plot 5 (anmanured—failow); Plot 8 (minerals—fallow); Plot 4 (minerals—clover).
All roots are now carted.

they take away a certain quantity of nitrogen, and therefore
exhaust the soil on this plot of its nitrogen to a much greater
extent than on Plot 1, which grows a very small root-crop;
hence a smaller barley crop follows the roots on Plot 2, The
minerals in fact do not increase the production of the barley to
an extent which will compensate for the loss of nitrogen in the
increased root-crop previously brought about by the minerals.
On Plot 3, however, clover (or beans) is grown as the third
crop in the rotation, and by collecting nitrogen from the atmos-
phere leaves behind a residue in the soil which is still available
for the barley crop coming three years later. On Plot 4 there
1s g still greater supply of nitrogen, for not only is a leguminogs
at also the root-crop preceding the clover 18

he land. On Plot 5 the Dbarley finds the
d the

crop grown, b

returned to b )
maximum amount of nitrogen ; here clover is grown, an
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root-crop receives a nitrogenous dressing of rape C”_‘]w ‘23
ammonium-salts; all this nitrogen is returned (o the ““”n
in the root-crop which precedes the harley, It will b h t:.d
that on these five plots the growth of harley is pl‘”l‘_”"“('m{m
to the amount of nitrozen which may be supposcil “?_ -
available; all except Plot 1 reeeive heavy mineral (h-c.,s.sut{;;
containing both phosphoric acid and potash, yet m.blc
absence of nitrogen these minerals on Plot 2 arc not @ 11y
. to raise the erop above, nor even up to the level of the whoty
unmanured I’lot 1.

The weight per bushel increases with cach addition :'{
nitrogen ; up to a certain point the proportion of grain t0 SLrd 5’
and the weight of 1000 grains also increases, hut on Plot', 5
with the highest nitrogen, these characters begin to Sho“ses
decline. The percentage of nitrogen in the barleys incre&the
with the supply in the soil, but only becomes at all above -
average with the highest sample from Plot 5. 'The V‘cthw‘t.l‘ 0
rises with the supply of nitrogen in the soil up to 2 Cer,i"a)m
point, but shows a slight decline for the last sample fro
Plot 5. . o

Summarising these results, we see that a good weight P .,
bushel and a large berry cannot be obtained withoub o
sufficient supply of nitrogen in the soil, but when @ certd q
point has been reached further excess of nitrogen in the S_On
results in coarseness and an excessive proportion of nm-ogeo
i the grain, deteriorating the quality. A fair supP '
phosphates is also necessary to ensure early and 001’“1)165,D
maturation. In the Agdell field, Plot 4 represents the be
soil conditions to obtain high quality in the barley; on PP

. : . me
this optimum point has been passed, and the land has bec°
too rich in nitrogen compounds,

The barley grown in rotation is on the whole much SUPerl?;
to that grown continuously, mainly because its suppl‘y o
nitrogen is derived from the nitrification of nitrogenous 1’351,du
in the soil, é.e., from what a farmer would call « condition,” &
not from nitrogenous manure directly applied.
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PracTicaL CONCLUSIONS

I. The barley crop is far more dependent than wheat upon
& supply of manure, and will require manuring when it is
grown as a second white-straw crop, except on land in very
good condition. After roots which have been wholly or
partially fed on the land, or after a clover ley, there is already
sufficient, and often too much, nitrogenous matter in the land..

2. The artificial manure used in the first case should contain
a fair amount of nitrogen, as without it both the yield will be
low and the berry small. Sulphate .of ammonia is a better
barley manure than nitrate of soda, giving equal yield and
generally superior quality. The quantity used should not be
more than 1% ewt. per acre. Rape cake up to 5 ewt. per acre is

also a good source of nitrogen for the barley crop.
3. Barley is particularly dependent on a free supply of

phosphoric acid, 8 cwt. of superphosphate per acre may be
profitably used on most soils, especially where the climate is
wet. Kven with barley after roots superphosphate is valuable,
hastening the ripening and making the sample more uniform.
4. An artificial supply of potash is rarely likely to be
wanted, except on dry sands and gravels and in dry seasons.
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CHAPTER VI
EXPERIMENTS UPON QATS

Experiments upon Outs grown continuously upon the same 1.and,
Geeseroft Field.

EXPERIMENTS upon oats on very similar lines to the trials wn,i
wheat and barley were begun in 1869 in the Geescroft field, blr o
on a smaller scale, as only six plots, each one-eighth acr® we ol
set out. These experiments were, however, abandoned af.‘t .l
ten years: the Geescroft field, although it shows on Phy’glcgs
analysis a lighter texture than either Broadbalk OF Ho 0
fields, yet always lies comparatively wet, and appear® of
suffer more than any other field from the continued VS° he
nitrate of soda, probably because the chalking to Whic,h tlis
other fields have been subjected has not been carried out 1P e

onS
field. As the experiments ran into the cycle of wet Sef‘f’oge
from 1873 onwards, it became almost impossible to WO t
land, and the experiment was abandoned after 1878.

. the
The average results set out in Table XX X VIIL ave fo¥ e
first five years only of the experiment.

. : d
‘Puttmg aside the deterioration of the texture of the mnre,:
which may be taken as an accident independent of the patt

: wo
of t}}e Crop, there is no evidence that oats cannot be grothe
continuously on the same land—the tenth crop OB

unmanured plot, for example, was larger than any other Sinc,e
the first.  The manurial requirements of the oats are also very
similar to those of the gther cereal crops, resembling barled
perhaps more than whegt, The crop shows some response.t
minerals only, but the chief increase of crop comes wi
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applications of nitrogen. Even allowing for the deterioration
of soil texture which so much affected the nitrate of soda
plots, ammonium-salts appear to be the better source of

nitrogen.

Tapue XXX VIIL—0Oats, Geescroft Field, .dverage Produce per acre, 5 years
(1869-1873).  Description of Oats—Black Tartarian.

Manures per acre. Produce per acre.
Mineral. } Nitrogenous, Grain.
Plot. . 3 . .
= = 2 2 g - D z
89 | 34 | 83 | RE | | 38| £ | 25| &
L8 4 =6 ox g2 5 = s 7}
£3 =3 Y o S5 54 g 55
Ze | As | #2 | 5 | BT I Es | 8 ] 5%
o 3 & | &
@
Lb. Lb. Lb. Cwt. Lbd. Lbd. Bush, Lb. Cwt.
1 . 199 338 104
2 200 100 100 35 245 350 134
3 400 470 35°9 28°5
4 200 100 100 35 400 59-0 370 41-1
53 550 471 355 2745
6o 200 100 100 36 550 5775 858 350

* Equal parts of Sulphate and Muriate Ammonia of Commerce.

For the manuring of oats in practice the recommendations
set out for barley may be followed, except that the quantities
there given may be somewhat increased for oats.
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As the original design of the Rothamsted EXPerimenZS
embraced all the crops of the farm, so essential & feat.ul‘e

English farming as the root-crops naturally Occupled, o
prominent place; indeed we find that the second PP 1t
experimental results issued from Rothamsted in 1847 deébs
with tornip culture, Iy 1843, accordingly, the Barn field W
set aside for experiments on turnips, the trials beins ©
Norfogdk white turnips for six seasons, 1843-1848, followed
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Swedes for four seasons, 1849-1852. Barley was then grown
for three years to equalise the soil conditions, and the plots
were rearranged on substantially the plan they occupy to-day.
Swede turnips were grown for fifteen seasons, 1856-1870, but
it was found impossible to continue the growth of Swedes
upon the same land year after year with any success, This
was mainly due to the incidental circumstance that on growing
the same description of crop, with the same comparatively
limited and superficial root-range, for so ‘many years in
succession, the surface soil became less easily worked, and the
tilth, so important for turnips, was frequently unsatisfactory ;
whilst for want of variety and depth of root-range of the crop,
a somewhat impervious pan was formed below. After the
Swedes sugar-beet followed for five years with the same
manures, except that in the last two the nitrogenous manures

were omitted; and in 1876 mangolds took the place of sugar-
beet and have continued ever since. No difficulty has been

experienced in growing mangolds continuously on the same
land, as may be seen from the fact that the twenty-fifth crop in
1900 was the largest of the series. This success must be
attributed partly to the extended root-range of the mangold,
partly also to its freedom from insect and fungoid attacks,
which tend to accumulate on land carrying one crop con-
tinuously. The only difficulty is experienced on the plots
receiving saline manures only, especially where large dressings
of nitrate of soda are repeated every year. Owing to the
constant removal of organic matter and the injurious action of
the saline manures upon the texture of the soil the land gets
into a bad mechanical condition, very sticky when wet, and
drying with a hard crust, so much so that there is occasionally
a complete loss of plant from this cause alone.

Tn the Hoos field experiments upon potatoes were begun
in 1876, and continued for twenty-six years; they were the-n
discontinued, because the crop on the pl?ts receiving no organic
manures had fallen to a very low ebb in consequence of the

ot f the soil. But on the plots
deterioration of the texture o
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receiving farmyard manure, and cven on those receiving only @
complete artificial manure, the crop was wmaintained in faveur
able seasons, No falling-off wus observed which could be
attributed to the land having Decome “sick” throngh the
continuous growth of the same crop, or through the acemmulas
tion of disease in the soil.

The essential feature of the root-crops is the large amount
of digestible carbohydrate they contain; in the ease of Swedes
this consists of glucose, which forms 6 to 7 per cent. of the
whole weight of the Swedes, the total dry matter heing Mnmf
11 per cent. of the whole. In the mangold there is aboub 82
per cent. of cane sugar, the total dry matter heing about 1279
per cent. In potatoes the carbohydrate is starch, of which
the tubers contain about 20 per cent., out of a total dry matter
content of 25 per cent.

L—Exrermvents vroy Manconns, Barn FieLb,
1876-1911.

The area under experiment amounts to about 8 acres, most
of the plots being about one-seventh acre in extent; the whole
produce from each plot is weighed, but the roots only &r¢
carted away, the leaves after weighing heing spread an
ploughed in.

The field is divided longitudinally into seven strips running
the whole length of the field: each of these strips receive®
one manure throughout its length ; farmyard manure alone on
Strip 1, and in combination with superphosphate and sulphat®
of potash on Strip 2, nothing on Strip §, superphos_phate
alone on Strip 5, superphosphate and sulphate of potash OF
Strip 6; and complete minerals, including further sulphate of
magnesia and common salt, on Strip 4. The strips are then
subdivided into plots by cross-dressings of nitrogenous

manures ; nothing on the O Series, nitrate of soda OD

Series N, ammonium-salts on  Serieg A, rape cake OD

Series C, and a combination of ammonium-salts and rape
cake on Series AC. Thus, as shown in Table XXXIX.,
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there are plots showing every combination between the various
mineral and nitrogenous dressings employed.
The mineral manures, the dung and the rape cake, are

TapLe XXXIX.—Zuperiments on Mangolds, Barn Field, beginning
1876.  Quantities of Manwuves pér acre per annum.

} Strip Manures, Nimsmw; ﬁlgﬂgga irI;lSr_ming across f
(o
= : . Seri LN . . 8
Strip. T . :_': D§ ] "% ! . 5 Series O N } A } AC } o] i‘
25| z | 23 | 22 |83 2+ £ £
IR N RETRE AN -3 RN S R |
gz F F= | 2= |88 E¢8 5 S 54 §2 =
=52 s | 25 £ 2 22 £3 &8 5% £3
' w :
o I I ] = <
(Tous.| Cwt. | Lb, f Lb. | Lb. | Lb. [ Lb.  Lb. | Lh  Lb. j Lb J Lb. |
1 14 . w530 | 400 2000 | 400 | 2000
2 | 14 35 [ 500+ . 550 | 400 | 2000 | 400 z 2000
4 | ... | 35 1 500 200 | 20 | .. .« 550 | 400 2000 ! 400 | 2000
5 35 .. v 550 | 400 J 2000 | 400 | 2000
6 35 | 500 e | B30 | 400 [ 2000 | 400 | 2000
7 35 | 500 365 | ... 550 | 400 | 2000 | 400 | 2000
8 550 | 400 | 2000 | 400 | 2000

* Equal parts Sulphate and Muriate Ammonia of Commaerce.
t The addition of Potash to Plot 2 began in 1595,

ploughed in just before seeding, the ammonium-salts and

nitrate of soda are sown as top-dressings.

The seed was dibbled in the earlier years of the experiment ;
it is now drilled, 26 inches between the rows, and the plants
are singled out to 10 inches apart.

The following tables give, (XL.) the average weight of roots
grown on each plot during the thirty-four years, 1876-1912;*
(XLI.) the weight of roots and leaves grown in the best season,

1900.
A first inspection of the results shows the enormous value

of farmyard manure in growing mangolds, especially whe they
are grown continuously on the same land. In favou.rablg
seasons it is possible to obtain good crops by the aid of
manures containing no organic matter, as seen in 1900; but
in ordinavy years the bad texture of the soil and its tendency
to lose water on account of the lack of humus af}'ec.t l?oth the
germination of the seed and the growth of the plant in its early

1 ' -efore, to consider separately
ges, It will be convenieat, therefo parately

sta

S .
"% 1385, 1901, and 1908 omitted. .
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L M T3] cil-
the plots receiving dung and those which are manured excl
sively with ‘artificials.”

TABLE XL—Barn Field Mangolds, Avcrags produce of Loots peraore
over 34 yeum (1876 fo 1912).°

et S ———— i " '\
{ ' Uipoia-Tpe s s, i
i |
t o, | x A X ¢
Strip. Strip Manurcs. [ - T E
ﬁ | Iz:;;n-fl‘z.ic*' ‘ flape [
| Nitrate | Aamoniome e ‘
sane. f ;{tﬂfl%x. | .\(n:«‘;‘;'iﬁt,t.‘““ Aru:nt::nhxrn- PaRt ?
walt.
R e e e . | e T i
Toms, Tons. T, Totrs, : T \“ |
1 Dung only L1815 ) 25 22044 ERRE: 1 ‘;‘ ‘;”
2 | Dung, Super., Potasht. .| 137 | 2668  21-37 2i-ad | 20T
4 | Complete Minerals Lboans 1T 1475 26078 25 23
5  Superphosphateonly . .| 492 |, 1505 ;  7-04 [ oS 19‘,, |
6 }Supcr and Potash o482 | 1542 1408 284y 197
7% | Super., Potash,and 7+ 81b N. i : 919
ss Am.salts . . .| 593 | 1568 1460 22°30 } S
8 ‘ None . . . . A 9-94 | 5461 9:29

* 1885 1901 and 1908 Omil'ufl t Tho adrnuon of Po* uh Lo Plot 2 only began in hﬂo
1 Average up to 1902 only ; manuring was then altered.

Tasie XLL—DBara Field Mangolds. Produce of Loots and Leaves
per acre.  Season 1900.  (Good scason.)

Cross-Dressings,

— e /
0. l N. ‘ A. AC. G
Strip. Strip danures. g ““I“""’”"""'““'w —
Rape Cake e
- \ gfigr:dbg. Amg}lclw;;i'um- Amr?x‘c;:iun'l' g:‘lll()o'
salts,
- I
Tons. Tons. ‘Tons, Tons, Tons-
1 | Dung only ] { R.25'25 | 4180 26°10 2766 80'86
L. 25| 435 365 855 810
. ) 66
2 | Dung, Super., Potas *{ R. 2806 | 41'85 8670 8840 86°57
8 Sup tash™ {1 1. 260 | 500 560 600 359
. . . 55
4 | Complete Mineral { R. 876 | 88410 2895 4820 84'd
P rals Al 10| 408 395 630 380
. ) 90
5 | Superphosphate onl { R. 915} 2835 12°00 14'06 142
perphosphiate only Ll 1430 | 885 2:95 215 2:60
6 | Super. and Potash f|R. 705| 2086 2820 87'65 29°40
P otas L. 095]| 8460 3+60. 565 295
7 Super., Potash, and 7-8 R. 1080 28%0 ’ 2 20
. 870 3896 28
‘l)) N. as Amm.-salts L. 135 485 5410 7490 420
8 | Nome . . . { R. 7776 | 2265 12-86 16°06 1640
1. 115 485 865 335 340

I D I

* The addition of Potash to Plot 2 only began in 1895
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A. Efiect of Nitrogenous Manures. The mangold, being
a plant with a large leaf development, was at one time to
a certain extent regarded as ome of the restorative crops,
capable, with its large area of leaf, of drawing upon the
af;mospheric nitrogen and thus rendering itself independent of
nitrogenous manures, Though it was obvious that nitrogenous
manures had a powerful effect even upon leafy crops, it was
urged that the benefit consisted in starting the crops, which,
as soon as they had attained their proper development of leaf,
w'ould continue to feed themselves by drawing upon the
nifrogen of the atmosphere. It was with the view of testing
the truth of this opinion that the manuring on Plots 7 was
arranged.  They receive superphosphate and sulphate of
potash as mineral manures, together with a small quantity of
nitrogen, 363 lb. per acre of ammonium-salts containing 78 Ib.
of nitrogen per acre, 7.¢., about one-eleventh of the amount

applied to the plots in Series A.
On the hypothesis indicated above, the small quantity of

nitrogen would act as a starter, and establish the plant, which
should then be able to maintain itself upon atmospheric nitrogen.

"The results, however, yielded by Plots 7 as compared with
Plots 6 showed this opinion to be mistaken ; the small addition
of 7°8 Ib. of nitrogen per acre produced an increase of crop of
14 ton per acre only, whereas a further 86 lb. of nitrogen
raised the crop by 87 tons per acre, This experiment was

discontinued 1902.
Thus the opinion may be dismissed that the mangold plant

when once started can become independent of the nitrogen in

the soil and manure. :

We may next pass on to & consideration of the effects of
the varying forms and amounts of nitrogen when used with-
out any mineral manuring, i.e., on Plots 8, where no standard
The entirely unmanured plot (8 O)

manures are applied.
has produced an average crop of 869 tons of roots only,

which is increased by the application of 86 Ib. nitrogen in the
tons, and by 98 Ib. of nitrogen in the

ammonium-salts to 561
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form of rape cake to 971 tons. A further :uMitifm _uf H,G 1::]
of nitrogen (as ammonium-salts) to the 0K H_». of nnn'n}:ﬂ'll\'m
rape cake (P’lot 8 AC) produces no more increase of VCI " }1-,
which remains practically stationary at 929 tons.  ITow “‘l'
with 86 Ib. of nitrogen in the shape of nitrate of soda the yesul
is somewhat higher than in any other case, for the.(‘.l‘“l?
amounts to 99 t'ons, a result which will be more int;-(;xlllg.,:ﬂﬂff
later. In all these cases, however, the crop is a very mdlf{‘@}:
ent one for the large amounts of nitrogen emploved, aud‘T:\\C{
aspect of the plots clearly shows that the plant has 1'(3(:(:1\«‘”
far more nitrogen than it can cffeetively utilise in the iLbb‘BIlLfJ
of the other mineral constituents which go to make up @
complete plant food. "

We may now turn to Plots 4, where superplmsplmt.e, b‘-}_
phates of potash and magnesia, and common salt are used 1D 01(:1;9
junction with nitrogenous manures, thus constituting & 901119
manure which supplies all the elements of plant nutrition. -

The diagram Tig. 14 shows on the left hand the avemgbf

results obtained with the varying amounts and compounds Ot
" mitrogen on the Plots 4 in question, where there is an abglldibil
supply of mineral manure. The right-hand half of the diagr#® 4
shows the effect of the same nitrogenous manures when usé '
In conjunction with dung instead of complete minerals, for
an account of which see page 108,

Without nitrogen * (Plot 4 O) a very small crop is grow™
505 tons per acre, which is increased to 1475 tons per acr®
by the addition of 86 In. nitrogen in ammoninm-salts, OF PO
17'71 tons per acre by the same amount of nitrogen applied 12
the shape of nitrate of soda. The application of 98 1b. of
nitrogen per acre in rape cake increases the crop o 2211 toDS
per acre, and when both rape cake and ammonium-salts
are used together, making an application of 184 lb. of
nitrogen per acre, the crop is raised to 2678 tons per acre-
Thus when all the other elements of g plant food are presenty

the crop increases with each addition of nitrogen. The increas®
T RS en. Lhe increas”

o e

* Figures are from Table XL.
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of crop is somewhat dependent on the source of nitrogen
famployed: thus 1 Ib. of nitrogen as ammonium-salts gives an
Increase of 0130 ton, as nitrate of soda the increase is 0-148
ton for each 1b. of nitrogen, while with rape cake the increase

WITH COMPLETE MINERALS, WITH DUNG
(PLoTS 4.) (PrLoTs 1.; '
Tans
perAcre
N

25

R0

| m' , ,
Series 0 A N c c AC
Fre. 14.—Mangolds. Effect of increasing amounts of Nitrogen.
Produce of Roots per acre, 1876-1902.
O = No Nitrogenous Manure. N = 86 lb. Nitrogen as Nitrate of Soda.
A = 86 Ib. Nitrogen as Ammonium-salts. I C = 98 Ib, Nitrogen as Rape Cake.
AC = 98 Ib, Nitrogen as Rape Cake, and 86 b, Nitrogen as Ammonium-salts.

[ i B : T
AC 6o A N

Average

is 0-197 ton for each Ib. of nitrogen applied. Rape cake, in fact,
is not strictly comparable with the other two sources of
nitrogen, for not only does it contribute a considerable amount
_of organic matter to the soil, thus improving its texture and

Wwater-retaining power, but it is also a more slowly-acting

manure, Some of its residues accumulate froni season to
season, and little by little become available for the later crops,

while we have plenty of evidence that, on the Rothamsted soil,
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neither nitrate of soda nor ammonium-salis leave any offective
residue.

In seasons of exceptional growth, with a big crop like that
of 1900, it might be expected that as the plant was utilising
much more thoroughly the supply of nitrogen, then the smaller
amounts on some of the plots, plentiful enough for an ordinary
year, might prove to be insufficient. There is no indication, ho™
ever, of this being the case, as may be seen by a consideration of
Table XLI. ; the increase of crop on Plots 4, receiving 1o dung
but a complete mineral manure, continues with cach applicatio
of nitrogen, but not more so than in normal seusons. On the
dunged plots, indeed, it is not those receiving most nitroge®
(Plots 1 and 2 AC) which give the highest crop, but those
cross-dressed with nitrate of soda, as though the availability of
the nitrogen and the presence of a large supply of alkaline salts
had been the determining factors in producing the maximumn
crop. The whole results go to show that, dependent on
nitrogen as the mangold crop is, the first application 18 the
most effective, each succeeding addition of nitrogen producins
a smaller return in the shape of an increase of crop.

The injurious effects of the very large amounts of nitroge”
added to some of the plots is very manifest wherever there *°
more pitrogen than the plant can properly deal with. The
leaves have a dark green appearance, are much curled and
crinkled, and show an increased tendency to variegation, the
chlorophyll collecting into dark green or almost black blotches
on the lighter background of the leaf. The leaf-stalks 31°
often much more coloured, and become 2 bright orang®
yellow. .

On these plots the leaves do not ripen off and obtain the
general yellow flaccid appearance presented on the moOr®
healthy ploFs when the crop is ready to lift ; instead, the outer
%ea,ve‘s begin to die and shrivel up quite early in Qctober';

e edges of the leaf.

The destruction appears to be due to g leaf-spot, fungus,
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Uromyces betee, and to a Torula, which is abundantly developed
on the mangolds on the plots receiving an excess of nitrogen
but is not present elsewhere in the field.

Thus, towards the end of October the plots receiving the
Gxcess of nitrogen present a very unhealthy appearance; a
large proportion of the plants seem scorched and withered as
regards the outer leaves, and only show a cluster of small dark
green active leaves at the heart.

'_.I‘h.e above appearances are not confined to the plots
receiving very large amounts of nitrogen; it is rather a
question of the relative exeess of nitrogen as compared with
the quantity of available alkalies, especially of potash, Thus
the plants on Plot 1 AC are particularly bad, as they receive
the maximum amount of active nitrogen in addition to the
dung, whereas the plants on Plot 2 AC, which receive the
same nitrogen but also sulphate of potash, are comparatively
healthy. The plants receiving nitrate of soda as a source of
nitrogen show less damage than those receiving an equivalent
amount of nitrogen in the shape of ammonium-salts. Super-
phosphate, in the absence of alkaline salts, seems to increase

rather than diminish the injurious effects.

B. Efect of Mineral Manures, The effect of the different
mineral constituents of a manure upon the mangold crop can
be seen by an examination of the results yielded by Plots 4,
5, and 6. Plots & receive superphosphate only at the rate of
392 1b, per acre, Plots 6 receive 500 1b. per acre of sulphate
of potash in addition to the superphosphate, while on Plots ¢
the other alkalies which are taken up by the plant are added
in the shape of 200 Ib. of sulphate of magnesia and 200 1b. of
common salt per acre. In the cross-dressings of nitrogenous
manures it should be noticed that all the plots in Series N
receive soda through the use of nitrate of soda, whereas the

other nitrogenous dressings, being either ammonium-salts or
rape cake, provide no appreciable amount of alkaline salts.
Table XL. gives the results to 1912, and the following

diagram (15) shows these results set out in a graphic form, for
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Plots 8, 5, 6, and 4; the first colummn in each wroup *'*‘_I"’.'“*Tiﬂz:
the mean crop for twenty-zeven years on Plot X, !‘f‘f-’f‘*‘““.—j‘ of
mineral manures; the second column represents the rop "f
Plot 5, receiving superphosphate only; the thivd, that o

Tons
perAcre.
25 —— R ,— LB
20 - e -
15
10
)
: w75
758
Vi
Zi{‘;
X -
Series 0 A C AC
With With With, With wl’:;hk‘2 s
No Nitrogenous Nitrate mmanium Rape-cake. Rape-ca
Manurs. of Soda. Salts,

Ammonium Salté

# h,
Dho Minerals. Superphosphate. Superphosphate I Superphosphate, Potas
%

and Potash, Magnesia and Soda-
Fie. 15,—Mangolds. Effect of various Mineral Manures, Average
Produce of Roots per acre, 1876-1909. ¢

Plot 6, with potash in addition to the superphosphate ; and
the last column represents the crop of Plot 4, which receive®
superphosphate and all the alkalies — potash, magnesia, and
soda. The four plots in each series are grouped together. To
the first group (O) no nitrogenous manure is applied; in the
second (N), nitrate of soda ; in the third (A), ammoninm-salts s
in the fourth (C), rape cake; and in the ffth (AC), rape cake
and ammoninm-salts, are respectively the sources of nitrogen.

A first inspection of the diagram shows that superphosph’aff
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p'roduces but little increase of crop except when used with
nitrate of soda; the average increase of crop due to superphos-
phate on Series A, AC, and C, where ammonia or rape cake is
the source of nitrogen, is only one ton per acre, whereas the
average increase it causes where nitrate of soda is used
amounts to 5'1 tons per acre. This latter result demonstrates
that phosphoric acid is necessary for the proper development
of the mangold plant, but that in the absence of alkaline salts
on the ammonia and rape cake plots it cannot exercise any
sensible influence.

The great increase of crop comes as a rule when potash is
added to the superphosphate : the crop on the plots receiving
ammoninm-salts rises from 7'04 to 14'08 tons per acre; with
rape cake the rise is from 1078 to 1928 tons per acre; with
rape cake and ammonium-salts the increase is from 968 to
2342 tons per acre. Only with nitrate of soda as the source of
nitrogen is there no increase for the addition of potash, the
crop being practically equal on the two plots 6 and 5, with and
without potash. The necessity of potash for the mangold crop
is still more strikingly seen in the seasons of large crop : where
no potash is supplied in the manure the plant has to get as
much as it can from the reserves of potash contained in the
soil, and, as it is difficult to accelerate this process, the crop on
these plots cannot make nearly such good use of favourable
conditions for growth as the crops which have a large amount
of potash at command. For example, in 1900 the addition of
potash to superphosphate and ammonium-salts raised the crop
from 120 to 28'2 tons per acre, and on the plots receiving rape
cale and ammonium-salts the rise was from 149 to 37°5 tons
per acre. ‘

A further inspection of the diagram shows thas the addition

of magnesium sulphate and salt to the plots receiving potash
osphate, as represented by the last columns in the
about a further small but perceptible increase of
crease is proportionately more for the larger
bable cause is that the 400 Ib. of soluble

and superph
figure, brings
- crop, and the in
crops. The most pro
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salts, the magnesium sulphate and sodium chloride added to
Plots 4 but not to Plots 6, though providing no direct pimﬂl
food, yet so assist to render soluble the reserves i the soil and
to economise the supply of potash, that the crop recetves an
indirect benefit equivalent to an addition of the more indispel
sable elements of nutrition.

The great effect of potash, and to a less degree of the other
alkaline salts, upon the mangold cropis very striking. and is 10
be correlated with the fact that the mangold is essentially @
sugar-producing plant, and that large supplics of potash 5¢™
to be essential to the processes in the plant which result in the
formation of sugar and similar carbohydrates.

Doubtless the long period over which the experiments have
been continued has intensified the effect, because the soil of
Plot 5, which has received no potash for at least fol‘t}’-Seveg
years, must by this time have been very thoroughly exhauste
of available potash. The poor returns of Plots 5, receiving “O]
potash, have been progressive, getting worse each year a3 the
initial stock of potash in the soil has become more and more
exhausted. For this reason, the farmer taking his mang0)
crop in rotation need not expect to find an addition of pO'ﬁaSh

. . . ve
produce such a very large proportionate increase as 18 her
manifest.

The effect of potash and of the other saline manures 15
plainly visible in the appearance of the plants themselVes
On the plots receiving potash the plant beging to ripen earlys
the leaves turn yellow and become flaceid, so that in Octoberl
these plots may be seen outlined from the rest by their lighter
tint at any distance from which the field can be viewed. L2@
ripening effect and the lighter colour are even more ﬂbpparent
where the complete mineral manure, containing also magnesium
sulphate and salt, has been applied, than where potash has
been used alone. On the contrary, the plots receiving no
potash show all the signs previously described as indicating &%
excess of nitrogen—the premature death of the outer 16aves
and the dark green, curled, and unhealthy appearance of the
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remaining tufts of small leaves, which show no signs of
completing their growth however prolonged the season may be.

C. Comparison of Nitrate of Soda and Ammonium-salts as
sources of Nitrogen. 1t has already been pointed out that the
plots of Series N cross-dressed with nitrate of soda, give
better crops than the corresponding plots of Series A, which
receive the same amount of nitrogen in the form of ammonium
sulphate and chloride. This is particularly the case on Plots
9 and 8, where no potash is added, for the soda of the nitrate
of soda seems to supply the alkali needed by the plant, or at
any rate enables it to utilise the reserves containgd in the
soil. - The superiority of nitrate of soda is, however, also very
evident on the other plots receiving potash or the complete
alkaline salts. Taking the mean of Plots 1, 2, 4, 6, and 7, and
comparing Series N and A, the crop obtained with 86 lb. of
nitrogen in the form of nitrate of soda exceeds the crop of the
corresponding plots in the ratio of 100 to 89. On the
Rothamsted soil nitrate of soda always gives rather a higher
return than ammonium-salts, but not quite to the same extent
with other crops as with mangolds; the superiority of nitrate
of soda is, however, not so marked as to suggest any specific
affinity of mangolds for nitrate of soda, lovers of saline matter

and of nitrates though they are.
The cause of the superiority of the nitrate of soda is

probably to be found in the different character of the growth it
induces ; being freely soluble in water and not retained in any
way by the soil, it sinks more readily, with the result that the
plant develops a longer and deeper root-system to follow the
nutriment. Ammonium-salts, on the contrary, are immediately
absorbed by soil of the Rothamsted type, and are retained
very close to the surface ; the plant in consequence develops a
root-system correspondingly mear the surface, and does not

search the subsoil so thoroughly for either food or water.
The appearance of the mangold crop when it is ready to lift

also confirms the opinion expressed above, that the superiority
of the mitrate of soda is partly due to the increased root-range



108 EXPERIMENTS UPON ROOT-CROPS

it induces. If we compare the plots receiving potash, viZ., 1
6, and 7, those which are cross-dressed with :unm«iminm~s;11ts
are dead ripe and the leaves all yellowing off, when the (_‘m‘.l‘t“’
sponding nitrate of soda plots are still areet aned growinyg
vigorously. The droughts and heat of the summer and the
autumnal fall of temperature all have a ereater effect on the
more shallow-rooted mangolds grown with :Unn)(H'lillll'l‘ﬁﬂhﬁ?
and bring their growth to an earlier conclusion; the PrY”
longed growth with the nitrate of soda helps alzo 1o explain
the greater weight of produce on these plots, I, howeveh
we comppre the appearances presented by the mangolds growh
with nitrate of soda and with ammoninm-salts on Plots b and
8, where the manure contains no potash, the nitrate of soda
plants are far healthier and more mature. In this case the
nitrate of soda seems to be also able to do some of the work ‘?f
the potash, both by enabling the plant with its extended 100"
range to draw more freely upon reserves of potash in the soil
and subsoil, and also by the soda acting itself as a POmSh
substitute, or perhaps more correctly, as a potash economise™
Here, with no potash supplied, the superiority of the Pl?ts
receiving nitrate of soda over the corresponding plots with
ammonium-salts has heen a progressive one, increasing from
year to year; while the relative effect of nitrate of soda and
:jxmmonium-sa,lts when potash is also supplied in the manur®
1s constant, or only varies with the character of the seasons:

D. Efect of Nitrogenous and Mineral Manwres when uséd ™

Conjunction with Dung. Tt hag already been indicated that the

crops on plots receiving dung are on the aver

age much petter
tlian those gr

¢ grown with artificial manures only. To a larg®
exte.nt‘ this is due to the improvement in the texture and wate!”
retalning capacity of the soil, which has been effected by the
repeated application of farmyard manure, The seed alway®
germinates better on these plots and grows away at an earliel
date, so that in some years of great heat and drought, like
1895 and 19,01’ & Crop is obtained on tile dunged plots wheD
the plant fails almost entirely on the plots receiving no organic
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manure. Even when the plant does not entirely fail it has
been often noticed that, if a spell of hot weather comes in the
early part of the season, the plant on the dunged plots will be
growjng vigorously when that on the other plots is still
struggling for existence. Later on, when all the plant is
established, the differences are not so marked, and in favourable
seasons the crop on the plots manured with artificials rivals
the crop grown with dung, if due allowance be made for the
larger amount of nitrogen actually supplied to the dunged plots.

The right-hand portion of the diagram Fig. 14, page 101,
‘shows the effect of the successive additions of other nitrogenous
manures to dung.

Considering first the crops on Plot 1, in each series (see
Table XL., page 98), we find that notwithstanding the large
amount of nitrogen which the dung supplies, and its accumula-
tion in the soil, yet dressings of quickly-acting nitrogenous
manures will still bring about an increase of crop. The
amount of nitrogen annually supplied to Plot 1 O is much
greater than is removed by the crop, hence there must be a
considerable accumulation of nitrogen from year to year in the
soil of this plot. Nevertheless, these reserves cannot become
active quickly enough for the needs of so rapidly growing a
plant as the mangold, bence the increase which is seen wh?n a
further addition of active nitrogen in the shape of ammonium-

salts or of nitrate of soda is made. .
When more than 86 1b. per acre of nitrogen is added, as on

Plot 1 C, which receives 98 Ib. of nitrogen as rape cake, or
as on Plot 1 AC, which receives 184 lb. of nitrogen as rape
cake and ammonium-salts, no further increase of crop is seen,
the average remains stationary at 24 tons per acre. The crop
has, in fact, attained its maximum, and 1s lm.nted, not by t.he
amount of nitrogen and other planb fOOd. available, but b).r ;zs
restricted period of growth, or by a scarcity of water, sunlight,

’ f.
and other factors of developmen ‘ .
Turning to a comparison of Plots 1 and 2, some interesting
s oo both receive a similar dressing of

results are to be seen;
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14 tons per acre of farmyard manure every year bat for th
. s e o1y

first nineteen years of the experiment, from 1876 to 1894,

Plot 2 received in addition 34 cwt. per acre of st'q;mrphusph:ut.

Tons

perhcre. 1876 - 94 1895 - 1902,
30 - PR

25

20

i‘;E“AC

2 Dung Dung.Superphospha-'“-'f
i only. and Potash (7 years)

. Series 25 N A C AC
Dung  BZADung and Super-
only. phosphate (19 years)

Fie. 16&:Mangolds. Effect of addition of Mineral Manure to Dung,with various
itrogenous Cross-dressings, Average Produce of Roots per acre.

From this first period we can ascertain the effect of SUPe*”
phosphate as a supplement to dung. In the second Period’
which begins in 1895, sulphate of potash has been added
the superphosphate on Plots 2, s0 as to institute 2 €07
pari.son ].oetween the effect of dung alone and of dung in
copjunction with potash and phosphates, The results are
set out graphically in the accompanying diagram Fig. 16.
The le.ft-band half of thig diagram shows the first period, when
dung is compared with dung and phosphates. The right-hand
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half of the diagram refers to the second period, 1895-1902,
when potash was being used on Plot 2,
The dotted columns in the diagram represent the crops on

Plots 1, where no mineral manures are used with the dung ; the
cross hatched columns represent Plots 2, to which in the first
period superphosphate was added; the black columns the
same Plots 2 in the second period, when potash was also being
employed. Each of the pairs of columns represents a different

nitrogenous cross-dressing.
From the left-hand half it is evident that superphosphate

when used with dung has produced no effect upon the crop
during the nineteen years of the first period. With no other
nitrogenous manures, or when nritrate of soda is used as a
cross-dressing, there is a small increase from the use of super-
phosphate, but it seems to cause even a falling-off when added

to ammonium-salts or rape cake and dung.
Turning now to the effect of sulphate of potash when added

to dung, as represented by the right-hand diagram in Fig, 16,
we find that the potash produces a very marked effect. During
this last period the crops on Plots 2, receiving potash and

phosphates, have been much superior to those on Plots 1,
receiving dung alone; although in the earlier period, .When
phosphates but no potash were used on 2, the two series ‘_)f
plots were practically equal. The increase caused .by pot.ash is
naturally most seen in Series O, A, C, and AC; in Series N,
which is cross-dressed with nitrate of soda, much less benefit

is seen for the addition of potash. o
Considering the large amount of potash contained in dung,
and the enormous residue which must have accumulated by
the yearly application of 14 tons per acre f01' the last forty-sevm;
the result is very striking, as showing the dependence 0
dant supply of potash. The appli-
is generally considered to supply
e need for any further specific
n to o0 potash-loving a Crop as
s show that even when dung

years,
the mangold crop on an abun
cation of farmyard manure
sufficient potash to remove th
manuring with potash salt,is, eve
mangolds, but these experiment
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supplied tn Manure. 1In view of the large amounts of nitrogen
applied in the manures, it is important to consider what
proportion of each of the different nitrogenous compounds
is recovered in the crop.

It the soil has suffered no loss of nitrogen, then the whole
of the nitrogen removed in the crop must have been derived

TABLE XLI[.—.Ma‘/zgost. Lolation between the Nitrogen recovered
w Crop and that supplied in Manure.

Nitrogen.
35
i 1.
. 2 g £
= Hd 59 ashs | 2
Sorles, Cross-Drossings, & g 88 |~ 2= g.% g
&e 8 | o= 1305 §58
gf‘z’ 8; g.: 228 geg
e 57 Py g = ]
<& &5 £ |&=g 8
£ |EEE| 23
& @

Plots 4.-—Superphosphate, Sulphates of Potash and Magnesia, and Common Salt. f

) Tons, | Per cent. Lib, Lb. Per cont.
Nitrate of Soda, 550 Ib. =86 lb. N, . | X7:95% | 0°164% | 672 | 86 78°1
Ammoninm-salts, 400 Ib. =86 Ib. N. . | 15°12* | 0-145* | 493 88 578

=7

C | Rape Cake, 2000 Ib. =98 Ib. N, and Am-
monium-salts, 400 lb. =86 [b. N. o | 244911 | 0°1841 [ 1030 | 184 56+0
0148 | 694 | 98 709

Rape Cake, 2000 1b. =98 1b. N. . . [ 20095+
Plots 1.~Farmyard Dung, 14 tons.

O None . . . . . . .| 17-44 | 0°162% | 63:3 200 316
N Nitrate of Soda, 550 Ib. =86 Ib. N. .| 2474 | 0°209% (115°8 | 286 40°5
A Ammonium-salts, 400 1b, =86 Ib. N. . [ 2173 [ 0217 | 1056 | 286 369
AC | Rape Cake, 20001b, =98 Ib. N, and Am-

monium-salts, 400 lb, ==86 Ib. N. .| 2405 | 0°241% (129-8 | 884 33-8
C Rape Coke, 2000 1b. =98 1b. N. . .| 2896 | 0207 | 11171 298 378

* Average for 21 years, omitting 1876-7, 1885, 1895, 1601-2.
t Averaga for 22 years, omitting 1876-7, 1885, 1901-2,
T Percentage calculatod from 9 years, 1875-52, 1807-1900.

from the manure, and on that assumption the percentages
given in the table above are calculated. In calculating the
amount of nitrogen recovered each year no account has been
taken of the leaves, because they are returned to the soil and
their nitvogen is not removed from the land; if both leaf and
root were taken into account the recovery of nitrogen for any

single year would be very much greater; indeed in some
seasons when a big crop is grown more nitrogen is removed in
H
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the roots alone than was supplicd in the form ot m:t!l.m‘&
Table XLIT shows the nitvogen supplicd and removed fm!l‘l
Plots 4, where there was o full snpply of mineral panures,
and from Plots 1, where dung was used with nitvopenots
manures, ,

The results show that both the nitrate of soda and the 1ape
cake are very effective manures, about three-guariers of ill(j
nitrogen they supply each vear being recovered in the f_““&’
removed from the land ; the ammoniam-salts, and ;unmm‘llu.m;
salts mixed with rape cake are less effeetive, the recovery hcm%
between 50 and 60 per ceut. of that applied. On the plov
receiving dung, the proportion of nitrogen recovered at once
becomes very much less, sinking to about one-third of that
supplied in the manure. It is known that there is o very 1arge
accumulation of nitrogen in the soil of thesec continnousty
dunged plots, though not sufficient to make up all the difference
between the nitrogen supplied and that removed in the CI'OP'
Of the nitrogen unaccounted for, some has heen washed 2%
nitrate into the subsoil, and some liberated as nitrogen gas by
the agency of bacterial changes.

Thus, when dung and nitrate are used, 1158 1b. of nitroge”
is recovered in the crop as compared with 63-3 1b. recover®
from the dung when used alone: if we deduct the 633 Ib,,‘aS
due to the dung, from the 1158 1h. we obtain 525 1b., which
may be taken as the return from the nitrogen of the nitrat® 0
soda when it is used in conjunction with dung. This amou?ts
to 61 per cent. of the 86 Ih. of nitrogen supplied, a pl'OPOYblon
which compares favourably with the proportion recovered frot
nitrate of soda when used with a mineral manure only, if we
talce into consideration the fact that a much bigger crop 18 being

3 . - - 3] > *
grown with the two manures in conjunction than with eith¢’

singly ; and, as we have seen before, it is the smaller

application®
of manure which

give the best proportionate returns.
These results, showing the large proportion of the nitrogen
of nitrate of soda and other nitrogenous manures that 1°

recovered, even when they are used in large amounts with
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dung year after year on the same land, lend no colour to the
Opinion that in ordinary farming there is likely to be serious
loss of nitrogen by “denitrification ”* when nitrogenous manures
and dung are used together. The soil is probably always
suffering losses of nitrogen in the gaseous state through various
bacterial changes, and these losses will increase the higher
the condition of the land becomes and the more nitrogenous
bodies of an easily decomposable nature are present. But
there is no evidence in the Rothamsted mangold experiments
to support the view that specific and excessive loss will set
in when dung and nitrate of soda, or other active nitrogenous
manure, are used together.

G. Zhe Composition of the Mangold Crop as affected by
Manuring. In many of the years during which the mangolds
have been grown. determinations have been made of the
amount of sugar contained in the roots from the different
plots, sugar being the chief constituent of the dry matter of
the mangold and the main element in its value as food. Table
XLIIL gives a summary of the resnlts obtained in 1900 and

1902, years when crops were obtained above the average both
in regularity and magnitude. In the various columns are set
out the average weight of the roots, the proportions of dry
matter and of sugar, both the glucose or reducing sugar and

the more important cane sugar, also the dry matter and sugar
in pounds per acre on each plot. Other columns give the
quotient of purity, by which is meant the percentage of cane

sugar in the dry matter, and the glucose coefficient or the
relation per cent. of the glucose 0 the cane sugar.

It will be at once seen that the variations in the composi-
tion of the roots are small compared with the variations in the
yield from plot to plot; the average weight of root varies
from 071 to 395 lb,, but the proportion of dry matter only

fAluctuates between 153 per cent. and 109 per cent. In the
main the root grows as a whole from a very early stage,

i o oin Sl intaini ir iform composition,
increasing in size but maintaining a fairly uniform p
* See p. 219.
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If one or other clement necessary 1o the nutrition of
be lacking, the root ceases to swell iustead of
composition to meet the deficiency,

the plamt
altering its

Tapre XLUL—Composition of Mangold Roots.  Meen of £ Season?
(1900 and 1902).

e
- . Supar e RS
Qeeple Nitrogen  Avirase e JE———
nnl]4 wri;:”“ ; \"n:;im, ‘,l!:“:'f}:’:.r § | Ountiont Clnense 1 posal
Plot. Mapure, | Hoote, | T eluclugd Cane Tar Ten ‘d!n‘::)vr- ST
3 i Purity, | eflivient, : ’”‘Mwwi
} B .
T.h, Lb.  Pereent,’ Per eent, | Perront, Lo .‘,q'l
LR00 R P ABT 0BE | Ses | aeg | ued i s
21wyl 281 L 1303 1 gy S N 0o AN ‘?:n
0441 .. 074 L 1488 (e D7 e 24 2k iiiais
Ls 076 | 1525 021 | 105 | 7141 ) 28081 0ohs
6 071 | 15-30 ’ 023 | 11-02 740 2 2074 )
{
, IR
1 286 365 | 1187 | 0-38 742 625 51 s 2:;70
9 | 256 05 1163 0 042 | 647 | 555 65 oS 4072
Nid4| 8o 16 1 1177 0 023 | 788 | 649 3+0 7600 5073
51 8 | 247 | 1187 | 042 | 710 | sos | 50 6620} re
6| 86 | 2ed | 1247 | 026 | 776 | 622 | 3 7809
| 3328
1| 286 | 2:89 | 11740 1 025 | 687 | 603 | 30 6368 ﬁ?m
20286 | 322 | 1100 | 025 (700 | o | pw | S| Yos
Ada | 86 229 (1275 | 027 | 810 | 635 | 83 6487 | Yra)
51 86 110 | 1269 | 017 | 779 | 61-¢ 2 2950 4498
61 8 941 | 1343 | 025 | 881 | 656 2-8 6877
ai38
1| 384 274 | 10:04 | 023 | 570 | 521 10 629 %101
21 384 359 | 11'83 | 024 630 533 38 9819 w140
AC-4 ) 184 372 | 1160 | 025 | 674 | 581 37 0532 1839
[5 184 130 | 1186 | 018 | 685 | 578 26 3218 525
6| 184 307 | 1170 | 026 7-08 605 37 8739 -
) £22
1] 208 286 11-87 | 033 729 614 4% 7382 ﬁ‘s'gl
2| 9298 320 | 1304 | 028 7:92 607 35 9579 2127
Ci4 98 325 | 1205 | 032 776 §d 4 4-1 7997 "193
to 98 125 | 12:84 | 095 7:95 610 31 3561 2904
8 98 269 | 1294 | 0-44 898 83-8 53 77090 4

ich
There are, however, certain differences in composition whic™

if not large, are regular, and brought about by the differen®®”
in manuring. Dealing with a series of roots which receiv® ar
ample supply of mineral constituents, as on Plots 2, 4, OF 6, 1
size of the.root and the proportion of water rise with ead

addition of available nitrogen. The smallest and richest roots
are those grown without nitrogenous manure, the largest &%

fnost‘wa’cer'y are those where nitrate of soda is used in €O
Junction with dung. The roots grown with ammonium-sa1ts
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or with rape cake as the source of nitrogen are less watery
than those grown with nitrate of soda, rape cake producing
the richest roots for their size. Ag regards its effect both on
f:he magnitude and composition of the crop, 200 Ib, of nitrogen
I dung are less effective than 86 Ib. in nitrate of soda or 98 Ib,
In Tape cake, and have about the same value as 86 Ib. of nitrogen
In ammonium-salts,

It has already been noticed that the use of ammonium-
salts promotes an earlier maturity than does nitrate of soda;
this is seen in the generally higher “quotient of purity ” of the
“A”as compared with the “N” series. The glucose co-
efficient is correspondingly lower in the “A ” series. Excess
of nitrogen has the same effect as the substitution of nitrate of
soda in lowering the quotient of purity and raising the glucose
coefficient. For instance, Plot 2 N gives a quotient of purity
of 555 as compared with 64'9 and 622 on Plots 4 N and 6 N,
which receive the same mineral manures but not the extra
nitrogen of the dung on Plot 2 N; similarly, the glucose co-
efficient is 6'5 on Plot 2 N and only 3'0 and 34 on 4 N and
6 N. Again, all the plots on the AC series, receiving both
rape cake and ammonium-salts, show worse results as regards

purity than the corresponding plots op either the A or the C
series, which receive only onme portion of the nitrogenous

manure on series AC.
The dependence of sugar-formation upon potash is well

seen by comparing the weights of sugar per acre produced on
Plots 4 or 6, receiving potash, with the corresponding weights

from Plot 5, without potash; or by comparing Plots 2, where
dung, nitrogenous manures, phoéphates, and potash are applied,
with Plots 1, which receive dung and nitrogenous manures only.
To this latter statement the nitrate Plots 1 and 2 afford an
exception. As a rule, however, the percentage of sugar in the
root is little if at all increased by the use of potash; the effect

comes from the increased crop, and is apparent in the amount
The quotient of purity is, however,

of sugar grown per acre. v
better on Plots 4 and 6, with potash, than on Plots 5, without
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potash; but this effect of potash in inducing the riprning of
the mangold is not visible in the dunged plots.

Although the analyses which bave been made of the nitro-
genous constituents of mangolds ave not yet wholly ~atisfactorys
certain resalts are apparent.

As regards the total nitrogen, the proportion present n
the root reflects the supply of nitrogen in the manure and
as the roots get larger and more watery with the use of
pitrate of soda or any excess of nitrogenous manure, 50'
also does the proportion of nitroven rise in the substance of
the root. ~ As to the forms in which the nitrogen is combined :
the proportion of nitrogen in the protein condition, whether
soluble or insoluble, is at its highest in the plants which
are nitrogen starved, and falls to its lowest point wher®
nitrate of soda or any excess of other nitrogenous manures
are used.

The amides are also at their highest on the plots Which.
show immaturity becanse of the use of large quantities v
nitrogen, and especially of nitrate of soda; on the contrarys
the use of potash at once diminishes the proportion ©
amides. The proportion of nitrates present is less affecwd
by the manuring, but it is highest when an excessive amoun?
of nitrogenous manure is used, or when nitrate of soda suppli¢®
the nitrogen in the manure, and is usually diminished DY the
use of a free supply of potash,

Spe?{dfing generally, then, it will be seen that though th°
composition of mangolds is not greatly influenced by mapurine
yet cgrtain factors go together. Highly nitrogenous manui®
especially when the nitrogen is in the form of traxitrate of sodd
?roduce large and watery roots, whose immaturity is reflect®
bigh comont of mtpogounns momylh gtcoss confients
oroportion is in theg;ﬁ:}gs ?attef’S, of Whlc%l again a 13{1{;6
nitrogen is in cxcen, oo, tho ar.mdes and nitrates. If -

© mineral manuves are deficie?

ﬂ;ese dlf}:}l‘erences are intensified, whereas an abundant supPly
of potash tends to produce a more normg] root
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Pracricar Concrusions

Looking at the results of the experiments at Rothamsted
on the continuous growth of mangolds with various manures
for over forty years, from the point of view of the practical
farmer the following general conclusions can be drawn :—

. 1. Mangolds can be grown continuously on the same land
Without injuring the tilth of the land or the health of the crop.
2. A liberal dressing of farmyard manure forms the best

basis of the manure for mangolds.
3. The crop will further respond to considerable additions

O.f active nitrogenous manures to the dung, particularly of
nitrate of soda.

4. A free supply of potash salts is essential to the proper
development of the mangold, hence a specific potash manuring
is desirable even when dung is used in large quantities, and
on a strong soil initially rich in potash. When nitrogenous
manures are used in addition to dung, the potash salts should
be increased pro ratw, in order to maintain the health and

feeding value of the crop and to bring it to maturity.
5. Superphosphate or other phosphatic manure is less

necessary with dung, especially when the crop is grown in

rotation.
6. Since soluble alkaline salts are beneficial to the mangold

crop, either as direct foods or as economisers of potash, &
dressing of salt should always be included among the manures

for the mangold crop.
' [I.—ExpPErIMENTS vponN TurNIPS, BARN FIELD, 1843-70.

The experiments upon turnips may be divided into four

series, the two earlier dealing with Norfolk white turnips, the
two later with Swedes, The chief difference between these
two crops lies in the greater proportion of leaf and the more

watery nature of the white turnip. '
Tt will not be necessary to give the results obtained in the
first tria] 1848-b, but the three later experiments were $eb out
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on practically the same lines as have been maintained for the
mangold crop to-day, and are summarised in T able XLI.V.

These results show the great dependence of the turnip crop
upon the supply of & phosphatic manure like superphosphate,
whereas there seems but little need of any external supply of
alkaline salts when turnips are growing on a soil like that of
Rothamsted. The crop was increased by each addition of
nitrogen, but the increase was not large, and affected the 1§af
more than the root. Until the soil had become depleted of 1ts
available nitrogenous compounds by repeatedly growing the
crop without any application of nitrogen, superphosphate alone
without any nitrogenous manure gave rise to a comparatively
good crop. The value of superphosphate as a manure for
Swedes and turnips of all kinds was found to lie in the
extended root-development it induced, especially when the
plant was young. It was from these early experiments that
agriclturists first learnt how essential were phosphatic
manures to the growth of turnips, and the fact that the
manure for turnips should consist of superphosphate in the
main with but little nitrogenous manure, soon passed into
the common stock of farming knowledge and is universally
acted upon to-day. At the same time the success of super-
phosphate manuring for Swede and turnip crops led to an
enormous development of the manufacture of superphosphate
from mineral phosphates, which was then beginning under the
patents taken out by Lawes. '

In the earlier years but little return was obtained for potash
manures, but as the plots continued to be cropped with nitrogen
and phosphoric acid but without potash, the soil became
gradually depleted of available potash and the potash manures
began to show large effects.

z}s has. already been mentioned, it was soon found necessary
to discontinue the attempt to grow Swedes year after year on
the same land. The soil at Rothamsted is not very well

suited to the crop, being heavy and awkward to work, and in
consequence of the use of saline m

anures and the restricted
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TapLg XLIV.—Zurnips grown in Barn Field, Rothamsted. ' Produce

of Roots per acre per annum.

|

—
Cross-Drossings,
¥ 0. J N. ] A. AC. I C.
Strip, |
Strip Manures. B - . ;
=|5.1% S| %
2 fope =83 5 & P9
—_— 5|5 q 2| &
—_— Norfolk White Turnips, 4 seasons (1845-48).
Ni Lb. | Lb. | Lb. 4 Lb. | Lb.
itrogen per acre in Cross-Dressings . . N 45 1 135 -] 90
g {
3 | g Cwt. | Cwb. | Owt.| Cwt. | Cwt.
4 | grpsum,1845; afterwards Unmanured (av.1846-47-48) = 24 | ... | 27 | 110 131
5 | Quberphos. each year; Pot., Sod.,and Mag., 1847-43 | 161 | ... (195 | 205 |222
8 Uperphosphate.” . . . . . . .[1l76 195 | 201 | 218
7 } Superphos. each year; and Potash in 1847-48 . . j 160 | ... | 196 | 207 |217
—— Swedes, 4 seasons (1849-52).t
- Lb. | Lb. { Lb. f Ly, | Lb.
ﬁf?gen per acre in Cross-Dressings o e | | 43 ] 141 98
3 No § - Cwt. | Cwt. C}\;f Cwt. | Cwt.
0 Standard Manure, 1846 and since . . .| 46| .. 1140 | 154
§ S“Perphos.. Sulphuteé Pot. and Mag., and Soda-ash | 157 | ... 1§9 261 :347
G} Uperphosphate . . . . . . L1149 | ... 174 ) 224 0210
7 §| Superphosphate and Sulphate Potash 136 | ... | 174 | 248 | 234
Swedes, 5 years (1836-60).1 f
. - Lb. | Lb, | Lb. | Lb. | Lb.
_Iilgo?ff‘ per acre in Cross-Dressings . . ; 43 | 43 51 8
1 4t - J Cwt. | Cwt. fé\z)t; gg; f‘;\;
> ons Farmyard Dung . . . . . 145 | 156 ?
3 IN 0. 5 and Superphosphate . 155 | 152 | 191 171 (119
4 0 Standard Manure, 1516 and since . .| 17 24| 21} 80 | 2¢
5 omplete Mineral Manure . . . e . [106 124 [130 | 134 | 95
§ | Superphosphate. . . . . . 796 {123 |108 | 119 | $6
7 perphosphate and Sulphate Potash . . .| 8211081129 128 | 9l
8 Uperphos., Sulph. Pot., and 36} Ib. Amm.-salts . /100 116 | 143 | 152 | 111
o Standard Manure, 1853 and since . . [ 39| 48] 34 46 | 59
e e : B
\\x»—jvedes, 10 years (1861-70).
Ni Lb. | Lb. | Lb. | Lb. | Lb.
&)gen per acre in Cross-Dressings . . . 86 | 86 | 184 98
1y h Owt. | Cut, [Cws. || Cwt Gut.
ons Farmyard I . . . . . .| 143 [ 177 (184 | 21 2
§ S;Ii-l' Hne and Superphosphate . 143 | 183 | 190 | 210 19?
4 é\Io Standard Manure, 1846 and since . - +{ 11/ 21} 13} 89 g;
5 uperphos. only ; previously Complete Minerals . | 532|115 |100 | 158 |13
8 uperphosphate . . . . . . . .| 49 103 | 81 [ 138 | lf‘d
7 | p 0. ; previously Sulph. Potash also . | 45 1105 | 88 | 150 ;gg
8 NO.: previously Sulph. Pot., and 364 Ib. Amm.-saltsalso| 49 | 104 | 95 | 156 e
o Standard Manure, 1858 and since . . .| 22| 85| 23/ 104 o
; l\}rl %\a 5 years (1856-60) tho Nibrogen was applied 8 Nitric Anid mixed w.bh sawdusb
NO Cross- i i 51 or 1959 .
e o ongs apDliod In 1801 or 1552, ps of 1850 and 1860 failed.

$ Avernge produce of 8 years only (1856-55), as the Cro
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root-range of the plant, a satisfactory 4ilth on some of the

plots became so difficult to establish that a good plant ravely
resulted.

Pracrical CoNcLusioNs

1. The experiments show that Swedes and white turnips

cannot be grown repeatedly on the same land, or even ab short
intervals.

2. The manuring for Swedes must be liberal, as the )’ielnd
is much more quickly affected by poverty or exhaustion M
the soil than is the case with the other crops of the farm.

3. Although under favourable conditions Swedes can De
grown with artificial manures only, yet they are so dependens
on a good tilth and on the retention of moisture in the surface
soil that the manuring should begin with an application of
farmyard manure, unless the land is already in high condition.

4. Since Swedes grow at a warm time of the year and
receive much cultivation of the soil, nitrification is active and
the crop does not require a large amount of nitrogenous
wanure. In the absence of dung, about 2 cwt. per acre of
some nifrogenous manure like fish guano or rape dust, together
with 1 cwt. per acre of sulphate of ammonia, will be sufficient.
When dung is used, the latter only is necessary. For the
shallow-rooting Swede crop sulphate of ammonia appears tO
be a better manure than nitrate of soda.

5. The phosphatic manuring is most important, and should
con_mst of 3 to b cwt. of superphosphate or an e'quivalent of
basic slag in the case of strong soils. Only on the lighter

E}Oﬂs Wﬂl. potash bhe required ; about 8 ewt. of kainit per acre
in the winter may then be used.

ITL.—EXPERIMENTS ON THE CONTINUOUS GRowrw 0F POTATOES
ON THE SAME Lawnp, Hoos Firrp, 1876-1901.

These experiments were commenced in 1876, and went on
for twenty-six seasons untjl 1901,

Rock.” £ The varieties grown were
-t QC 3 < .
) FOUT years; “Champion,” eleven years; * Sutton’s
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gbundance,” five ”years; “Bruce,” one year; and ‘ White:

theauty of Hebron,” 1897-1901. The question was not as to

soft Comparative merits of different varieties, but different

S were selected on the supposition that in growing the crop:

g: a;lgfter year a change was desirf%ble, especially WiFh a v‘iew"

Was g aVOIdfln?e or Iessenn;}g of dlS.E&SG. The special object

the Comascelt'am the manurial requirements of the crop and

parative character and composition of the produce.

Table XLV, gives the details of the manuring and the
Average produce for the whole period of twenty-six years.

TanLe XLV.—Potatoes, average yiold per acre over 26 years
(1876-1901),

T M" o
Manures pac acre per annum. Average Praduce per acre. E
[ e g
Plot,| T | B p g . B 58
S5 OSSO 2R EE |23 2R Ee & | E | i | E|GF
LA A A 5
— ! 3 o s = &
T e ———— 3
, | Per
Teng Lb, Lb. Lb. Lb. Lb Cwt. | Cwt. | Cwt. { Owt. | Cwt. | cent.
N .. le27| 38 | 09 | 9rd) 33
oy ey o wrs | a7 | 26 | sis| 47
N ¢ lsee| a7 | 7S | 951f 82
: 14 + 4+ Jgr-4f 46 [ 10°2 | 10221100
g o dgo | F Lodern] 4| 1wl 340} 41
7 550 .. 362 43 | 20, 425f 47
I8 400 300 | 100 | 100 | 35 1935) 5°1 7.1 1057 67
[ 550 | 300 | 100 | 100 | 3% |964| 4§ | 75 1087y €9
10 33 1483] 42 | 1'9 [ 344} 8%
' 300 | 100 | 100 | 33 [328] 39 | 20 f 582{ 84
— L

* Applied In tho first & yesss enly (1576-81), .
1 B'ﬁ%wt. Superphosphate also in the first 7 years (1§.b-32).
$ 550 1b. Nitrate of Soda also in the Brst 6 years (157¢-51).

.The Crop was grown continuously without manure, with
Yarious artificial manures, and also with farmyard manure, both
&%one and with some artificial manures. There were ten
dlﬁ"epently manured plots, und under each of the ten conditions
the crop more or less declined over the later compared with the
arlier years. The average produce per acre of total tubers

Over the twenty-six years was—without manure, only 274
CWt. ; with ammonium-salts alone, 3¢°0 cwt. ; with nitrate of

Soda alone, 425 cwt. ; with superphosphate alone, 944 cwt. ;
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with mixed mineral manure, including potash, 58-2 cwt. '.I‘hus,
purely nitrogenous manures yielded less than purely mmer:cﬂ
manures, indicating that the potato finds a difficulty m
obtaining ash constituents rather than nitrogen from an
impoverished soil.

By superphosphate of lime alone the produce was raised
from an average of 27°4 to 544 cwt.; and by a mixed mineral
manure containing besides superphosphate of lime, salts of
potash, soda, and magnesia, to 58'2 cwt. ; that is to very 1'}%16
more than by the superphosphate alone. Tt is clear that as
regards the small crops in question the land is still able to
supply sufficient available potash when it has become

comparatively exhausted of the phosphoric acid which can
reach the crop.

In reference to this increase of produce of potatoes by
mineral manures alone, it may be observed that the result is
quite consistent with that obtained with other root-crops
having comparatively shallow root-development ; and in such
cases the source of the nitrogen is chiefly the store of it in the
surface soil. The beneficial offects of mineral manures, and
especially of phosphates, are indeed observed generally with
all crops which are spring sown and have but a short period
of growth, so that they possess a comparatively superficial
root system, and are therefore forced to rely much on the
stores of food in the surface soil only.

It is remarkable that there is much less increase of produce
of potatoes by nitrogenous manures alone than by mineral
manures alone. Thus by ammonium-salts alone there is an
average produce of 84 cwt., or only between 6 and 7 cwt. more
than without manure ; and with nitrate of soda alope there is
an average of only 42'5 cwt. per acre.

With the mixed mineral manure and ammonium-salts
together, the average produce of total tubers was 1057 cwt,.,
and with the mixed mineral manure and nitrate of soda, 1087

ewt. per acre. The better result from the nitrate of sods is
doubtless due t,

0 1ts nitrogen being more immediately available
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and more rapidly distributed within the soil, thus inducing a
ore extended development of feeding root. The average
Produce by the mineral and nitrogenous manures together, over
bwenty-six years of continuous growth, was very nearly that of
the estimated average produce of Great Britain under ordinary
Cultivation, and much more than that of Ireland.

The plots receiving farmyard manure, containing about 200
. of nitrogen, gave less produce than the mixture of mineral
Manure gpnq ammonium-salts or nitrate of soda, supplying only
86 1b. of nitrogen. In fact, only a small proportion of the
Dbrogen of farmyard manure is rapidly available, that due to
u_ndigested matter being more slowly available, and that in the
.1tter emaining for a long time inactive. Farmyard manure
18, hOWever, often applied in very large quantities for potatoes,
the progess being to a great extent one of forcing, after whi(_}h
mains 4 great amount of unexhausted mannre-residue within

the soi], !
The characteristic effect of pitrogenous manures, provided
there pe a sufficient available supply of ash-constituents, and
e?Peeially of potash, is to increase the amount of the non-
Mtrogen oyg substance—starch, in the tubers. Thus, the
Produce of starch per acre was about 650 Ib. Without. manure,
out 1350 1h. with purely mineral manure, and with nitro-
8€hous and mineral manures together about 2500 1b., or rather
More than 1 ton, In other words, the increased produce of
Starch by the use of mineral and nitrogenous manures together

Was more than £ ton per acre. ‘ _
 Since we know that a free supply of potash is essential t0
the Production of any carbohydrate like starch, it might ha_we

€0 expected that a bigger crop and an increased production
of starch would be obtained from Plot 10, receiving a complete
Minery] manure containing potash, than from Plot 9 which

ey ] i . practically no
I?CSIVGS superphosphate only. There is, however, p1 sctically
in the absence of

iffop . . i two plots;
ence in the yield from the two P ilable supplies

llltrogen and the exhaustion of the soil of its aval

°f this constituent, the small crops grown could always obtain
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a sufficient quantity of potash from the soil, as may be seen
from the fact that while the unmanured crop withdrew a?:'c.mt
21 1b. of potash per acre per annum from the soil, the addition
of superphosphate on Plot 9 raised this to 51 b, and the
further addition of potash salts and other alkaline salts to Plot
10 only increased the amount annually withdrawn to 5& 1b.

Clearly the soil, which is known to have been originally well

stocked with potash and also to contain considerable residues
from potash manurings previous to this experiment, could |
from its own vesources supply ample potash for the require-
ments of a crop averaging no more than 2 to 3 tong per acre.
Where, however, big crops of potatoes are grown with the
aid of dung and artificial manures, 1t is well known that an
abundant supply of potash salts is essential both to the yield
and the quality of the potatoes.

It is well known that season has much- to do with the
development of potato disease; and there was on the average
much more disease in the wetter seasons. As regards the
influence of manure, the proportion of diseased tubers was
the least where there was no supply of nitrogen ; that is, where
there was the least luxuriance, the most restricted growth, and
where the ripening was early developed. On the other hand,
with liberal supply of nitrogen and luxuriant growth there
was the greatest proportion of diseased tubers: these being

the conditions resulting in a juice relatively rich in nitro-
genous and mineral matters,

Pracricar CoNcrusions

1. The best basis for the growth of potatoes is a supply of
well-rotted farmyard manure, 12 to 15 tons per- acre. In the
absence of farmyard manure it should be replaced by some
manure containing organic nitrogen, ¢.g., by 5 cwt. per acre of
a good Peruvian guano, or by a meat or fish manure, or by
10 cwt. per acre of shoddy.

2. A free supply of ash-constituents is essential to the
successful growth of the potato; 3 cwt. of superphosphate
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and 1 to 11 owt, of sulphate of potash per acre should be sown
0 the drills before the seed is planted. If kainit is used as a
Source of potash, it should be sown broadcast some time before
the langd g got ready for planting.

3. A little active nitrogen is generally also needed, 1 cwt.
°f nitrate of soda as a top-dressing when the haulm is growing
or 1 cw, sulpbate of ammonia with the other manures at
Planting time will be sufficient.

IV-HEXPERIMENTS ON THE GROWTH OF SUGAR-BEET.

A. First Series, 1871-1875.

The experiments made at Rothamsted with sugar-beet were
commenced in 1871 and continued for five years in succession
fo 1875 inclusive, They were conducted on the land which

haq been devoted to the continuous growth of root-crops

(NOI’fOIk Whites and Swedes) from 1843 to 1870; excepting

that iy, the three years 1853-55 barley had been grown without

anure to equalise the condition of the plots as far as possible
efore re-arranging them and the manuring.

Dum‘ng the first three of the five years of sugar-beet the
“rangement, of the plots and of the manures was substantially
the Same as during the preceding ten years with Swed.ish
tumips and the subsequent years with mangolds. But during
the last two years of the five, neither farmyard nor any
Other nitrogenous manure was applied; the object being 60

“lermine the effects of the unexhausted residue of the nitro-
Senoug application during the preceding three years. The
description of sugar-beet grown was Vilmorin’s “Green-top

ite Silesian,” In 1871 the seed was dibbled on ridges in
Tows 96 inches apart, and 10 inches from plant to plant in tl'le
TOWs ; in 1872 and subsequently 1t Was dibbled on the flat, 10
"OWSs 22 inches apart, and 11 inches apart in the rows; the
Plangg being moulded up afterwards. The roots were all carted
O anq weighed ; the leaves were weighed, spread ou the

Tespective plots, and ploughed in.
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Table XLVI. shows, for selected plots, the manurins, tl:-;
verage produce of root and of leaf, the average percentaghe
‘Zf unitrogen and of mineral matter in the dry matter of ©

f
roots, and the average percentages and amounts per acre 0

sugar in the roots, over the three years 1871-73 during

which the farmyard mapure and the nitrogenmous C€ross-
dressings were annually applied.

Tapte XTLVL—Sugar-Beet. Awerage produce of Rools, and Sugar
per cent. and, per acre in the Roots, 3 years (1871-73).

Standard Manures and Cross-Dressings
each year as under.

"""

T
. AC. C.
o [ % [ x [ [ o
@ . S ~ 7 ‘y' Z
Plot. Standard Manures, £ = L é:z 32 &8
g ey 72 13282 | 3%
2% | s | B3 | fsa%)| Gl
~ I = = - g=1
0 ) E2 | g2 3252 &5
H g | &3 |EgER| %
= “3 4% 4% 3 @
Produce of Roots per acre.
el
Tons. Tons. Tops, Tons. T"";’
1 | Farmyard Manure (14 tong) . .| 183 288 22-3 261 24'_2
5 | Superphosphate alone e 59 195 134 177 16" 5
4 & 6| Superphos, and Sulphate of Potash . | 59 | 188 | 149 | 921 | 17
-
Sugar per cent. in the Roots.
R
. | Per cont. | Por cent, | Per cont. | Por cent. ‘ Por cent.
1 | Farmyard Manure (14 tons) ., .| 1184 | 1042 | 10-84 | 9-99 | 1081
5 | Superphosphatealone . . .| 1308 | 1066 | 11-88 | g9-88 | 1217
4 & 8 Superphos. and Sulphate of Potash . | 1297 \ 11:04 | 12416 \ 10°66 | 12+07
\‘ Sugar per acre in the Roots,
. Lb. Lb, i i Lb.
\ 1 | Farmyard Manure (14 tons) . .| 4308 5508 51213 612230 5976
5 | Superphosphate alone . . .1 1731 4661
\4 & 61 Superphos. and Sulphate of Potash

3563 | 2886 | 4407
1704 | 4635 | 4083 \ 5279 | 4788

It will be seen that the nitrogenous cross-dressings, which
were the same as those before and subsequenﬂy adopted for
feeding roots, were very heavy; indeed, much heavier than is
recognised as suitable in the case of hegg grown for the pro-
duction of sugar. The result w

as that whey these were used



MANURING AND SUGAR CONTENT 129

in addition to farmyard manure, the produce of roots per acre
was large, in some cases about twice as much as that obtained
in the growth of sugar-beet for the manufacture of sugar in
Germany or France at the present time.

The figures in the table for Plot 1 show, however, that
when farmyard manure was used the amount of sugar in the
roots never reached 12 per cent.; but it was the highest,
11-84 per cent. on Plot 1 O, with the farmyard manure alone,
and the smallest crop; it was lowest, 9°99 per cent. on Plot 1
AC, with the farmyard manure and the heaviest nitrogenous
cross-dressing, and the heaviest crop. The roots of the other
series, with intermediate amounts of crop, had also inter-
mediate percentages of sugar—mnamely, 1042, 10'84, and
10'81. Further, the crop grown with the farmyard manure
alone, which had the highest percentage of sugar in the roots,
had the smallest amount and proportion of leaf, and the
smallest percentages of both nitrogen and mineral matter in
the dry matter of the roots; whilst the crop yielding the
highest produce, but the lowest percentage of sugar in-the
roots, had the highest proportion and amount of leaf (9 tons
12 cwt. per acre), and the highest percentages of nitrogen
and of mineral matter in the roots, conditions indicating
immaturity.

The results next recorded in the table (Plots 4, 5, and 6)
show the amounts of roots and of sugar obtained with
artificial mineral manures, both when used alone and with
the nitrogenous cross-dressings.

The figures further show that there was a greater produce
in the case of three out of the four cross-dressings where
potash was used as well as superphosphate ; but that the omis-
sion of potash was without effect where nitrate was used as the

source of nitrogen.
The result with potash is fully established in other experi-

ments ; namely, that a liberal supply of it tends to maturation,
a condition favourable for the production of sugar.

The percentage of sugar in the roots is, with one exception,
I
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considerably higher where the mineral manures were used th.alli;
where farmyard manure was employed, whether alone or wit
the cross-dressings. With the mineral manures used alone,
and less than 6 tons of roots produced, there was in one case
rather over, and in the other very nearly, 13 per cent. of sugar
in the roots; and in several other cases there was nearly, or
over, 12 per cent.

The lowest percentage of sugar comes where the Vvery
excessive cross-dressing of 184 Ib. of nitrogen was employed
the nitrate of soda produces almost as bad a result, and in both
cases the sugar is lowest wheve potash is omitted and only
superphosphate is supplied with the nitrogenous manure. The
best results, as to proportion of sugar, come where rape cake

or ammonium-salts are used as sources of nitrogen and where
potash is also supplied.

The amount of nitrogen and 'Of
mineral matter in the roots was found to vary in the opposite

sense, being at the highest where the sugar was lowest, an
vice versd.

It is quite evident from these results, that the amount of
crop grown depends very largely upon the amount of nitrogen
available within the soil ; but that with crops forced beyond 2
certain moderate limit of produce, the proportion of leaf i8
unduly large, the percentages of nitrogen and of mineral
master in the root are relatively high, and the percentage of

sugar is objectionably low; all these conditiong indicating
too much luxuriance and defective maturity at the time of
taking up the crop.

B. Second Series, 1898-1901.

The conditions under which the sugar-heet was grown in
the first series were so different from those which prevail when
the crop is grown for sugar-making that a gsecond series was
begun n 1898, when much smaller amounts of nitrogen were

employed and the plants were grown more closely together.
The land was a portion of the m
previously been receiving

angold field which had
dung, It was subsoiled and well
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- worked before the trials began, so that it was in good farming
condition. The seed (Vilmorin’s White Green-top Brabant)
was sown in rows 17 inches apart, with 8 inches apart in the

rows,
The following Table (XL VIL) shows the average results
for the four years 1898-1901,

TavLe XLVIL—Sugar-Best, Second Seriss. Average produce per acre, and
Sugar per cent. and per acre tn the Roots, 4 years (1898-1901).

| {
| Plot 9-1. | Plot9-2. | Plot 9.

Basic Slag, | 449, A89-1
400 1b., and ! Tanl%'

2 gwt, 272 1b.

Sulphate | guin)gte | Nitrate
Potash, *} Ammonia.'|  Soda.

%0058 perdacre (as carted) %ons { 128 14 g lég
ca 0. . . . . . . ons 15 5 X
* Cleaned and Trimmed ”* Roots per acre . . Tonk ) 117 13+8 12-7

Sugar percent, in * Cleaned and Trimmed ™ Roots per cent.,  14-11 13+38 1368
ugar per acre . . . . . . . Lb, 3693 4099 3938

|

e,

The results go to show that the land was initially in very
good condition, for very little increase of root is produced by
the use of the nitrogenous manures. Even in the fourth year
of the experiment the plot receiving no nitrogen still grew
hearly 13 tons of roots; the nitrate produced no increase, and
the sulphate of ammonia an increase of 1 ton only. As a
nitrogenous manure, sulphate of ammonia was more effective
than nitrate of soda ; this is never the case with mangolds, bub
the sugar-beet, growing smaller and more closely planted roots
than the mangolds, does not search the ground so deeply, and
derives more benefit from a manure like sulphate of ammonia,
which is held up near the surface. The proportions of sugar
obtained were not in any case high, and considering that no
very large crops were grown, the amount of sugar produced
and the low quotient of purity were disappointing. Probably
the land is too heavy and its situation too high and exposed
for a good result to be expected, save in rather exceptional
Seasons.



132 EXPERIMENTS UPON ROOT-CROPS

Pracrical, CONCLUSIONS

1. As the value of sugar-beet depends so mu(j,h. Ol} ;3;
purity, it should be grown rather on land in high condx-mon. ; "
previous manuring than enriched by the direct &pphcam(?rthe
manures. If farmyard manure has not been used ‘for et
previous crop a fair dressing should be given for gugar-vmo‘
but it should be ploughed in during the autumn before sOW™o

ate,
2. Just before sowing the seed, 3 cwt. of s.uperphosph(L

14
1 owt. sulphate of potash, and 1 cwt. of sulphate of ammon(; '
per acre, should be applied and harrowed in. Nitrate of sO

. . o ig for
15 not 8o desirable a manure for sugar-beet as it 1S
mangolds,

. : the

3. The high quality of the crop will much depe-nd Ond ;n
thorough and deep cultivation of the soil before sowing, an

planting very closely as compared with mangolds.
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CHAPTER VIII

EXPERIMENTS UPON THE CONTINUQUS GROWTH OF LEGUMINOUS
CROPS

I. The Continuous Growth of Beans on the same land, Geescroft Field.
1. The Continuous Growth of Red Clover on ordinary Arable Land, Hoos

. Field.
HI. The Continuous Growth of Clover on Rich Garden Soil.

References.

I.—Tur ContiNuous GROWTH OF BEANS ON THE SAME LAND,
GEESCROFT FIELD.

From the outset of the Rothamsted Experiments repeated
attempts have been made to grow leguminous crops year after
year on the same land. The particular importance of these
attempts comes from the special position occupied by the
leguminous plants. It is well known that ordinary farming
experience considers that the land requires a “rest” before the
growth of any of these crops is repeated. Satisfactory crops
of clover are rarely obtained except at intervals of four years,
and on many soils even six or seven years must elapse before
the growth of clover can be remewed with any prospect of
success. Not only does land become ‘clover sick,” but the
farmer considers it will equally become bean or pea “sick s
even lucerne, though it stands without failure for five or six
years or more, rarely succeeds when re-sown immediately after
the removal of a previous crop of the same kind. The
leguminous crops of course contain far greater amounts of
Ditrogen than any others, but it is now known that the greater

Part of this is obtained from the atmosphere, so that the
188
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ground, instead of being impoverished, is actually enriched by
the vesidues left behind after the growth of some of these

Crops.

In the Geescroft field, which is no longer under experiment,
and where the land lies wetter than in any of the other
Rothamsted fields, trials with beans began in 1847 and were
continued with several yéars of failure until 1878, when they
were finally abandoned. Table XLVIIL shows a summary
of the crops obtained under the three conditions of no manure,
mineral manures only, and a complete manure containing
minerals and nitrogen; the nitrogen was applied at first as
ammonium-salts, which, because of their ineffectiveness, were
afterwards replaced by nitrate of soda.

It will be apparent from the table that the mineral
manures containing potash were the most effective factor in
promoting the growth of the beans, the addition of nitrogenous
manure producing little or no increase in the crop. The crop
shows a continual deterioration, but this is more apparent in
the failures of the plant than in the diminution of the crop
whenever a plant could be obtained ; the crops of 1874 and
1875, for example, being only exceeded a few times during
the whole course of the experiments, though it should be
observed that these crops followed three years during which
the land lay completely fallow.

The difficulty of obtaining a plant which characterised the
later years of the experiment cannot, however, be wholly attri-
buted to what might be termed bean “sickness,” for the tilth
of the land had deteriorated considerably through the repeated
growth of a shallow-rooted crop. The use of nitrate of soda
and other saline manures had also a bad effect on the texture
of this soil, and from the combination of thege causes it
acquired a close and unfavourable condition, with a compara-
tively impervious pan in the subsoil below, '

The whole evidence points, however, to the land becoming
gradually unsuited to the growth of beang, independently of
the deterioration of the tilth of the soil.

i
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After the experiments with beans ceased in 1878 the land
was left fallow until 1883, when barley was grown and clover

TaBLe XLVILL—DBeans grown year after year on the same land, Geescroft
Ield, Rothamsted. Results, without Manure, with Mineral Manure,
and with Mineral and Nitrogenous Manure. Produce per acre, each
year, 1n Ibs. ’

Totat Gorn. ota sray. R Broduce
23 | g 22 | @ 25 | ge
Years, ] Eg E*: =1 ;E ;::i =1 ";_,’% gg
£ &5 a & & 3o 59 I 2 e £
£ ZEZ | BEE g =%5 | FE= £ g5f | 2g=
5 £3 £z 5 EE 2z 5 £3 e
=2 2& =2 =a =2 Aa
| < = =
_— / o
Lb. Lb Lb. Lb. Lb. Lb. Lb. Lb. Lb.
1847 1611 | 1697 | 1746 | 2125 | 1959 | 2185 | 3736 | 3656 | 3931
1848 1300 | 1831 | 2048 [ 1269 | 153 1730 | 2659 | 3363 , 3778
1849 2173 | (2390) | 2250 | 1641 I 1743 | 3814 + 3993
1850 1071 | -1482° | 1679 | 1070 | 1812 | 1441 | 2141 | 2744 3120
1851 0074 | 8315 | 3354 | 1920 | 8279 | 8568 | 3994 | 6584 , 7Iu2
1852 697 855 | 1007 820 | 1286 | 1541 | 1517 | 2141 | 2548
1853 960 | 462 | 555 [ 489 | 802 | 992 | 749 | 1264 | 1547
1854 365 | 1423 | 1266 304 | 1272 | 1188 759 | 2695 2399
1855 9 956 889 770 828 788 1757 1784 1677
1856 722 1627 | 1568 808 | 1914 | 1900 [ 1563 | 3541 | 3468
1857 732 660 648 676 644 | 636 1408 1304 1284
1858 126 640 612 654 | 1392 ' 1300 780 | 2032 | 1912
1859 142 | ‘352 401 196 416 498 338 768 §99
1860 | Faliow e o
18613 | (2156) | (2434) | (2509) | (3869) | (4596) | (4742) | (6025) | (7030) | (7251)
1862 | o8 1 1014 | 1479 930" | 2256 | 3064 | 1443 3270 | 4543
1863 | Fallow -
1864 183 | 1672 | 18337 060 | 2568 | 2468 | 1093 | 4240 | 4305
1865 261 514 | 1296 704 | 1080 | 2180 965 | 1504 | 3476
1866 142 316 814 17 628 | 1190 459 944 | 2104
1867 49 381 604 080 | 1252 | 1360 329 | 1633 | 1964
1868 48 | 334 | 478 | 533 | 930 | 1208 [ 581 | 1814 | 1881
1869 106 926 1303 338 | 1894 | 1607 444 | 2320 2010
1870 458 450 615 516 483 533 974 933 | 1148
f ————— ]
1871 | Failed
1872  Fallow
%3;3 | Fallow 65
4 1 1259 | 1899 | 9g 94 1328 | 1568 | 2208 | 8227 | 365
1875 1193 882 11§Z 12;2 1988 | 2576 | 2867 | 2870 | 5690
}g;g Fﬁékﬂv W6 .. ) . ... . o | svis
74 4 | 1685 7t 1809 | 1533 | 1396 | 37
1878 148 949 | 1108 gg% 1216 | 1496 449 | 2165 | 2004

*5 years (1847.1861), 46 1b. Nibtogen ns ammonlum-salts; 11 years (1862, 18641870, 1870, 1876, and

1878),
t Acciden

§6 1b, Nitrogen as Sodium Nitratae,
tally not weighed.

1 Wheat.




136 EXPERIMENTS UPON LEGUMINOUS CROPS

TasLe XLVIIL—Continued.

; . Total Pradnen
Total Corn. Tolal Straw, (Corn anid Straw).
2 = 2| 2
2% N g5 2, . £7 5%
Years. 'g 23 2 ER: iz E EERRE
= = = 7 850
= EL 5 s38 1=Z5h 5 TSL F28
g gﬂ':r; g a?w 34:% :é aftL f%:
| SgE 82 | 283 T |5gs =gz
=2 == £= = =22 =
= EE = EEREE--8 B 25| =°¢
=4 = =

|
1

Average per acre per annum, over each period of 8 years, and the total period
of 32 years,

Lb. Lb. Lb.
8 years (1847-1854) . | 1205 | 15737

Lb. Lb. Ib. | Lb. \ Lb. Lb.

1763 { 1216 | 163511 1702 { 2421 ' 3208)| 3555
8 years 218554862 L] 8761 960 { 1013 | 988 | 1506 | 1616 | 1664 2466 | 2629
§ years (1863-1870) .| 150 | 586G { 881 | 436 1042 | 1317 { 606 1622 | 2198
8 years (1871-1878) .| 400 ‘

713 749 1 455 | 793 897 364 | 1506 | 1646

[N, SO

!
32 years (1847-1878) ] 610 | 1202 | 779 \1231;:} 1405 | 1338 \\zmsx 2507

937 %

. [ S S
Average per ucre per annum, over the years of crop only, each period.

e e

1st 8 years, 8 crops | 1205 | 157331 1763 | 1216 | 168581 1792 | 2421 | 3208§ | 3555
20d 8'years, 7 crops | 773 {1097 | 1158 {1120 1721 | 1847 | 1802 | 2818 | 3005
3rd 8 years, 7 crops | 171 | 663 | 1007 | 521 {1191 | 1506 | 692 |1854 | 2518
4th 8 years, 4 crops | 819 11426 | 1499 | 910 {1585 | 1793 } 1729 | 3011 3262

\1162&’!\ 1356 1 958 \1526&& 1730 \ 1709 | 263811} 3086

» B years (1847-1851), 46 1b. Nitrogen as Ammonium-salts 3 11 years (1862, 1864-1870, 1875, 1876, and

32 years, 26 crops | 751

1878) $6 1b. Nitrogen as Sodium Nitrate.
4 7 years, excluding 1849,

1 81 yenrs, excluding 1849,
§ 7 erops, excluding 1849, 1 25 crops, sxcluding 18490,

sown in the barley. From the first the clover grew luxuriantly,
and in 1884 and again in 1885 a large crop was obtained.

The following Table (XLIX.) shows the yield of dry matter
and the quantity of nitrogen it contained, taking an average of

the three plots which had been differently manured during the
times the beans occupied the ground.

Analyses of the soil
had also been made before and after the clover was sown, and

from these it is seen that the soil, which was somewhat
impoverished in nitrogen after the continuoug growth of beans,
gained a considerable amount of nitrogen during the years of

clover, notwithstanding the large quantities removed in the
clover,

In this case the land showed no reluctance to grow clover,
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another leguminous crop, after it had become *sick ” through
the long-continued growth of beans; there is other evidence,
however, that the growth of one leguminous crop renders the
soil less fitted to carry another, even of a different species.

TasLe XLIX.
1583.* ‘ 1884. 1555.
Crop per acre (Dry Matter) . . Lb. 3457 7649 3325
itrogen in Crop peracre ., . Lbh. 538 1942 714
N?“'Ogen per cent. in Surface Soil . 0-1081 0-1152
itrogen per acre in Surface Soil . Lb. 2657 2832

* Barley and Clover together.

After the removal of the clover crops in 1885 this portion
of the field was fenced off to exclude cattle, and has been left
uncultivated ever since. A luxuriant growth of grasses and
other vegetation soon established itself, which may be profit-
ably compared with the similar natural vegetation that has
established itself after the wheat at the top of Broadbalk field
(see p. 41). In the summer of 1903 a portion of the herbage
Was cut on both these portions of land which had been allowed
to run wild after wheat and leguminous plants respectively;
these were sampled as usual and a full botanical analysis
fna,de, the results of which are set out in Table L. Early
m 1904 goil samples were also obtained from three places
in each field, and determinations of carbon and nitrogen
have been made to compare with those made at the beginning
of the experiments, so as to ascertain the accumulation of
fertility by the land left under “ praivie” conditions for twenty
years.

It will be observed that the leguminous plants had never
been able to obtain a footing in the Geescroft field after clover
and beans, although in the similar wilderness following wheat
in the Broadbalk field, Lathyrus constituted a congiderable
Proportion of the herbage. The conclusion seems inevitable
that the preliminary long-continued growth of leguminous
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T aABLE L.—Botanical Composition of Self-sown Herbage from an wneultivated
portion of lomd in Broadbalk and Geescroft Fields. Scason 1903. Number

of Species and Percentage by weight of each Species n the Herbage.

)
|
Broadbalk. t Geeseroft,

Y
i

Gramineous Herbage.

- |

TPor eent. Per cent.

Number of Species. \ 11

Dotanical Nemes:—

Ordinary English Nemri 1—
1. Phleum pratense

. . 489 0-08 1. Meadow Cat's Tail.
2. Agrostis alba . 11-02 020 2. Marsh Bent Grass.
3. Deschampsia. cespitosa 86-18 3. Tufted Hair-grass.
4, Arrhenatherum aquenaceum 350 2:34 4. False Oat.
5. Dactylis glomerate . .| 3512 453 5. Cock’s Foot.
8, Loliwm perenne . 3-22 005 8. Perennial Rye Grass.
Other Species amounting to 1-89 187
Total . . i 59-64 X 9526

Leguminous Herbage.

e —

Number of Species. ‘

L Trifolium repens . . 3:08 0-05 1. White or Duteh Clover,
2. Trifolium pratense. 055 2. Common Red Clover.
3. Latlyrus pratensis . + 118436 3. Meadow Vetchling.
4, Vicia ssprum . . 010 038 4. Bush Vetch.
5. Medicago upuling . .| 292 5. Black Medick or Nonsuch. .
Total . . \ 2531 0-438
Miscellanecus Herbage.
Number of Species. \ 24 \ 14 \

1. Heracloum sphondylium . 428 171 1, Cow Parsnip or Hogweed,
2. Scabiosa arvensis 287 2. Field Scabious,
8. Centaurea nigra. . . 1405 3. Black Knapweed,

4. Carduus arvensis . 081 030 4. Creeping Plume Thistle,
;é. gtantagobgan‘cfwll_atu . 248 026 5. Ribwort Plantain, .

. Rumex oblusifolius. | 094 6. Broad-l .

Other Species amounting to | 358 1-10 caved Dock.

Total . . 15405 k 4-31 k

Susiany.
Total Number of Species, 40 l 26 g
_ e
Total Gramines . s 59°64 9526
,» Leguminose . . 25-31 0-43
,,  Miscellanee ; 1505 431

"Total ’ 10060 | 100-00 \
{

PP S
S

e —
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pla'“t? (beans and clover) had in some way unfitted the soil for
Om‘{'ymg other leguminous plants, or at least had so reduced
their vigour that they were unable to resist the competition
of th‘? grasses in a natural herbage. At the present time
legu@nous plants are making their appearance in some
quantity, and are tending to spread.

TaBLE LI —Adecumulation of Carbon and Nitrogen in Soil of Avadle
Land allowed to vun wild for over 20 yoars.

ory Soil. |

!
Per cent, in Fine Dry Soil.

Carbon. Nitrogen.
ssiese | 1904, 1551-58, . 1904, 3\
—_— | ,, |
Bmzllsibalk, 1st 9 inches . 1143 1233 0-1082 01450
Do- 2nd do. . 0624 0703 00701 0-0955 l
O. 3rd do. . 0461 0551 00381 00839
|
Geescroft, 15t 9 inches . 11111 10494 01081 01310
0. 2nd  do. . 0600 0627 0-0739 00829
| Do 3d do . 0447 0435 00597 00652

R A
* Broadbalk, 1681; Geescroft, 1883.

arown Barley and Clover in 1883,
hies of soil from the

an dN"l"-NIn November 1885 (that is, after the land had
sa CI‘?VCr in 1884 and 1885), samples were taken of the first 9 inc
e portion of the field as in 1883 (Plots 1-10), and gave a mean of 1152

Itrogen.

per cent. of

' The most noteworthy fact is the enormous accumulation of
Dutrogen : during the twenty-year period the Broadbalk wilder-
Dess would appear to have gained nearly 98 lb., and Geescroft
a l.itt;.le more than 44 1b. of nitrogen per acre per annum. The
84N 1n carbon is less pronounced, although the amount accomu-
late(‘i Is greater than that of nitrogen, yet the ratio of carbon
fso nitrogen in the increase is very much lower than the ratio
o ordinary vegetable matter or in the original organic matter
of the soil,

Owing, however, to changes in the consolidation of the
ground it is difficuls to secure an exact comparison of the
Same layer of soil at the two periods, d.c., the surface nine
ches after the land has been in grass for some time will contain
a certain amount of recent turf, and less of the poor subsoil than
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the original sample from arable land. For these reasons it is
necessary to reduce the estimate made of the annual gain of
nitrogen, but however large an allowance be made on this
score, it is still difficult to account for the magnitude of the
accumulation, especially for Geescroft, where, as the botanical
analysis showed, there were no leguminous plants.

The other sources of nitrogen which may be invoked, such
as the rain, dust, and absorption from the atmosphere, would
‘equally affect the arable land, yet, as the various unmanured
plots on the wheat, barley, and rotation fields show, there is
no evidence of & corresponding gain of nitrogen on the arable
land.

The only explanation that seems at all probable depends
on the intervention of the bacterium 4zotobacter chir00coCCU
(Beyerinck), which possesses the power of fixing atmospheric
nitrogen without any host plant, and which has been found in
all the Rothamsted soils. On the arable soils this bacterium
would not he able to effect much fixation because of the lack
of recent organic matter, by the combustion of which the
necessary energy for bringing the nitrogen into combination
could be obtained. ©On the wild grass—land, however, there is
every year an accumulation of vegetable matter which would
supply the bacterinm with its needed carbohydrate, and in
consequence considerable fixation is possible. The greater
gain on the Broadbalk land may be due to the presence of
leguminous plants in the herbage, or to the comparative rich-
ness of the soil in calcium carbonate, since the Azotobacter
has been found to be active only in soils containing calcium
carbonate.

It would appear from the chemical analyses that the Gees-
croft field has never heen subjected to the chalking operations
previously deseribed (p. 28), since the surface soil in 1904
contained only 0°16 per cent. of calcium carbonate, about the
same quantity as was found in the soil of the adjoining un-
cultivated common land, whereas the soil of Broadbalk wilder-
ness contained as much-as-8:3 per cent,

L3
TTUEnAALAL,
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Mechanical analysis shows the two soils are practically
identical, the subsoil of Geescroft being somewhat the lighter
of the two, and the situation of the two fields is equally good
as regards surface drainage. The constant wetness and un-
workability of Geescroft appears to be entirely due to the
unflocculated character of the clay due to the absence of chalk,
in other words, the cultivation of the other Rothamsted fields
has been rendered possible by the improvement in the texture
of the soil effected by the large quantities of challe put on,
Probably in the eighteenth century. Even at the present time
water will often stand on the surface of the Geescroft land, and
the predominant orowth of Deschampsia ceespitosu is additional
evidence of the persistent wetness of the soil, a wetness which
Cannot he accounted for by the situation, the nature of the
Subsoil, nor the constitution of the surface soil, but only by its
bad condition induced by the absence of lime or chalk.

II'“THE ContiNvous GrowTH OF RED CLOVER ON ORDINARY
ArABLE LanNp, Hoos FIELD.

In the Hoos field, experiments upon the growth of legumi-
ous crops began in 1849 with red clover. The following ta?ole
shows the results for a period of twenty-nine years, during
which clover was sown fifteen times but only produced a crop
in seven of the years, Even with the many intermissions,
when the land grew wheat or barley or was left fallow,
only the first crop of all was a satisfactory one; nor, as will
be seen, had either mineral or pitrogenous manures any effect
in keeping the land in a condition to grow clover success-
fully.

In 1878, the land on which these attempts to ‘grow red
clover had been continued since 1849 was divided into &
Dumber of small plots, and sown With various leguminous
Plants. Various systems of manuring were tried on each
Series of plots, which "carried the following leguminous
Plants—Ilucerne, peas or beans ately, Bokhara clover,
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TaBLE LIL— Red Clover sown JSrequent.
Rothamsted.  Totul produce per aer
Crops Corn and Struw together.,

[——— R S . S

NOUS CROPS

ty on the same lond, in Hoos Ficld,
€ per annum ; Clover as Lay, other

—_— g
Year. Description of Crop, Minural ;
Mineral Manure aud Nitrogenous
alone, Manures,
— —_— -
‘ Lb, Lb.
1849 Clover . 10,214 10,326
1850 eat . ., (6,261) (6,345)
1851 Clover . . . 2,309 2,368
1852 8over . . . . 8,805 1,914
1853 over . . . 0 Cro No crop
1854 Fallow . P
1855 Clovey . 1,281 2,606
1856 TFallow .
1857 Fallow .
1858 arley . (6,598) (7,578)
1859 lover s 2,752 3,087
1860 Clover . No crop No crop
1881 Fallow .
1862 arle : (5,745) (6,730)
1863 ! Fallow .
1864 ! Clover . No crop No crop
1863 { (Sllovex . 2,467 4,5(7)0)
1866 - 1 Clover, 8,9 Barle 2,974
1867 all . . y No erop ( ’
1868 Clovey .o No ero No crop
1889 love, _ o crop No crop
1870 Barley 3,328) (8,312)
1871 Clover o crap 4,085
| 1872 Fallow .
, 1873 Fallow . ow
1874 Clover . N IFallov
1875 Clover | «f;;? Fallow
1876 Fallow ., - -
1877 Barley {1,864) (1,864)
. . |
—_— P I
Sustsrany, Produce, 2
— ,,‘M\w*\\\\‘w_r’*’j
29 years 18491877y [ X‘i}:} : 52,99) 60,689
v £ lage 1,827 2,093
- eams of Crop only o fverage T 4416 ages
—— N e
Years of Cloyer only (7) {Total -, 29,195 31,886
Average 1 - 4,171 4,555
N\TT; Botimateq)
o . N
20 years (1840.1877) fgotal . 9294
Years of Crop only 333{;’2 . ??S
e ST B ] P e
Years of Clover ony (7) {Tota) 7007
Verage 1og+y
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Sai-nfoin, white clover, red clover, and vetches; the same plot
being always re-seeded when necessary with the same legumi-
hous plant. The results are described in detail in the
“Memoranda,” and Table LIII. shows typical results in the
earlier and later years of the experiment.

At first a fair growth of some of the plants was obtained
on the land which had ceased to carry red clover, but in later
years the growth of any but the powerfully-rooting lucerne and
Bokhara clover became very poor, and repeated failures to

TABLE LITL.— Hoos Ficld, Leguminous Experiments. Dry Matier in
produce per acre per annwm.  Mean of Plots 4, b, and 6.

P -
Lucerne. Be(.';:x: ' %351.‘::_8' Sainfoin. C‘l‘;i}g:}. Clg\?gr. ! Tares. f
Lb. l Lb. Lb. Lb.- f Lb. Y ‘ Lb.
1878 | Not sown | Neither 1,854 No cutting No cutting, 1,400
1879 | Nocrop | Peas nor | 4,498 No crop 2,275 1,722 | 1,742
1880 848 Beans 1,240 No crop 5 270 1,666
1881 809 rown 2,085 780 215 716 2,501
1882 4,458 till 1884. 10,804 5,450 2,087 { 615 4,401
N | | |
Not Not Not | Not 1’]‘
1898 626 2,343 sufficient | sufficient sufficient . sufficient 2,416%
crop to cut | crop to cut crop to cut crop to cut J [
1899 | 4,799 2,940 7,143 5090  Nocrop Nocrop - 681 !
:11900 4,014 3,302 '| Fallow 1,61 i 313 705 697 ‘l
901 | 4,010 957 963 758 | Nocrop | Nocrop 332 |
1902 1,890 729 7,431 No crop } No crop | Noerop 8§10 |
1903 | No crop VR (
L1 i i

* Plot 4 only,

obtain a plant occurred on re-seeding. The land itself got
very foul and in g poor mechamcal condition ; so that in 1898
the greater part of the land under experiment was sown with
wheat without manure, only a portion of each plot being
retained for continuous experiment.

Five successive crops of wheat were taken and harvested
separately from each of the old plots, the combined result
from the various plots which had previously carried the same
leguminous plant being put together in the Table LIV. It
will be seen that all the leguminous crops left a large residue
containing nitrogen in the soil, so that the crop of wheat
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which followed was generally more than 40 bushels per acre
with 24 tons of straw.  But this residue was rapidly exhausted ;
the succeeding crop was very poor, and fell to a point from
which it has deteriorated but little since. The lucerne, how-
ever, left behind & much larger and more enduring residue ; and
though the crop on the plots following lucerne has been falling

TasLr LIV.—~Wiheat following Legumvinous Crops, Hoos Ficld.

Producce
and Nitrogen per wucre per annwm, 1899-1903.
Leguminous Plantg proviously grown. |
H b ... B e T S e
arvest,
Peas
. Bokhara S oo White ¢ Red “etelies.
Lueomne Be(zxozss). Clover. | Sainfoin.{ o U0 ciover. :““
J—
1599 | 393 | 426 | 437 | 450 | 435 | 430 | 399
Dressed Grain 1800 } 289 ) 143 | 164 ) 191 | 193 | 191 1472
per acre, 1901 | 270 | 16'8 | 20-1 | 20-9 | 214 | 21-4 | 177
bushels, 1902 | 201 140 | 156 158 1749 177 189
1903 | 1979 1340 14'8 147 17°2 16+7 140

5611 | 5404 | 5580 | (091
1900 | 2722 | 1812 | 1548 | 1788 | 1707 | 1787 | 1360
per acre, 1901 2312 1484 1748 1796 18922 1824 1591

Ib. 1902 | 2327 | 1495

1899 5499 622 5
Total Straw { 5 5592
1908 1837

1588 1697 2011 1934 1390
1156 1317 1380 1602 1526 1261

iy 8505 | 7766
Total Prod 1899 | 8108 | 8430 | a308 | 8639 | 308 | 85 766
(Grainame‘tlrzeW) 1900 | 4554 | 2202 | e5ey | 2ese | 2027 2992 | 220
per acre, 1901 | 4054 | 2571 | 3038 | 3187 | 8201 E
Ib. 1902 3553 2379

2542 2600 308(_3 . 30%% é’_;%z
1903 | 3035 | 1926 | 2205 | 2256 | 2635 25 3

. 257 253 19-3
d 428 17°7 212 24-6 . 238 940
per ac:g, e 1‘;01 382 1 2200 | 258 %gﬁg 33}3 23-1 167
- 103 | 559 LA \ e L are | 207 | 195 | 163

—_—

—-ry . 636
Nitrogen 1899 | 889 | g1 | 521 | 7570 | 709 | 74%F
in Total 1900 .

1903 247

year by year, in 1903 it was still much greater than on
the other plots. p,, contra, after the first year, the crop
on the plots following peas or beans has always been a
little below that of the other plots. Of the other plots, the
crops on those following white and red clover have been a
little better than thoge following sainfoin, Bokhara clover, or
vetches.

In 1904 the land wag sown with oats and seeded afresh
with leguminous plantg i

plots which run at right angles to
the old plots. .
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[II.—Tee ContiNvous GrowTH OoF CLOVER ON RICH
(GARDEN SOIL.

In 1854, after it seemed clear that clover would not continue
to grow on the arable land, it was sown in a garden only a few
hundred yards distant from the experimental field, on soil
which had been under ordinary kitchen-garden cultivation for
probably two or three centuries. In view of the failures in
the attempt to grow clover continuously on ordinary arable
land, it is remarkable that, under these conditions, the crop
has grown luxuriantly almost every year since—1917 being the
sixty-fourth season of the continuous growth. At the com-
mencement the percentage of nitrogen in the surface-soil of the
garden was four or five times as high as in that of the arable
soil of the field ; and it would doubtless be richer in all other
manuria] constituents also. Indeed, after the growth of clover
for twenty-five years in succession, even the second 9 inches of
the carden clover soil was found to be still very much richer
in nitrogen than the first 9 inches in the Hoos field. Table
LV, gives the results for each of the sixty years of experiment
with clover on the rich garden soil. The second column
shows the number of cuttings each year, the third the
amounts of produce per acre reckoned in the condition of
dryness as hay, the fourth the amount of dry substance, and the
last the estimated amounts of nitrogen per acre in the crops,
At the bottom of the table are given the average annual results
over two periods of twenty-five years each, over the period of
fifty years 1854-1903, and over ten years 1904-13. It should be
stated that as the garden clover plot is only a few yards square,
calculations of produce per acre can only give approximations
to the truth; but it is believed that they can be thoroughly
relied upon so far as their general indications are concerned.

Confining our attention to the amounts of produce reckoned
fbs hay, and to the estimated amounts of nitrogen in the produce,
1t is seen at a glance that, excepting a few occasional years of
very high produce during the later periods, the amount of crop

Is very much greater in the first twenty-five years than in the
. K
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second twenty-five years.

In fact, as is seen at the foot, of the

table, there was an average annual produce equal to 7664 1b. of
bay over the first half, but of only 3924 1b. over the latter half
of the period of fifty years.

TaRiE LV.—Red Clover grown yeor after year on vich Garden Soil
Rothamsted. Huoy, Dry Muatter, and Nitrogen per acre, 1854-1913.

. o
v | | a2 | W et S
Lb. \ 1b. \ Lb.
2 5101 | 4,328 | (125)) 1854, March.
3 18,113 | 15,004 435
2 11,027 ‘ 9,190 266
3 14,855 | 12,379 357
2 7,608 | 6,340 183
2 6,227 j 5,189 149
1 8,679 | 7,233 208 | 1860, May,
2 13,353 | 11,128
3 10,042 | 8,368 \
11,798 | 9,332
2 5500 | 4,583 | 10123
1 2,044 | 1,704 ,’i 1865, April.
2 10,456 | 8,713 |
2 6,748 | 5,624 |
1 901 | 825 \ 1868, April.
2 4,183 | 3486 || qug
1 1741 | 1,451 !
1 4,513 | 3,761 1871, April.
2 10,142 | 8,452
2 9,987 | 7,740 |
3 2999 | 4,916 | 1874, May and July.
1 2,781 | 2,276 ! 807 | 1875, July and Scptember.
2 8,617 | 2,931 1876, September.
1 3,533 | 2,944 1877, May.
3 13416 | 11,180 °
1 2,738 | 2,282 p\ 1878, May.
2 5,742 | 4,785 856 | 1880, April.
2 4,262 3,552 1881, Apnil émended .
3 6,433 5,361 1882, April mcndedg.
1 2,716 2,264 1883, May.
3 9,990 8,325
3 6,611 5,426 | 680
1 2,702 2,252 | 1886, April.
2 3,287 2,739 1887, April (mendea),
1 1,841y 1,535 56 | 1838, April (mended, June).
2 8,664 | 7,221 203 | 1889, April (mended),
1 2,817 | 2,348 73 1 1890, April,
% 6,696 | 5,580 163 i‘ggl) %ay (mended),
3,568 | 2,973 100 2, May 7 (May 2 !
2 5,941 | 4,951 135 | 1893, April (é,en 3 d;f., mended)
N02 5,347 | 4,456 127 iggg, f&pril (mended).
crop Dy ril, May, .
1 412 3a4 (10)| 1896, Jlﬁy_ May, and July
2 6,381 | 5,318 169 | 1897, April,
2 2,188 | 1,823 56
2 3,095 | 2,579 74
No crop 1800, August.
% ?{,464 2,387 33 s
2403 | 1,169 902, April i
1 1,907 | 1,589 64 | 1903, ng_ (mended)

# Tor the years 1854-1860, and also for 1898, the Nitros
aceording Lo direct doterminalions cither In mixed or ind

8em 15 esthmated, but for all othor years it is
ividual year samples.
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TaBLE LV.—Continued.

¢ Number of As f D Nitro-
Year. Cuttings. Hay. Muhrt%r. gen.* Seed Sown.
—— —_—
Lb. Lb. Lb.
1904 2 3960 | 3300 103
1995 2 5900 | 4917 145 | 1905, April (mended).
1906 2 3798 | 8165 84 | 1906, April (mended),
1907 2 3864 | 8220 100 | 1907, April (mended).
1908 No crop
1909 2 3361 | 2801 82 | 1909, April (mended).
1910 2 4122 | 8435 94 | 1910, April émeuded).
1911 1 1390 | 1158 81 | 1911, April (maended).
1912 1 2028 | 1690 64 | 1912, April (mended).
1918 2 4910 | 4092 | 116
Suaniary. Averages.
25 years (1854-1878) | 7,664 | 6,387 | 179 I
25 years (1879-1908) | 3,924 [ 3,270 | 101
50 years (1854-1903) | 5,794 | 4,829 | 140
10 years (1904-1913) | 8,338 I 2,778 82

¥ Sea footnotbe, p. 146,

Now even this latter amount corresponds to what wounld be
considered g fair, though not a large crop, when clover is grown
in rotation once only in four or eight years ormore; so that the
produce in the carlier years on this rich garden soil was very
unusually heavy. Indeed the average annual produce over the
period of fifty years—namely, 5794 1b., or more than 21 tons of
hay.__would be a good yield for the crop grown only occasion-
ally in the ordinary course of agriculture.

. But it is when we look at the figures in the last column of

the table, which show the estimated amounts of nitrogen in the
crops, that the importance and significance of these results
obtained on rich garden soil are fully recognised; and this is
especially the case when they are compared with those

obtained on ordinary arable land.
Thus the amount of pitrogen in fair crops of wheat, barley,

or oats would be 40-50 Ib, per acre, of beans about 100 Ib., of
meadow hay about 50 Ib,, and of clover grown in rotation, from
100 to 150 Ib.; but on this rich garden soil the produce of
clover hag in one year contained more than 400 Ib. of nitrogen,
and the average over the first ten years was 247 1b. The



148 EXPERIMENTS UPON LEGUMINOUS CROPS

average over the period of fifty years is 140 1b., or about as

much as & fair but not large crop grown ocecasionally under
the ordinary conditions of agriculture.

Analysis of the soil talken at intervals would seem to show
a considerable falling-off in the amount of nitrogen and carbon
contained in the surface soil, not sufficient however to account
for all the nitrogen removed by the clover crop.

It will be apparent from a consideration of the crops
reported for the later years of the experiment that great diffi-
culty is beginning to be experienced in maintaining a plant
of clover ; re-seeding, which was only necessary five times in the
first twenty years, had to be carried out eight times from
1904-13, during which time the crop wholly failed for one year.

During January 1897 the plots were inoculated with the
watery extract of the rich kitchen-garden soil at Rothamsted.
This did not however arrest the failure which was in progress
at that time. Again, in March 1897 and in July 1899, all the
plants were removed by hand, burnt, and their ashes returned,
and the surface soil was carefully picked over by hand, 1o
remove the Sclerotia of the fungus Sclerotinta trifoliorum, many
of which were found. The soil was also dressed with carbon
bisulphide as a fungicide, before fresh seed wassown. In1903, .
which was a favourable year for the growth of clover, a fair
plant was obtained by re-seeding, and in the spring of 1904 the
best crop for many years was cut from this plot. Notwith-
standing the repeated failures to grow clover continuously on
ordinary arable soil and the increasing difficulty of maintaining
a plant on the rich garden soil, which is the one place where any
growth has been continuous, it is noteworthy that when clover
grows in & mixed herbage on grass-land it increases in amount
from yearto year under suitable conditions of manuring; It has
already been pointed out that on the grass plots in the park,
where mineral manures including potash are applied every year,
as on }'?lot;s 15, 6 and 7, the proportion of leguminous plants,
mcfludmg rgd clover, incregses from year to year, without there
being any sign of “clover sickness” setting in. Nor can this



REFERENCES 149

result be due to manuring only, for on the small plots in the
Hoos field all sorts of variations in the mapuring were tried,
without enabling the clover to stand. On the grass paths,
however, separating these “clover sick” plots on Hoos field,
paths which are not more than a yard broad, both red and
white clover grow abundantly. Were “clover sickness” due
fnerely to the infection of the plant by Sclerotinia trifoliorum,
16 is difficult to see how these plants could escape infection
When the neighbouring clover plants in the arable land
Succumb. These and other facts would seem to show that
the presence of the fungus Seclerotinia trifoliorum is not the
determining cause of “clover sickness”; in many cases it 1s
:Che direct cause of the death of the clover plants, but what
1S not yet understood is why plants on ‘clover sick” land
alone succumb to the infection.
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CHAPTER IX

EXPERIMENTS UPON GRASS LAND MOWN FOR HAY EVERY YEAR

I. The Unmanured Plots,

II. Use of Nitrogenous Manures alone.
11I. Mineral Manures used alone.

IV. Complete Manures—Nitrogen and Minerals.
V. The Action of Organic Matter.
VI. Effects of Lime.

VII, Changes in Herbage following Changes in Manuring.
VIII. The Effect of Season.

Practical Conclusions and References,

THE experiments upon grass at Rothamsted began in 1856,
about 7 acres of the park close to the house being set aside for
the purpose. The land has been in grass as long as any
recorded history of it exists, for some centuries ab least. It is
not known that seed has ever been sown, and at the beginning
of the experiments the herbage on all the plots was apparently
uniform. The soil is the same stiff reddish loam as is found in
the other fields, though owing to the length of time the land
has been in grass stones are not abundant near the surface. |

The plots, of which there are twenty in all, vary somewhat
in size between one-half and one-eighth of an acre. Up to
1874 inclusive the grass was only cut once, the aftermath
being fed off by sheep, Since that time there has been no
grazing, and the plots are generally cut twice in the year. The
grass is made into hay in the usnal way and the whole produce
of each plot is then weighed. On some occasions, however,
with the second erop, continuous wet weather has rendered
it necessary to weigh the produce in a wet condition and
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calculate its equivalent in hay from the amount of dry matter
in the material as weighed. On most of the plots the
manuring has been continued without change from the
beginning of the experiments; the cases in which a change
has been made serve to show how rapidly the character of

the herbage will respond to alterations in the manure.
Table LVI. shows the amount and nature of the manures

TaBLE LVIL—Munuring of the Permanent Grass Plots per acre per annam,
1856 and since.

N}if;g%gz;gfls Mineral Manures.
Abbreviated Deseripti : . 4
Fio rosiated Descrption AnErnEn
S2EZ )52 (45 |25 |55 23
5” Zwlaf | g 53‘55 7%
|
b Lb. { Lb, |Cwt. | Lb. | Lb. | Lb. | Lb.
lg }Unmanured every year . . .
2 | Unmanured ; following Dung first 8 years .
1 | Ammonium-salts alone; wnth Dung also
first 8 years . 200
4-1 | Superphosphate of Lime . 35
8 | Mineral Manure without Potash . 35 ] ... | 250 100
7 | Complete Mineral Manure . 35 | 500 | 100 | 100
6 | As Plot 7; Ammonium-salts alone first 13
years . . . . . . . 35 | 500 | 100} 100
15 | As Plot 7; Nitrate Soda alone first 18 years 35 | 500 | 100 | 100
5 | Ammoniun-salts alone (to 1897) . 400 ...
17 | Nitrate of Soda alone . . . ... 1275
4-2 bupelpho 1phate and Ammonium-salts 400 35
10 | Mineral Manure (without Potash)and Am-
monium-salts . 400 35 250 | 100
9 | Complete Mineral Manu;e and Ammomum—
salts . 400 35 | 500 | 100 | 100
13 | As Plot 9, and Chaffed Wheat Straw also
to 1897 . 400 35 | 500 ( 100 | 100
11-1 | Complete Mineral ‘/Ianme 'md Ammonmm—
salts . . ,-| 600 35 | 500 | 100 | 100 | ...
11-2| As Plot 11-1, and Slllcate of Soda . .| 600 33 | 500 100 100 | 400
16 Complete Mineral Munuxe and Nitrate Soda 273135 | 500 100 100
14 | Complete Mineral Manure and Nitrate Soda 330135 | 500 100 | 100
average

applied each year to the plots, and Table LVII. the
produce over the whole period, over the last ten years, and

for the single year 1912,
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Y < the period of 57

'ABLE LVIL— Produce of Hay per acre. Average over tie p r
'IABL:;ecws (1856-1912), the 10 years (1903-1912), and the. individual year

1912. Rothamsted. Total of first and second erops (if any).

AVErapes over ‘ .
| FeRKON
Abbreviated Deseription ! (S 13 82
Pmt" of Manures, 57 years | 10 yeavs i
{1856-1912). \(1.«03491'2} ' .
wt, Cwt.
( S(\;}g ({6'2 102
132 }Unmanured every year . . A 239 210 20-1
Upmanured ; following Farmyard Dung for first .
? 8 year | Lo b TAEMIAC DS TR 28'61 | 202 154
51 | (N. half) Unmanured ; following Ammonium-salts | 1
alone for 42 years e R e R L 7 |
1 | Ammonium-salts alone (=48 b, N.}; with Farm- 236 ‘
vard Dung for first $ years .~ . . | 35-9% 2678
Ammonium-salts alone=86 1b. Nitrogen (to 1897) | (26-1 )+ 312
17 | Nitrate of Soda alone =43 [b, Nitrogen. = . . 33-7**) 3372
4-1 | Superphosphate of Lime . . . . . 2169 210 12';2
8 { Mineral Manure without Potash . ., ., .| 280 274 164
7 | Complete Mineral Manure . . ., . . 40°9 509
5-2 1 {S. half) Complete Mineval Manure: following 158
Animonium-salts alone for 42 years . 23| 218
6 | Complete Mineral Maunure as Plot 7; following .8
munoninm-salts alone first 13 years . . 37°2§ 458 31
15 Corg}plete Mineral Manure as Plot 75 following 3740
itrate of Soda alone first 18 years , . . 36884 45-8 87
4-2 | Superphosphate and Ammonium-salts =86 Ib, N. . 3359 346 251
10 | Mineral Manure (without Potash),* and Ammo- 95
niumsalts =861, N. . . | 4y 408 8
9 | Complete Mineral Manure and Ammonium-salts 60
=8W.N. . . . s 547 8
11-1| Complete Mineral Manure and Ammonium-salts 79
=1291b. N. . . ., . .| 685 712 ?2-5
1121 As Plot 11-1, and Silicate of Soda . R . 783 793
16 | Complete Mineral Manure and Nitrate Soda 5
=431 N T 4] 48 40
14 | Complete Mineral Manure and Nitrate Soda
=8l N, . T 56°9%* | &77 529

T e st g s ettt

* Including Potash, firsg g v
t Aftar thy chunge,1 Sord arse

%[ 54 years only (1859-1912),
i Befors ths change 42'9. ** 85 years only (1858-1012).
g " " 496, 11 42 years (1856.97).
N » ' 30+6. 11 15 yeara (1898.1612).
1 I 85+4.

Table T.VIII. shows the

first crops only for six successive
ten-year periods, '

In dealing, however, with the produce of grass land, which is
a mixed herbage consisting of many differ

ent species of grasses,
leguminous plants, and other orders,

it is not sufficient O
consider only the gross weight of produce. The various

species are dlﬁ,erenﬂy stimulated by particular manures ; evenl
among the grasses themselves, such a difference of habit as &
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deep or shallow root system will determine to which manure
the grass will respond. The aspect of any meadow represents
the results of severe competition among the various species
represented ; the dominant species are those most snited to
their environment, ¢.c., to the amount and nature of the plant

TasLe LVIIL—dverage produce of Hay per acve over the siw successive .
10-year periods from 1856 fo 1915. First crops only.

Averages over

|

. Abbreviated Descripti a & —C: BB
Plot. oh\lanurior:gm on E% El:% ;3,3 §§ §§ §§
LRG| RE ) BE | RS B B3

/ °% 8% |25 28|28 |28
—_— i =g RN R R A
s )\ Cwt. | Cwt. | Cwt, [ Cwt. [ Cwt, | Cwt.
Unmanured every vear . { 22'6 (200175168 [18°2{10°9

12 |J ured every year 251 |22°918'017°117°6 | 14°0

1 | Ammonium-salts alone; with Dung also first

8 years. . . . . . . 484 (87°6(80°1(28'8(19°3(18°9

4-1 | Superphosphate of Lime alone. . . . | 2141(21:3/19°1/165 157 ' 1678
8 | Mineral Manure without Potash® . . . {836 [26°6|21-8]16+5|21+34,19°3
7 | Complete Mineral Manure .« .« . 1339 136832:3/271 36'1!30'0

17 | Nitrate of Soda alone=431b. N. 84-311335(30°1(27°0{289(257

4-2 | Superphosphate and Ammonium-salts =86 1b. N.i 396} 305304 1250268225

16 { Mineral Manure (without Potash),” and Am-
monium-salts =86 1b. N, . . . .| 528 [39+6|88+6|35°5 846 25:6
9 | Complete Mineral Manure and Ammonium-

salts=88 Ib. N. . . . . . .| 536 [48'4[50°5[39°8]44'1|36°8
11-1| Complete Mineral Manure and Ammonium-

salts=- 129 tb. N. . . . . . .| 61°7 (53:6(485(47°6(578(45'9

16 | Complete Mineral Manure and Nitrate Soda '
48°15|476)41°5)387°4) 404|899

=48I0 N, . . . .. .
14 | Complete Mineral Manure and Nitrate Soda

=86 1b. N.

5811|605 (588 {456 500|477

LIEEEE

# Seven years only (1859-65).

* Including Potash, first 6 years. t Eight years only (1858-65).

food in the soil, the water supply, the texture of the soil,
and other factors. If any of these factors be altered, as

is done in the case of the Rothamisted plots by manuring in
different fashions, the original equilibrium between the con-
tending species is disturbed; some species are favoured, and
increase at the expense of the others until a new equilibrium
is attained, and the general character of the herbage from
the botanical point of view is completely altered. It thus
becomes important to ascertain the nature of the plants



154 EXPERIMENTS UPON GRASS LAND

comprising the herbage produced by a given manure, as well
as to determine its amount; from time to time thercfore atb
Rothamsted a carefully selected fraction of the herbage from
each plot has been separated into its constituent species, the
relative proportions of which are determined by weighing. AsS
this complete separation involves a great amount of work, a
partial separation only is made every year, in which case the
herbage is separated into three groups—the grasses, the
leguminous plants, and the miscellaneous species respectively.
Table LIX. shows the results of these partial separations
as averages for the whole period of fifty-seven years, and
for the single year 1902, Summaries of the six complete

separations made in 1862, 1867, 1872, 1877, 1903, and 1914
are given in Table LXIIL. (see p. 173).

L. The Unmanured Plots.

Two of the plots have remained without manure during
the whole of the experiment. They are situated near the
extremities of the field, and show a slight but constant
difference in crop. Taking the average of the whole period,
these unmanured plots have produced rather more than a ton
of hay per acre per annum. If we compare the successive
ten-year returns, there is no sign of approaching exhaustion oY
great falling-off in crop from year to year. The impoverishment
of these unmanured plots is more to be ‘seen in the character
of the herbage than in the gross weight of produce. Weeds of
all descriptions occupy the land, and the relative proportion
they bear to the grasses and clovers has increased from year tO
year. A fair proportion of clovers, both red and white, is
found on these plots, but the weeds, which amount to 26 per
cent. taking the average over the whole period, have of late
years constituted nearly one-half of the herbage. The most
prominent species among the grasses are the Sheep's Fescue,
Bent Grass, and Quaking Grass ; among leguminous plants the

Bird’s Foot Trefoil ; and Burnet, Hawkbit, and Black Knapweed
among the weeds.
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TaBLE LIX.— Percentages of Gramineous, Lequminous, and M’iscellaner'ms
Herbage. Average of determinations made at different Yimes during
57 years (1856-1912, and 1902 separately)t Rothamsted. First crops.

Avernges of determinations
over 57 years Season 1902,
1856-1912).

Plot. Manures. ( e ——e
Gram- Legu- Miseel- Gram- Legu- Miscel-
inem. minoswe. | Janee. ine. minosae, lanez.

Per cent, | Per cent. | Per cent, | Per cent. | Por ceut. | Per cent.
8 f| 610 87 | 308 | 3433 75 | 582

Unmanured every year \ 648 90 269 39+1 161 458

2 | Unmanured; following Farm-
yard Dung for first § years. | 755 43 202
5-1 [ (N. half) Unmanured ; follow-
ing Ammonium-salts alone

42 years . R . . 769 06 225

-X
D
)
o

2444 5

1 | Ammonium-salts alone (=43

Ib. N.); with Farmyard

Dung for first 8 years . . 87T 07 1146 776 f 14 | 210
5 | Amwmonium-saltsalone =86lb,

N. (to 1897) . . . .| (80'5) (0-4) | (19-1) e
17 | Nitrate of Soda alone=43 Ib.

N. . . . . .| 688 15 297 438 34 52°9

4-1 | Superphosphate of Lime . ) 593 7°4 333 544 154 30-2

8 | Mineral Manure without Pot-

ash* . . . . .l 610 92 29-8 288 221 491
7 | Complete Mineral Manure .| 588 24-9 16-3 20°3 553 244
5-2 | (S. half) Complete Mineral

Manure; following Ammo-

nium-salts alone for 42 years 68+7 0-8 305
6 | Complete Mineral Manure as
Plot 7; following Ammo-
nium-salts alone first 13 yrs,
15 | Complete Mineral Manure as
Plot 7; following Nitrate of
Soda alone first 18 years .| §9'3

64-8 186 166 184 810 208

22°6 17°9 26-2 63°1 10°7

4-2 | Superphosphate and Ammo-
nium-salts=861b. N, . .| 891
10 Mnlmiral Manure(without Pot-
ash*) and Ammonium-salts

:Ss)lb. N, OPEEEE a0 | 01 | 92 | o7 | (oon)] 2+
9 | Complete Mineral Manureand
Ammonjum-salts =86 lb, N,

01 | 108 | 915 | (001)] 8%

89-9 0-3 98 912 1-3 75

11-1 | Complete Mineral Manure and
- Arri)monium—salts:1291b. N.| 965 0 3'5 99-2 0 08
~2| As Plot 11-1, and Sili
Soda . ma Stleateot o] o 26 | 995 | o 05

16 | Complete Mineral Manuve and 5
Nitrate Soda=431h. N. .| 829 54 | 117 | 617 | 128 | 255

14 | Complete Mineral Manure and . .
Nitrate Soda =386 lb. N, .| 890 31 79 88°8 87 6

* Including Potash, first 6 years.

—

i The hay from some plots is partially scparated nearly every year, but that
from others is only analysed at irregular intervals as occasion arises. Conse-
quently the averages in the above table refer to a different number and selection
of years for each individual plot, according to the analyses that have been made.

e o % -

2. 6 5%
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Speaking generally, these plots now present the appearance,
perhaps in a rather exaggerated degree, of much of the poor
pasture and meadow land in this country, wherever milch cows
and wet flocks are habitually grazed and the land occasionally
hayed, without anything being restored in the shape of artificial

food or manure. Fig. 17 shows a photograph of a piece of gurf
taken from this plot at the end of June 1903,

The great value of occasional dressings of farmyard manur®
to grass land may be seen in the returns from Plot 2, which
for the first eight years of the experiment received farmyard
manure at the rate of 14 tons per acre. The application was

then discontinued, but the effect has persisted to the present
day, i.e., for fifty years.

Table LX. shows the produce on this as compared With

TABLE LX.-—Producc of Hay per acre, first and second crops, showing
residual effect of Dung. Rothamsted,

{
¢

Avorage of
B - ) . .
izl 3 2 & < s Tz g
Plot. Manures. 0 = a 2 ) 23 £g 4=
| =2 o 2 4% g8 ER SR T
g2 4 g R O I -
=~ b & ez | 25 | 28 | 8 | °©
S = ~ P
| o Lb.
: . Lb. | Lb, | Lb | b | Lb. | Lb Lb.
2 | Farmyard Manure, 8 yrs,

(1856-63)3 Unmanured

since . . . .| 4804 | 5302 2848 | 3726 | 8748 | 27e1 | 1043 | 2040

589
3 | Unmanured continuously | 2665 | 2688 | 1296 | 2374 | 3025 | 2621 | 1688 158

Relation to Produce of Plot 3 reckoned as 100,

2 | Farmyar@ Manure,
(1856-63) ;
since

8 yrs,
Unmanured

180 | 201 | 220 | 157 | 1210 | 108 115,\ 122

3 | Unmanured continuously | 100 | 100 | 100 | 100 | 100

100 | 100 \ 100

the unmanured ploy for the preliminary period for which the
dung was used, for the two years following its discontinuance,
and for five ten-year periods 1866-1915. Although the yield
on this plot remains at a’ higher level than where the Jand has
been continuously unmanured, yet the plot now shows great
impoverishment in the character of itg herbage, having about
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the same proportion of weeds and the same genel'al aspect as
the continuously unmanured plot.

I1. Use of Nitrogenous Manures alone.

Three of the plots—17, 5, and 1-—show the effect of the
long-continued use of nitrogenous without any mineral manures.
Plot 5 has been receiving 86 lbs. of nitrogen as ammonium-
salts, Plot 17 half the quantity of nitrogen in the shape of
nitrate of soda, and Plot 1 the same half quantity of nitrogen
as ammonium-salts, though on this plot dung was applied in
each of the first eight years of the experiment. It is very
evident when a nitrogenous manure is used alone for grass,
nitrate of soda is far more effective than the ammonium-salts ;
¢.g., on Plot 17 it has given an average crop of 34 cwt.
against 26 cwt., produced by double the quantity of mtlogen
in ammonium-salts on Plot 5.

For this superiority of the nitrate of soda two reasons may
be traced; being completely soluble it sinks deeply into the
soil, and encourages grasses of a deeply-rooting habit, which
not only obtain more food from the soil, but also are better
able to withstand the droughts of spring and early snmmer.
On Plot 17 (nitrate) deep-rooting grasses like Meadow
Foxtail and Downy Oat Grass are prominent, but latterly
Sheep’s Fescue (14 per cent.) and Bent Grass (14 per cent.) are
well represented. The plots receiving only ammonium-salts
are almost wholly occupied by Sheep’s Fescue and Common
Bent, whose feeding roots are close to the surface, where the
ammonium-salts are caught and retained by the humus in

the soil.
The continued use of large applications of ammonium-salts

has also had an injurious effect upon the reaction of the soil,
since it behaves as an acid, and continually removes carbonate
of lime. The creeping surface vegetation tends to accumulate,
and decays into a substance resembling peat; at the same time
the vegetation shrinks into tufts, between which are bare
patches of black soil, showing an acid reaction to litmus
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paper. So pronounced had this effect become on Plot 5,
which received the larger amount of ammonium-salts, that the
application has been discontinued since 1897, lest the turf
should be entirely killed. Another sign of the sourness
caused by the use of ammonium-salts without minerals is
seen in the prevalence of Sorrel on this plot; it forms nearly
15 per cent, of the whole herbage, and it is interesting to note
that the only portion of the plot from which the Sorrel is
absent is a strip that was dressed with challk in 1885 and 1887.

The aspect of the plots receiving only nitrogenous manure
shows very characteristic differences ; both possess a very dark
green unhealthy colour, but, while the ammonium plot seems
in the main to be clothed with Sheep’s Fescue and other
grasses, amounting to 77 per cent. of the whole, the nitrate of
soda plot possesses a much more varied herbage, of which
weeds form 80 per cent. Leguminous plants are practically
absent from both plots, though a small proportion may be
found where the nitrate of soda is used. The impoverish-
ment due to the continual use of a manure like nitrate of
soda supplying one element ounly of plant food is to be seen
in the gradual decline of production on Plot 17, and in the
present predominance of weeds there. Considering, however,
the length of time that nitrate has been used on this plot,
the crop has been wonderfully maintained; the deep root-
range induced by the solubility of the nitrate enables the plant
to feed widely in the soil, and the soda base assists in bringing
the dormant potash into a form available for the plant. The
photographs, Figs. 18 and 19, show the characteristic appear-

ance of the turf from Plot 5, with ammonium-salts alone, and
Plot 17, with nitrate of soda alone.

XY, Mineral Manures used alone.

On three of the plots no nitrogenous manures have been
applied since the beginning of the experiments. On Plot 7

a complete mineral manure, supplying phosphoric acid, potash,
magnesia, and soda, is used; Plot 8 hags received the same
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application, but without potash, since 1861, while Plot 4-1
receives superphosphate only, With the complete minerals
a fair crop is grown, averaging over 1% ton of hay for the
first cut alone, and when the successive ten-year averages
are considered there are no signs that the fertility of
this plot is declining, since the production only shows such
fluctuations as may be put down to seasons. The reason that
the crop on this plot is maintained, although no nitrogen is
supplied in the manure, lies in the free growth of leguminous
plants. It will be seen that, taking the average over the whole
period, the leguminous plants form 24 per cent. of the herbage,
and the proportion has increased from year to year. These
leguminous plants are not only themselves independent of
nitrogen in soil or manure, but by fixing the atmospheric
nitrogen and leaving it behind in the residues of their dead
roots, they provide a supply for the grasses and other plants
which cannot of themselves feed on the nitrogen of the air.
The predominant leguminous plant is Latkyrus pratensis, but
Red Clover is also abundant. A large number of species of
gragses are represented on the plot, none of which are specially
prominent, Amongst the weeds, Knapweed is fairly abundant,
and there is also a rather large proportion of Yarrow. The
general aspect of the vegetation is shown by the photograph
of turf, Fig., 20.

The omission of potash on Plot 8 has caused a very
striking difference both in the crop and in the character of the
hel'bage_ The average crop has been about one-quarter less
over the whole period, and shows a progressive decline in
fertility, until at the present time it is little more than half
that of Plot 7. The poor results on this plot, as compared
with Plot 7, must be put down to its poverty in leguminous
herbage, the development of which seems to depend on a free
supply of potash. Of late years the proportion of leguminous
plants on this plot has amounted to about one-half of that
found on Plot 7, the grasses are about the same, the difference

being made up by an increased amount of weed. The
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characteristic leguminous plant is the Lathyrus Pratensts.
The characteristic weeds of this plot are the Hawlkbit, the

Black Knapweed, Plantain, and Yarrow; see photograph,
Fig, 22.

Plot 4-1, which each year has received superphosphate only,
now presents a very impoverished appearance, and is giving very
little more crop than the unmanured plots. Indeed, the aspect
of this plot, where weeds, chiefly Hawkbit, Burnet,
Plantain, Knapweed, and Yarrow, are unusually prominenty
would seem to indicate that the land is more exhausted here
than on the womanured plot. Tt is not uncommon to find
cases where the application to grass land of a purely phosphatic
manure, like superphosphate or basic slag, is followed by &
great increase of crop, the addition of the phosphoric acid O
the dormant nitrogen and potash in the soil having supplied
the missing element in a complete plant food. The result,
however, of this plot shows how disastrous a continuation
of such one-sided manuing may become; a nitrogenous
manure alone is often thought exhausting, but probably
a phosphatic manurp used singly will even more quickly
impoverish the soil. The photograph, Fig. 28, shows the
impoverished and weedy aspect of this plot in 1903. 7The
diagram, Fig. 21, shows the effect of the mineral manures, and

particularly of potash, both with and without nitrogen, on the
yield of grass.

IV. Complete Manures— Nitrogen and Minerals.

Four of the plots receive a complete artificial manure. OB
all of them the mineral manuring is the same, and supplies
both phosphoric acid and potash; on Plot 9, ammonium-salts
containing 86 1b. of nitrogen are added; and on Plot 11-1
the amount of ammoninm-salts is increased by one-half,
to 129 lb. of nitrogen. Plot 14 receives 86 1b. of nitrogen
as nitrate of soda, and therefore compares with Plot 9.
Plot 16 also receives nitrate of soda, but only half the
amount on Plot 14, Considering Plots 9 and 11-1 first, it
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will be seen that, large as is the amount of nitrogen applifed
to -Plot 9, the increased quantity on Plot 11-1 has its
effect in an increased crop. On Plot 9 the hay has averaged

Without Nitrogen. With Nitrogen.
A

4 ™N ) 4 A}

Cwi.per hore
50

40

30

20

Piots 3al2 4-1 8 7

Fie. 21.—Effect of the various Ash constituents with and without Nitrogen on the
produce of Hay per acre. Average over 47 years (1856-1902).
Plot 4-2. Super. and Amm.-salts=86 1b. N.

-1. Plot 10. Minerals (without Potash) and
Plot 4-1. Superphosphaite. Arom.-saits 88 1b, N,

Plot 8. Minerals without Potash. -
Plot 7. Complete Mineral Manure. Plot 9. er;}x)xlffgaié\s/j;n;g%. I\Ig?nure and

Plots 3 and 12. Unmanured.

54 cwt. over the whole period, on Plot 11-1 the crop is
increased to more than 66 owt.* Comparing these results with
the 41 cwt. obtained from Plot 7 (minerals without nitrogen),
it will be seen how great is the effect of nitrogen in the produc-

* The figures'are taken from Table LVIL; they differ very slightly from

those in the above diagram, which gives the figures up to 1902. )
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tion of hay. The hay, however, is by no means so good in
quality as that grown with mineral manures alone, because the

large amounts of nitrogen have so stimulated the development
of the grasses that leguminous plants have disappeared entirely,
and even the weeds are crowded out.  In 1903 the latter formed
only a trifle more than 4 per cent. of the herbage on Plot 9,
and were barely perceptible on Plot 11-1, as may be seen in the
photographs, Figs. 24 and 25, representing turf from these plots.
The dominant grasses on Plot 9 consist of False Oat Grass,
Bent Grass, Sweet Vernal, and Sheep’s Fescue; Meadow
Foxtail, Cocksfoot, Yorkshire Fog, and Smooth-stalked Meadow
Grass constituting practically the rest of the herbage. On Plot
11-1 there is every sign that an excess of nitrogen has
* been employed ; the vegetation is very rank and soft, and tends
to grow in tufts with bare patches between ; the smaller grasses
are almost wholly crowded out, and the coarse vegeta,tion is
generally laid and begins to vot at the bottom before the grass
is ready to cut.  Owing to the great competition of the strong-
growing grasses the number of species on this plot has been

reduced to a minimum ; 91 per cent. of the herbage is made

up of Yorkshire Fog, 7'6 per cent, is, represented by False Oat
Grass and Meadow Foxtail. In the earlier years of the
experiment Yorkshire ¥og was by no means SO prominent.

As late as 1872 it only formed 10 per cent. of the herbage,
whi.le more than 39 per cent. was composed of Cocksfoot,
which has wow practically disappeared. The replacement of
Cc?eksfoot by Yorkshire Fog seems to have been coincident
with the abandonment of the practice of grazing the
aftermath ; the custom of late years has been to cut ib.

On Plot 11-2 the same manure is employed as on Plot 11-1,
with the addition of 400 1b. of silicate of soda. The silicate of
soda has resulted in a considerable increase of crop, which has
averaged as much as 73 cwt. for the whole period ; the grass
on this part of the plot is also more healthy and uniform, and
ripens earlier. The effect of the silicate of soda must probably
be attributed to the soda base rather than to the silica; for with
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the great excess of nitrogen dpplied to this plot, any substance
like soda, which supplements and economises the potash avail-
able, will be of service to the plant. :

Turning now to Plot 14, which receives the same manure
as Plot 9, but with its nitrogen in the form of nitrate of soda,
we notice first that the nitrate of soda has Dbeen the more
effective source of nitrogen, giving an average crop of 56 cwt.
against 54 cwt. with ammonium-salts. The superiority of the
nitrate of soda has been most pronounced in dry seasons,
owing to the generally deeper-rooted habit of the grasses found
on this plot.

During the great drought of 1870, holes were dug for the
examination of the subsoil on this plot and on Plot 9. On the

latter, where ammonium-salts formed the source of nitrogen,
very few roots could be distinguished below 36 inches, and the

subsoil below 27 inches seemed to have been but little changed
by the development of roots and their decay, On Plot 14, with
the nitrate of soda, wiry roots extended nearly to 4 feet, and the
subsoil down to 4 feet 6 inches had suffered a marked change.
The vegetation on plots grown with nitrate of soda is more
varied, nor are the leguminous plants so completely suppressed
by the large amount of nitrogen. This plot, for example,
showed in 1903 more than 3 per cent. of Meadow Vetchling
and a trace of White Clover. The aspect of the nitrate and
ammonia plots is strikingly different, as may be seen by com-
paring the two photographs taken in 1903, Figs. 26 and 24.
With the nitrate of soda a great part of the herbage, 23 per
cent., was composed of Soft Brome in 1903, but only 5 per
cent. in 1914 ; this grass is hardly to be found on any of the
other plots. Again, Beaked Parsley is very prominent, though
it is hzlrdly to be found on any of the other plots; it constituted
10 per cent. of the herbage in 1903, but 1 per cent. in 1914, so
that just before hay time the whole plot showed white with its
flowers. In addition to the Soft Brome, the grasses which pre-
dominate are Meadow Foxtail, False Oat, and Sheep’s Fescue,
Plot 16, which receives the smaller quantity of nitrate of
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goda, still grows a very large crop, averaging 46 cwt. over the
whole period. The vegetation resembles that of Plot 14, but
there is much less False Oat than on 14—8 per cent. instead of
40 per cent.—and it is more varied, there being about four times
as much leguminous herbage, among which the Meadow
Vetchling predominates. This plot probably marks the limit
of the amount of nitrate of soda which it would be profitable
to apply in ordinary farming, since the second 275 1b. per acre
of nitrate of soda on Plot 14 has only produced an average
increase of 11 cwt. of hay.

Reviewing the whole of the evidence, nitrate of soda is
distinctly a better manure for hay on the Rothamsted soil
than are ammoninm-salts, producing more grass and that of
a better quality.

On Plot 10 the potash is omitted from the mineral manure,
though the other minerals and the nitrogen are the same as on
Plot 9. The result of the omission of the potash is a consider-
able decline in yield, which has become more accentuated as
the experiments have progressed and the original stock of
potash in the soil has been reduced. The herbage consists
even more wholly of grass than does that of Plot 9, and the
development of lower and seed is distinctly later.

Plot 4-2 receives the same ammonium-salts, supplying 86
Ih. of nitrogen, and superphosphate only, so that it compares
with Plot 9, except for the entire absence of alkaline salts.
The lack of potash shows itself in a great reduction of crop, the
average over the whole period having been only 33 cwt. against
54 cwt. on Plot 9. Tt is thus much below Plot 10, also with-
out pc.)tash, but which receives magnesia and soda, The herbage
on this plot again consists almost wholly of grasses, which have
a very dark green colour and are late to mature. The dwarf-
growing and shallow-rooted grasses predominate; Sheep’s
Fescue constitutes more than one-half, and, with Sweet Vernal
and Bent Grass, a8 much as 93 per cent. of the whole herbage.

The characteristic appearance of the herbage is well seen in
the photograph, Fig. 27, of turf taken from ghis plot in 1908,
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Another feature in these two Plots, 10 and 4-2, which receive
nitrogen but no potash, is the weakness of the stems; short as
the grass is, it is often laid before it is ready to cut. The grass
is also found to be more susceptible to fungoid attacks on these
plots than elsewhere.

The diagram Fig. 28 shows a comparison of the yields of
the unmanured plot, the plot receiving mineral manures only,
and the plots receiving mineral manures and varying amounts of
nitrogen as nitrate of soda or ammonium-salts.

V. The Action of Organic Matter.

In the early years of the experiments farmyard manure
was applied every year to two of.the plots, but owing to
the accumulation of unrotted material on the surface it was
found necessary to discontinue the experiment in this form.
On another of the plots, however, an attempt was made to
ascertain the effect of the organic matter present in dung
by adding to a eomplete artificial manure, such as is sup-
plied to Plot 9, 2000 Ib. of chaffed wheat straw every year.
The wheat straw contains so little manurial matter, compared
with the quantities artificially supplied, that it may be neglected ;
thus the straw should be regarded as simply providing organic
matter. If we compare the crop on this Plot 13 with that of
Plot 9, we see that the straw has had its effect, and that on the
average a larger crop by about 7 cwt. per acre per annum has
been produced.* The effect of the wheat straw has been due

partly to the shelter it provides in the early spring (for it is
noticed that the grass starts more quickly on this plot than on
the others), and partly also to the water-retaining power of the
humus produced by its decay. Of late years the organic
matter added accumulated to such an extent as to form a
peaty layer that was beginning to injure the growth of the
plant; in consequence the application of straw has been
discontinued. The value of occasional applications of farmyard
manure to grass land is thus seen to be a mechanical factor

* Up to 1902 the average yields were: Plot 9, 54'1 cwt. ; Plot 13, 61'3 ewt.
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[Fre, 28.—Effect of Nitrogenous Manures on the produce of Ha
over 47 years (1856-1902),

Plots 8 and 12. Unmanured.
Plot 7. Complete Mineral Manure, no Nitrogen.

y per acre, Average

Plot 9. Do. and Amm.-salts =86 1b. N.
Plot 11, Do. do. =129 lb. N,
Plot 186, Do. and Nitrate of Soda =43 1b. N.
Plot 14. Do.

do. =86 1b. N.
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depending very much upon the shelter which the long manure
affords to the young grass in the carly spring, and to its water-
retaining power when it has rotted down to humus in the soil.

V1. Efects of Lime.

In November 1883, lime at the rate of 2000 lb. per acre
was applied to one-half of each of the plots, and in 1885,
1886, and 1887 the limed and unlimed portions of certain
of the plots, where the lime had obviously produced an effect,
were weighed separately and subjected to partial botanical
separation. The results of the liming may be seen in Table
LXI., which gives the averages of the three seasons, both as
regards crop and its botanical composition. It will be seen
that on three of the plots—®6, 7, and 15—the liming has had a

Tapue LXT.—ZEffects of Lime on Grass Land.  Mean of 3 years (1885-87),
Jirst crops.  Produce and Botanical Composition of the Herbage,

Rolhamsied.
Botanical Composition per cent.
Hay
per acre, L Othe
£. PR egu- 181
Plot. AManuring. o Graminez. min%sae. Orders.
MR IR A
g |2 s 2
BE| 5 |PE| 5 |PE| 3 |PE] &
|
3* | Unmanured 18'6(18°9|76°0(69°0| 7-1,16:0|16°9|15°0
6 | Complete Mmerals followmg Ammo-
nium-salts . . . . . |28:8(28:7|72°8|67 7117201155122
7 | Complete Mineral Manure . . . 126°1]83°1|64:3|48-4122-0141°8]18°7] 98
8 | Mineral Manure without Potash . . |17°0(16°7]60°6| 718} 7-5] 81319201
15 | Complete Minerals ; following Nitrate
of Soda . . . . ' . 1124 (25°6]|67°4|538] 32:85-3]29°4(109

* Results for one year only (1885).

considerable effect in increasing the crop. On the unmanured
plot and on Plot 8 the effect has been nil.  Again, on examin-
ing the composition of the herbage it will be seen that on the
same three plots which gave an increase of crop the lime has
brought about a great increase in the proportion of leguminous
plants, On Plot 6 it has risen from 11 to 20 per cent., on Plot

7 from 22 to 42 per cent., and on Plot 15 from 3 to 35 per cent.
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The reason for these differences in the action of lime 18
to be found in the previous manuring of the plots. On Plots
6, 7, and 15, potash has been applied every year, o thaJ.; there
was a large accumulation of potash residues in the soil. On

Plots 3 and 8, on the contrary, no potash had been used;
and as Plot 8 had been receiving phosphoric acid, the store
of available potash originally in the soil must have become
considerably exbausted. As we have also seen from the
effect of mineral manures with and without potash on the
other plots, that the development of leguminous plants is Jargely
dependent on the supply of potash, it is obvious that the effect
of lime had been mainly due to bringing into action the
residues of potash accumulated from the previous manuring:
the lime only acts where there is such a residue of pot?}:Sh’
and has chiefly stimulated the growth of leguminous plants, just
as a direct application of potash would do.

The long-continued use of manures like ammonium—saltif,
which are in effect acids, has altered the reaction of the soil
and made it sour on some of the plots. This is very palpable
on Plot 5, which has received a very heavy dressing of
ammonium-salts alone, and on which, as has before been
mentioned, there is now a large amount of Sorrel, except on
a small portion where challk had been applied. A dressing
of lime is, without doubt, necessary for grass land on most
soils, in order to neutralise the acidity produced by decaying
vegetation, and to enable the manures to exert thejp full effect.
Thus although the liming at the rate of 2000 b, per acre above
mentioned was extended in 1887 to cover the whole of the
experimental field, yet a further dressing of lime in January
1903 to th‘e halves of the plots had an immediate effect upon
the fOHC_)ng Crop. As the results of only one or two years
are available as yet, they need not here be considered.

VII. Changes in Herbage Jollowing Changes in Manuring.

. On w0 of the plots, which had received ammoninm-salts and
miizate of soda Tespectively until the herbage consisted entirely

t
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of grasses, the nitrogenous manures were discontinued, and in
their place a complete mineral manure containing potash was
applied. The diagram Fig, 29 shows the effect of this change
of treatment on the composition of the herbage; the columns
show the average proportion of grasses, leguminous plants, and

Before, After. ' Before. After. Beforo, Afyer.
— .

—_—
100

100

|

a0 £
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20 - - ¥ 20

1862-8 . N, sotsmsmsmsires” 186275, \_.,_W 1862, ™

. 1888-99%, 1876-95. lBGs’-BS,
Plot 6. Plot 15. Plot 8.
Change to Minerals Change to Minerals Omission of Potash.
from from
Arnmonium-salts, Nitrate of Soda,

2 i
Grasses, / Leguminosee,
l per cent. é percent, Weeds, per cent.

Fie. 29.—Progressive effect of Changes in the Manuring on the Composition of the
Hay Crop. Five-year periods.

weeds before the change, and for successive five-year periods

afterwards.
On Plot 6 ammonium-salts alone was applied up to 1868,

at which time the grasses constituted 63 per cent. of the
herbage, and the weeds 87 per cent.—the leguminous plants



170 EXPERIMENTS UPON GRASS LAND

being barely perceptible. In 1903 the leguminous plants had
risen to over 40 per cent. of the herbage, but the weeds had
not altered much. The change, as is seen in the diagram, did
not take place at once, the leguminous plants requiring nearly
twenty years to spread and establish themselves; after five
years, for example, they constituted less than 5 per cent. of the
herbage. The photograph, Fig. 80, shows how closely the
herbage on this plot now resembles that on Plot 7, which has
never had anything but minerals.

On Plot 15 nitrate of soda was used up to 1875, when the
nitrate was dropped and a change was made to the same
complete mineral manure as is used on Plots 6 and 7. At the
time of the change the grasses constituted 80 per cent. of the
herbage and the rest was weeds, the leguminous plants being
again almost imperceptible. At the present time this plot 18
almost identical in aspect with the one previously described
and with Plot 7 which has received only mineral manures
from the beginning ; it contained in 1903 about 50 per cent. of
grass and 30 per cent. of leguminous plants. The photograpb;
Fig. 31, shows that Lathyrus is more prominent than the
clovers. The change in the herbage on this plot took place
rather more rapidly than on the plot which had received
ammonium-salts beforehand, being practically complete in tet
years. '

Plot 8 had received mixed mineral manure containing pOtaSh
up t0.1861, by which time the herbage had become largely
legummm.ls, as on the adjoining Plot 7. The potash was
dropped in 1862, though the superphosphate, magnesia, and
soda have been continued. The effect of the absence Of
potash was seen very quickly, the proportion of leguminous
plants dropping from 20 to about 9 per cent. in the first
five years. Owing to the continued manuring with phosphoric
acid and the lack of potash, this plot hag become seriously
impoverished, and is now very little better than Plot 4-1 which
has re‘:zeeived superphosphate only since the beginning of the
experinients, the weeds constituting about one-third of the
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herbage. The photograph, Fig. 22, shows the present state of
the turf.

It should be remembered that no new seed of any kind has
been sown on the plots; the increase in the amount of clover
and other leguminous plants is therefore due either to spreading
from occasional stunted plants which were hardly perceptible
in the herbage before, or to the blowing on of seeds which
find after the change a congenial soil for their development,
Immediately after the change the crop falls off, and only
reaches a new constant level when the redistribution of the
species occupying the ground has taken full effect. After
the change in the manuring the herbage is not suited to
the new conditions; at first the particular species favoured
by the manure are not prominent, and it is only when they
bulk largely in the herbage that the new manure can show its
full effect. Hence it would seem desirable in manuring grass
land to keep to the same kind of manure year after year,
so as to produce herbage which will get the maximum effect
out of the particular marure that is used. Again, if land
is grazed one year and laid up for hay the next, the grasses
which were at first favoured by the grazing will be dis-
couraged during the growth of the hay crop: a better result
will probably be attained by always grazing or always haying
the same piece of land, so that there is present at the beginning
of any season the special class of herbage which has been
stimulated by the same conditions previously, and is therefore
likely to give the best return.

The changes which manuring can produce in the composi-
tion of the herbage is perhaps best seen in Table LXII., where
the complete separations of the herbage in the years 1862,
1867, 1872, 1877, 1903, and 1914 are summarised for the
more abundant species, Figs. 32-40, again, show in a graphic
form the distribution on certain selected plots of these more

important speCleS
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Fie. 32, —Percentage of Anthozanthum odoratum in the Herbage of the Grass
Plots. First Crop, Season 1903,

Unmanured. BMirerals only. Nitrogen only. Nitrogen and Minerals.
4-1. Superphosphate. 5. Amm.-salts. | 4-2, No Potash Amm.-
8. No Potash, 17. NitrateSoda. | 9. Complete } salts.
7. Complete. : 11. Excess N.

14. Complete; Nit. Soda.
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TasLe LXIL—Rothamsted Park Hay. Percentage of each Spectes by weight
wn the Mized Herbage from Twelve selected Plots ( first crops). Siz
separations, 1862, '67, 712, 77, 1903, and 1914.

(The maximum attained by each species in the particular year is printed in

heavier type.)

GRAMINEX.
Years Plot
8 4-1 8 7 8 15 B b4 4-2 el 11-1 14
<nthoxanthum odoratum (Sweet-scented Vernal Grass).
1862 | 498 | 365 | 372 | 306 | 892 | 182 | 577 | 2:06| 224| 1:24| 0-08 | 085
1867 1 8:68 | 716 | 698 | 3-93 | 431 | 188 | 551 | 2:31 532 850 0:06 | 013
1872 | 5:20 | 4°74 | 794 | 272 | 622 | 449 | 304 | 450 1'47| 2'25| 078 | 002
1877 | 5°12 | 511 | 766 | 3'18 | 4'89 | 4°16 | 4-09 | 5-32 236 | 2'94| 019 | 0-06
1903 | 134 | 2-40 | 1°50 | 1-36 | 190 | 1-67 [12-29 | 11-06 23-44(16°19| 0-98 | 0-13
1914 | 269 | 398 | 885 | 4-21 | 4'96 | 3'04 | 8-18 | 481 . 7:72|88'53| 008 | 0°16
Alopecurus pratensis (Meadow Foxtail).
1862 | 4°49 | 1-32 | 039 | 0°84 | 1-70 | 600 065 | 23-04 0-66 | 0-27 2:80 | 0-22
1867 | 582 | 1-84 | 088 | 088 | 0702 | 595 047 | 2171|1475 | 0-07 | 18-11 | 854
1872 | 052 0°86 | 052 | 117 | 0'03 | 2°46| 083 | 1826 3-94| 2-7¢ 12:35| 8-72
1877 [ 080 | 1-40 [ 0-87 | 048 | 0°09 | 7-17| 023 |12-72( 1'58( 0'96 | 9-91 (20-18
1903 | 059 | 0-81 | 055 | 4'51 | 059 10241 027 | 9:74| 4°56 | 4-08 {2851 | 2872
1914 | 028 | 006 | 0-41 | 1-69 | 1-89 | 1369 0°11 | 14-29) 249 165 | 1'15] 2286
Agrostis vulgaris (Common Bent).
1862 111-36 | 7-21 1001 | 7-14|21-48| 7-65|24'80|11-01 1938 ) 12:81 1317 | 0-42
1867 | 8'631 6-08| 4-32| 5'69|14°41| 6°86|20°97| 7+05|14°00[13'43|19+27| 061
1872 ] 16-14 | 13-88 | 9+32|11-72|23-37| 7-66 | 26'62| 1060 | 20-59 | 15'46 | 13-56 | 0-24
1877 11328 | 9-87 (1240 |12-02 8°58)12+00 /2946 1792 | 24-39 | 1223 29-20| 155
1903 | 019! 0°03] 072| 3-34| 251 2-99|1166) 1:76] 2:04| 3:81| 1-42]| 014
1914 | 12:52 | 093 | 7°77| 7-00| 7-+25|11°96|17°03|12'33|12-82|18'18| 051 | 1+43
Holcus lanatus (Woolly Soft Grass, or Yorkshire Fog).
1862 | 5-04 11182 451 5-06( 8-17{ 7-61|1008, 823 16°21 11214 992 6°60
1867 | 7-97 | 916|10-25 |11-81| 3-07|11-81| 5-15| 8138|1053 | 9-84 | 2:86 | 663
1872 | 3-60| 471 | 461 | 3-16| 6531 | 5°32| 1'90| 587 2:03| 7:61|10'83| 367
1877 1255 | 19-35 | 1822 | 13-16 | 14-89 | 14°95 | 3:01|10-91| 6-03 | 1037 | 20-20 12:75
1903 | 5:07] 4-74| 681 807| 2-87] 2'85| 0-08| 4-84| 1-05| 3-04 [45'67| 002
1014 | 275| 864| 7-90| 3-42| 3-37| 556 022 7:39| 0°04| 4°01[90-90| ...
Arrhenatherum avenaceum (False Oat Grass). -
1862 | 007 | 0-13 | 462 2-41 | 8+44 | 004 | 393 | 068 | 2:46 ... 077 814
1867 | 021 | 0°18 | 816 | 006 | 6650 ... 2:78 1 023 | 041 | 250 455 [
1872 ] 0413 | 0°15 | 440 | 046 | 360 149 | 048 | 248 i11'40 10411 ...
1877 0-05 | 0°05 | 317 | 129 | 277 023 | 0-01 1‘0‘:2 ’ 183+23 | 14-86 0'3?
19031 0-10 | 0-08 | 420 | 116 | 1-94 | 016 019 ] .. 0:95 ' 48302300 | 17-28
1914 [ 0-11{ 044 | 802 121 | 115 052 ) 039 0:28 } 025 849 | 857 [404'7.
Avena pubsscens (Downy Oat Grass). :
1862 | 965 | 942 | 1268|1881 [14-54] 353 | 731 | 424 | 738 11022 1-66.| 0°90 |
1807 gg? 497 844| 390 090 070 | 063 [ 115 ) g:94 141 001 | 092
1872 | 355 | 409 | 866 | 2:36| 1-83| 1-56 | 024 | 400 | 028 09| .. | 019
1877 | 269 | 402 | 167 | 2:25| 167 813 | 0112 | 4271 003 007 0-47 1
1903 | 476 | o7 | 8:04) 428 760 418 001\ 8689 ... 008 aet
1914 ] 5-82 | 904 516 2'68| 6-47| 199 050 | 383 | 0-04 { 367 |
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Plot 3 4-1

8 7 5 17 42 9

Fie. 33.—Percentage of Frstuca ovina in the Herbage of the Grass Plots.
First Crop, Season 1903.

Unwmanured. Minerals only. Nitrogen only. Nitrogen and Minerals.
4-1. Superphosphate. | 5. Amm.-salts. | 4-2. No Potash A )
8. No Potash, 17, Nitrate Soda.| 9. Complete ml;n
7. Complete, 11. Excess N. /( salts

+ 14, Complete; Nit. Soda.
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TaBLE LXIL—Conttnued.

GRAMINE F—Continued.

Years Plot
“ant g 4-1 8 7 6 15 5 17 4.2 9 11—1|’ 14

Avena flavascens (Yellow Oat Grass).

1862 | 287 | 4-12 | 542 | 402 | 1-18 | 3-86 | 065 | 145 ' 209 9-08 | 5-25 488
1867 | 1°86 | 4°28 | 352 | 484 | 024 | 4926 | 0-46 | 3°18 ¢ 041 | 378 © 046 | 712
18721 8+49 | 609 ) 894 | 872 | 149 3:83 | 016 | 4961 009 | 530 009 @ 567
1877 | 1-08 | 2:47 | 2:45 | 365 | 0-48 | 2:08 | 0-01 | 1°98 | 003 | 067 001 | 293
19031 092 | 2:83 | 3:04 | 84| 147 | 553 | 001 | 178 016 | 081
1914 o»ss] 218 | 206 | 1484 | 0°81 | 168 | ... | 1-19 005 | 186
OOU N N e I | [ —

Poa pratensis (Smooth-stalked Meadow Grass.)

0-02 | 0°67 1068 943 145

1862 ) 029 ) 056 | 172 | 1713 | 228 | 0-214 | 1-07
1867 | 0°17 | 026 | 1530 | 1°05 | 1°65 | 018 | 0'65 { 021 | 387 | 18-02,12'86. 105
1872 | 0°09 | 045 | 2-11 | 227 | 2°42 | 0°87 | 061 | 0°09 | 5°11 | 2267 10°40 i 257
1877 ] 007 | 002 | 1:08 | 1°75 ( 1'73 | 011 | 0-28 | 0:09 | 1-56 | 18-08, 147 4°01
1908 ] 0°83 | 083 | 098 | 284 | 3°74 | 252 | 0°90 | 0°20 | 767 11'68! 0°17 | 920
1914 { 0°06 | 093 | 110 | 142 | 1*15 | 0-42 | 1-11 | 0'14 | 1:22 1-80° 218
Poa trivialis (Rough-stalled Meadow Grass).

18621 1-54 | 5°16 | 548 | 881 | 153 | 653 | 0'89 | 5'21| 814 | 8-72 13252248
1867 | 1417 | 565 | 3'48 | 4+38 | 0°40 | 23'67| 030 [12°08 ' 2'15 | 2'14 (0°14 8293
18721 050 | 3-79 | 1-62 ! 2-30 | 098 | 7-95| 0-59 | 274, 210 | 0'64 , 009 2476
18771 056 7 472 | 820 | 211 063 | 605 001 | 159 031 | 0'11 , 0'33 2159
1903 | 0°01 | 064 | 0:10 | 1-00 | 0°19 | 120 ... 096 | 024 | 0°01 0-95
1914 056 | 0-21 | 053] 0°15 | 0:42| 0-17 | 007 . 1-27

Briza media (Quaking Grass).
1862 | 1-89| 0°58 | 0-07 | 0-03 005 | 0°06 | 001
1867 | 0-68| 032 008 | 0°06 002 0°07
1872 | e'40| 2'12| 116 | 0710 | 0°01 | 0-20 | 0701 | 0°31 | 001 | 0°01 !
1877 | 7'26| 2:16| 057 | 0°14 0-30 | 0°02 | 072 % e
1908 | 2015 11-23 | 5-87 | 0'18 | 0°18 | 022 | ... | 2°20 . s ‘
1914 | 4:10( 224 1-51 105

Dactylis glomerata (Cocksfoot).
1862 | 1-76 | 225 | 350 | 257 | 205 | 209 | 2:39 | 180 | 228 | 558 2416 10°00
1867 | 174 | 0499 | 148 | 4-67| 1°71 | 021 | 1:39 | 0°57 | 0°38 | 4-64|89-81| 7-28
1872 ] 0°90 | 0'57 | 066 | 1-68| 1°28 | 0°11 | 0+70 | 0°64 | 016 | 1188 } 39-28| 3-83
1877 1 0070 | 1-41 | 0°98 | 3-67| 4-09 | 036 | 325 0568 | 183 ]4'07|’ 1711 12-48
1008 | 1°06 | 130 | 1-12 | 4-97| 851 | 048 | 132 | 092 | 0'14 | 514 0°15| 071
1914 | 885 | 4°60 | 399 |10-17| 733 | 241 | 9118 | 572 | 101 5‘04[ 0°20] 6-10

Fostuea ovina (Sheep’s Fescue).

1862 | 1830|1020 | 7'51 |18-78|13-33| 1369 |21'99| 9°43| 6:80| 5:21| 146 | 0'88
1867 | 15-20 | 16°75 | 1774 | 1138 | 25-03 | 12°08 | 80'67 | 11*18 | 26-09 | 1842 | 0'50 168
1879 [ 2167 | 2044 2395 | 14+86 | 31-15 | 34*71 | 46°56 | 18'05 | 49-20| §-68| 038 | 0716
1877 | 2189 | 16:02 | 19°76 | 2659 | 88+02 | 20+77 | 5381 [ 1204 | 65-20| 21-80 | 415 | 048
1908 | 17-45 | 881 | 948 | 7:67| 8:80|15°08'|56'65|12'8:t 5366 | 7-52| 002} 275
1914 | 28-62 | 21+20 | 24-74 | 3144 | 27-37 | 1364 | 45°67 | 14°21 | 7288 | 15°28 | 012 | 587
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20/

25

20

Plot 3 4-1 8 7 5 17 Per— v "

Fie, 34.——Percentage of Alopecurus pratensis in the Herbage of the Grass Plots.

First Crop, Season 1903,

Unmanured, Minerals only. . DNitroyen only. Nitrogem and Minoralr.
4-1. Superphosphate. | 5. Amm.-saits. | 4-2, No Potash Ami.-

8. No Potash. _17. Nitrate Soda.! 9, Conmplete “ults.

7. Complete. ! 11. Fxeess N.J 7

14. Complete ; Nit. Soda.
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TABLE LXIL—Continued.

177

GRAMINEE—Continued.

v Plot
cars] g 41 8 7 8 15 5 7 | 42| 9o |11 14
Bromus mollis (Soft Brome Grass).
1862 | 0°13 | 052 | 1-38 | 1-26 | 015 | 2-12 | 008 | 0718 | 0°33 | 446 | 1-30 | 18-04
1867 | 0:05 | 0-48 | 043 | 0-98 627 2926 | 020 0°11 [ 0'04 | 17-69
18721 0:01 ) 0-09 | 009 | 004 | 001 | 4-00 081 | 002 | 0-10 | 001 | 4210
1877 001 | 001 | 0-01 165 016 . e 802
1903 059 | 0-21 | 842 001 | 020 001 | ... |2297
1914 021 | 211 | 067 | 289 | 022 | 014 . 516
Loliwm perenne (Perennial Rye-grass).
1862 | 637 | 928 | 592 | 3-12 | 458 | 749 | 3'33 | 509 | 647 | 4'20 | 137 | 18'80
1867 | 403 | 624 | 261 | 240 | 189 | 824 | 1-21 | 323 136 | 101 | 0°08 | 986
1872 ) 287 | 812 | 192 | 069 | 069 | 442 | 097 | 2°64 | 0°70 | 1'11 5'66
1877 | 455 | 485 | 768 | 302 | 197 | 782 | 009 | 668 | 021 | 0°16 | 0-01 2-63
1903 002 | 0°12 | 0°11 | 0°12 | 0-02 0°54 . 0-04
1914 1 006 | 0°12 | 0-41 | 0°16 016 1-39 0°08
Total of other Species under § per cent. (Phlsum pratense, Aira caspiiosa,
Cynosurus cristatus, Festuca pratensis, elatior, and loliacers).
1862 | 023 | 047 | 2-47 | 027 | 045 | 0°17 | 0-87 | 061 | 046 A 142 ] 1-91 | 0°88
1867 | 013 | 084 | 067 | 0'88 | 604 | 0°48 | 016 | 050 | 001 | 0-07 0-20
1872 | 118 | 1°11| 188 | 0:21 | 003 | 072 | 0°08 | 0'36 | 0°04 | 004 0°10
1877 | 106 | 082 | 168 | 1-06 | 015 ) 160 | ... | 089 008 | 0-01 0°34
1903 | 0-27 | 006 | 067 | 058 | 008 | 004 | 004 | 028 | ...
1914 ] 0°10 | 006 | 007 | 021 | ...
LEGUMINOSAS.
Trifolium repens (White or Duteh Clover).
1862 | 063 | 061 | 270 | 808 | 001 | 0:04 | 0-01 | 0°05 | 0°01 | 0-01 0-01
1867 | 021 | 009 | 0°10 | O-¢7 | 0-01 | 008 | 0:01 | 032} 0-01 | 001 0-01
] 1872 ]| 0-38 | 0:48 |.0-25 | 177 | 001 | 006 | 001 | 0°09 0-01
| 1877 | 0-13 | 0'86 | 0-10 | 0-01 | 0-01 | 0-01 001 | 0-01
11903 | 014 | 2:82 | 125 | 427 | 168 | 874 0-18 | 001 0°01
1914 | 0°06 | 1'31 | 014 | 0'84 | 0°15 | 241 -
‘ Trifolium pratense (Common Red Clover).
1862 | 4°48 | 1+45 | 771 | 6-84 | 003 | 0°20 | 004 | 0°81 | 0-01 0+01
1867 | 2:11 | 0°17 | 1418 | 475 | 001 | 0°04 | 001 | 0°26 0-01
1872 [ 168 | 011 ] 027 | 1-18 | 0-04 | 003 | ... | 0712 ) 001 | .. 0-01
1877 | 209 | 0:30 | 086 | 1656 | 0-08 | 081 011} ... | 001
1908 | 144 | 2711 1°38 | @a1 | 591 | 6786 | ... 001
1914 | 1-96 | 2°98 | 6868 | 469 | 5-11 | 257 | 0°11 | 0'14
Lotus cornioulatns (Bird’s Foot Trefoil). .
1862 ] 183 | 041 | 016| 127 | 001 002 | 005 | 006
1867 | 285 | 1:28 | 088 069 | 0-08 | 0-35 | 081 | 0'12 001
1872 | 594 | 871 | 3561| 019 | 0-06 | 003 | 0-41 | 1'16
1877 | 896 | 086 | 1-18| 004 | 0-03 } 0-01 | 014 | 078
19008 | 5-64 | 728 |1224| 0°43 | 2:30 | 0-01 | ... | 228
1014 | 881 | 106 | 179 0:63} 159 | 010 ] 017 | 085
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50/
40
30
20
10
L- nil
Plot 3 41 8 7 B 17 42 9 1 14

Fie, 85.—Percentage of Arrhenatherum avenacewm in the Herbage of the Grass Plots.
First Crop, Season 1903,

Unmanured. Minerals only. | WNitrogen only. Nitrogen and Minerals.
4-1, Superphosphate. | 5. Amm.-salts. | 4-2. No Potash Amm.-

8. No Potash. 17 NitrateSoda, | 9. Complete | e

7. Complete. 11. Excess N. J M

14. Complete ; Nit, Soda.
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TaBLE LXII.—Continued.

179

LEGUMINOSE—Continued.

¥ Plot

cars | g 4+1 8 7 8 15 B 17 | 42 9 11-1 | 14
Lathyrus pratensis (Meadow Vetchling).

1862 | 1-26 | 032 | 876 | 18-51| 0-23| ... | 002 | 0-01 | 007" 012 { 001 | 011

1867 | 0°68 | 134 | 682 | 6-78| ... 004 001 | ... | 003 | 015 | ... | 037

1872 1 098 | 4°10 | 3-94 | 36-88| 1+47| ... | 004 | 001 | 0:02 | 002 1-35

1877 | 2-37 | 8+38 | 2°87 |12-11| 6'56| 1+47| 005 | 0°01 | 003 | 0°06 076

1903 | 2+55 | 477 | 3-70 [ 2204 | 80°04|16°20 | ... 0412 | ... 0-01 3-84

1914 ) 045 | 168 | 387 | 1064 | 17+35 | 2785 017 | 007 . 400
Total of all other Leguminous Species.

1862 001 .

1867 .

1872 0-12

1877 0-84 034

1908 e | 017

1914 011 | 008 | ...

MISCELLANEOUS SPHECIES.

Ranunculus acris, repens et bulbosus (Upright, Creeping and Bulbous Crowfoot).

1862 | 4:89 | 5'90 | 1°16| 1'39 | 077 | 226 | 0'33 | 209 | 2:15 | 0°14 | 0:03 | 1-23
1867 | 202 | 189 | 1:21| 0'50 | 0°16 | 064 | 0°10 | 1'33 | 0:05 | 0:05 | ... | 040
1872 | 301 | 4:28 | 147 | 040 | 047 | 1'63 | 011 | 248 | 001 | ... 023
1877 | 345 | 6410 | 1-74 | 069 | 0-57 | 4:23 | 0:16 | 4°91 | .. | 0°04 071
1903 | 189 | 1'53 [10°90 | 286 | 372 | 620 | ... | 392 019
1914 | 0-17 | 0+37 | 0'55| 090 | 104 | 0-79 | 0-11 | 0'63 012
Poterium sanguisorba (Common Burnet).
1862 0-01
1867 0°21 | 0756
1872 | o049 | 0-09
1877 | o'8s8| 0-21
1803 | 1381 | §-48 0-03
1914 | 174 | 1-06
Conopodium denudetum (Earth or Pig Nut).
1862 | 097 ! 097 1459 | 2:08 | 055 | 058 | 1115 | 148 | 199 | 202 | 1-79 | 155
1867 | 295 ( 232 | 684 | 9-92 | 787 | 020 | 574 | 2:44 [ 265 | 985 | 1'84 | 1'57
1872 | 286 * 1°17 | 173  1-81 | 247 | 0+43 | 102 | 1-31 | 089 | 1-B1 | 0-04 | 061
1877 § 190 064 | 1-07 1-58 [ 0-88 | 0-77 | 0065 | 0772 0°11 | 075 | 0°01 | 0'18
1908 § 0°92 0283 | 079 1-a9 | 1-28 | 1-07 | 007 | 0°61 026 002
1914 | 045 [ 0-14 | o9 | 0-30 | 021 } 011 | 063 0-10
Anthriscus sylvestris (Beaked Parsley),
1862 }
1867 162
1872 386
1903 003 | 9°50
1914 005 108
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Plot 3 4-1 8 7 5 17 42 9 1 4
F1c. 36.—Percentage of Holcus lanatus in the Herbage of the Grass Plots.
First Crop, Season 1508.
Ormarured. Minerals only, Nitrogen only. Nitrogen and Minsrals.
4-1. Superphosphate. | 5. Amm.-salts, | 4-2. No Potash Amm.-
8. No Potash. 17. Nitrate Sodz. | 9. Complete } salts:
7. Complete. 11. Excess N. ’

14. Complete ; Nit, Soda.
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TABLE LXII —Continued.
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MISOELLANEOUS SPECIES—Continued.

Y Plot
sl g | 41| 8 7 6 | 15 | 5 | 17 | 42 | o |11-1] 14
Centaurea nigra (Black Knapweed).
1862 | 031 | 048 | 022 | 003 | .. .. loo1] a41] 001 ’ 0-04 | 0:07 | ...
1867 | 059 | 0°36 | 045 | 0°79 | 140 | 0-17 | 243 | 410 021 0-01
1872 | 2711 | 1-01 | 024 | 0-27 | 141 | 258 | 2-18 |10-28] 125 | 002
1877 | 106 | 0°66 | 076 | 0-10 044 | 0°80 | 063 | -282| 085
1903 1 405 | 477 | 7-21 | 1°03 | 1-385 081 | 0-71 [11-20| 148 003
1814 | §°70 | 864 { ©21 | 6:84 | 607 | 6°94 | 696 | 802 018
Achillea millefolivm (Yarrow or Milfoil).
1862 | 153 J 142 | 0-93 J 169 | 8'84 | 253 | 1-33 | 2714 | 177 | 1'95 | 146 | 024
1867 | 116 | 188 | 489 | 8:10 | 1-08 | 1-13 [ 1-09 | 1-39 | 149 | 2:08 | 0-06 | 0%47
1872 | 178 | 5-38 | 976 | 528 | 4:09 | 2:60 | 105 | 291 | 1-75 | 1'50 | ... | 0-21
1877 | 199 | 819 | 2-76 | 0'64 | 1-72 | 0-58 | 0-16 | 139 | 0-27 | 0-04 | 0-01 | 065
1908 267 | 1-80 | 850 ] 895 | 782 | 85 0-04 ] 2°82, 001 | 087 0-12
1914 | 073 f 1556 | 276 | 268 | 811 | 426 0-390 ] 119 010 0-12
Leontodon hispidus (Rough Hawkbit).
1862 | 008 l oso) .. | .. 0-01 0-02
1867 | o'64¢| 062 ... 001 0:01 005
1872 | 127| 011 | ... 0-07 001
1877 ) 182 092/ ... 001 025
1903 | 5981468 | 085 368
1914 |17-08 | 1243 103 4-39
Plantago lanceolata (Ribwort Plantain).
1862 7-34} 563 | 0-71 | 0-23 | 0°08 | 6:92 | 0-10 | *3:85| 0:04 | 0-01 018
1867 10778 966 | 153 | 1-10 | ... | 4'67 | 0:02 | 483| .. | 0°01 001
1872 2:66 | 8-18 | 0°34 | 0-07 0-28 2-41 0°01
1877 816 | 3-78 | 026 | 009 | 0-01 | 0O-56 788 001
1903 198 2+49 | 585 | 005 | 009 | 020 ... 1070
1914 325, 677 | 866 | 074 011 | 026 | 0°22 | 1887
Rumex acstosa (Sorrel).

1862 | 1-40 ‘ 3-94 1-93 | 210 | 1211 664 | 915 357 |18:88| 5-40]| 7-02 | 688
1867 | 1°76 | 547 | 786 | 8+88 |24-27| 7°834 |15-94| 7°53 | 8-42|10-89, 396 | 1-11
1872 | 1'77 | 281 | 196 | 1*16 | 71| 2°06 | 7-13| 138 | 685 460 1-08 | 061
1877 | 1-87 | 387 | 584 | 6°67 | '7'68| 579 | 213 | 256 309 | 860 225 | 4-40
1908 | 2+21 | 151 | 191 | 871 | 524 156 [14'84| 180 | 0°54| 2-79| 018 [ 067
19141 0-34 | 068 | 055 | 021 026 0-21 134, 0°35 051 4-37 052
Totsal of all other Miscellaneous Species.

1862 | a0 | 335 | 245 \ 318 | 2:87 | 258] 149 | 066 | 0-95 | o-g2 | 0-25 | 027
1867 | 9008 | 7-84 | 531 | 4'42 | 2:46 | 5-31| 249 | 101 | 1-01 | 0-45 | 001 | 027
1872 | 642 | 6-38 | 4'98 | 2°07 | 3-24 {11-54| 335 | 411 | 1-07 | 0-16 | 002 | 023
1877 | 468 | 382 | 287 | 214 | 208 | 1-91| 2712 | 258 | 100 | 0-51 | 020 | 085
1908 | 649 | 805 | 692 | 683 | 425 | 1-13| 1'99 | 667 | 438 | 069 | 002 | 069
1914 | 814 | 206 | 2:88 | 2'62 | 146 | 0°68| 8'66 117 1 080 | 073 2:01
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Plot 3 4-1 8 7 5 7 42 9 1] 14

Fie. 37.t—Pe;cen'tage of Trifolium repens, Trifolium pratense, and Lotus ecorniculaius
{together) in the Herbage of the Grass Plots. First Crop, Season 1903

+ Unmanured, Minerals only. . Nitrogen only. Nitrogen and Minerals
4-1. Superphosphate. l 5. Amm.-salts. | 42, No Potash .
8. No Potash, 17. Nitrate Soda. 9. Complete
7. Complete. 11. Excess N.
14, Complete ; Nit. Soda.

Arom.-
J' salts.
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TaBLE LXII.—Continued.

SUMMARY.

TOTAL PER CENT. OF GRAMINEOUS, LEGUMINOUS, AND OF OTHER ORDERS.

Yoars Plot
3 4-1 8 7 8 15 5 17 4-2 9 11-1 14

Total of Gramineous Species.

1882 17061 | 74+96 | 7169 | 6465 | 8052 | 78-26 | 86-32 | 81-36 | 8081 | 8859 | 8938 | 8952
1867 | 65°53 | 6638 | 63-03 | 59-29 | 6266 | 80:02 | 7185 | 75°72 | 8613 | 77°06 | 94-12 | 94°26
1872 | 6866 | 67°03 | 7156 | 48°32 | 79-23 | 7876 | 84°70 | 7327 | 8365 | 9219 | 98'8% | 9287
1877 | 7115 | 71+78 | 81°19 | 74°38 | 79-96 | 8345 | 94-06 | 75°87 | 94°63 | 94°65 | 97°68 | 87°81
1903 15223 | 43:00 | 4350 | 4175 | 35°61 | 50°05 | 82:37 | 5601 | 9365 | 95790 [99-82 | 8564
54+32 | 55-85 | 6275 | 68-09 | 6255 | 58-76 | 8330 | 68-01 | 9856 | 93°75 |100-00| 91'21

Total of Leguminous Species.

1932|2470 | 0-28] 0-27) 012 | 0-42 ) 0-00 | 0-13 | 0-01 | 0113
g8 (1269 | 0°10| 051 | 084 | 0-70 | 0-04 | 0-16 | 0-01 | 039
797 |89"77| 1°68| 012 046 | 1-38 | 003 | 0-02 | 0-01 | 1-36
401 (1871 668! 1-80| 019 | 091 | 0-04 | 041 | ... | 076
18-57 [ 33°16 |40°83 | 2897 | ... . .

1065 | 16°91 | 2423 | 82°7¢| 0745 [ 056 | ... | ... | .. | 400

—
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Total of other Orders.

1862 | 21+29 | 22°26 \ 8'99 11065 | 1920 | 2147 | 1356 E 182211960 | 11°28 | 1061 | 1035
1867 | 29°12|80-29 | 28+09 | 28:02 | 87-24 | 19:47 | 27°81 | 23°58 | 1383 | 22:78 | 5°87 | 5°36
1872 | 22°36 | 24-36 | 20-47 | 1141 19-19 {2112 | 14'84 {2585 { 1182 | 779 | 1'15| 5°77
1877 | 20781 | 2269 | 14+80 | 11-01 | 13+36 | 14°75| 5752322 583 | 4'94| 2:47|1143
1903 | 40°00 [ 3942 | 37-93 | 25*12 | 2355 | 20°95 | 17°65 |41-48| 636 | 4°11| 0°15|11-12
1914 | 8558 | 833°56 | 25°77 | 14+63 | 12°35 | 7-34|12°69|30°25 | 1-44| 530 | ... 3-80

Number of Species.

1862 | &0 46 38 44 34 39 38 33 35 28 28 28
1867 43 46 42 42 32 39 36 47 30 29 18 30
1872 | 49 49 42 41 39 39 31 43 28 30 16 30
1877 52 45 48 44 38 438 29 49 26 27 15 27
1903 | 47 44 45 36 39 35 22 41 15 20 10 24

r

1914 | 40 33 34 32 | 32 28 31 30 15 14 7 18

VIII. The Effect of Season.

The hay crop probably fluctuates with the seasons more
than any of the crops on arable land, because the land does
not receive cultivation, which tends to regulate the supply
of water to the plant, and especially to preserve it from
wasteful evaporation during dry seasons. Not only does the
gross weight of crop vary very much, but the character of
the herbage alters considerably with the distribution of
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Fre. 88.—Percentage of Lathyrus pratensis in the Herbage of the Grass Plots.
First Crop, Season 1903,

Unmanured. Hingrals only, Nitrogen only. Nitrogen and Minerals:
4-1. Superphosphate., | 5. Amm.-salts. | 4-2. No Potash Amm.-
8. No Potash, 17. Nitrate Soda. 9. Complete } salts.

7. Complete. 11. Excess N.

14. Complete; Nit. Soda.
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Thus the year 1902 with fre-

quent light" rains was especially favourable to the growth of
the shallow-rooted Lathyrus, and other leguminous plants, the
proportion of which was doubled or more on some of the plots.
The Table LXIII. shows the monthly rainfalls for the seasons

TasLe LXIIL—Rothamsted Park Huay. Seasons of highest and lowest

Yields compared with Monthly Rainfall.

z
l

Plot 9. Plot 14. » Rainfall,
Migg\;inls, Minel(inls,

Years. 400 1b, 550 Ib. Total,
Ammonium- | Nitrate Mareh. April. May. June. March to

salts. of Soda. June,

10 Highest Yields on Plot 9.

Lb. . Lb. Inchos. Inches. Inches. Inches. Iuches,

1869 7700 8526 1422 2-129 3-231 1-061 7843
1879 7668 5964 | 1-188 2-790 8+481 5551 13005
1904 7473 7340 1-578 1252 2-152 0-813 5795
1882 7266 7158 1566 3925 2068 3-926 11-485
1858 7172 5646 0-967 2-439 2581 g-958 6895
1868 6622 7728 1-922 2-187 0732 0369 5-210
1871 6576 6930 1508 2-890 0955 3-866 9214
1857 6422 1495 2171 1088 2-227 6981
1862 6402 5]18 3061 2843 24909 8407 12220
1856 6363 0-994 2+615 4872 1742 10223
Mean . 6966 6876 1569 2:524 2+402 2+392 8887

10 Lowest Yields on Plot 9.

1893 1108 2502 0424 0249 1221 0-999 2893
1896 2267 4437 3754 0:952 0476 2250 7432
1901 2960 5061 2565 2-511 1-806 0-841 7723
1874 3290 5484 0652 24141 1187 1-593 5573
1870 3306 6300 1-789 0-488 1324 0979 4580
1881 3307 4248 2152 0-997 1376 1-633 6158
1887 3608 6324 1755 1-194 2354 0709 6:012
1865 3866 5992 1-485 0+426 3048 0914 5823
1888 8958 5070 3125 2-143 1276 4867 11411
1900 4246 5556 0-962 1-332 1+080 2634 6+008
Mean . 3192 5027 1:861 1243 1515 1742 6361

giving the highest and the lowest yields on the completely
manured Plot 9, also the corresponding yields on Plot 14,
which receives an equivalent amount of nitrate of soda
instead of the ammonium-salts on Plot 9. Although in a
general way it can be seen that a wet late spring is on the
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F1e. 89.—Percentage of Cenlaurea nigra in the Herbage of the Grass Plots.
First Crop, Season 1903.

Unmanured, Minerals only. Witrogen ondy, Nitrogen and Minerals.
4-1. Superphosphate. | 5. Amm.-salts. | 4-2. No Potash Amim.-
8. No Potash. 17. Nitrate Soda. 9. Complete } salts.

7. Complete, 11. Excess N

14. Complete; Nit. Soda.
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whole more favourable to the leguminous plants, it is not easy
to trace any connection between the weather, as judged from
the meteorological records, and the character of the crop, since
so much depends upon the frequency of the rainfalls and the
relative predominance of particular species when the most
favourable period for growth sets in. In a dry spring the
plots receiving nitrate have a great advantage over those
recelving ammonium-salts, but this is due to the deep-rooted
herbage they carry, rather than to any direct effect of the
manwre used. As regards rainfall, the ecritical months are
April and May : the rainfall of March appears to affect the

crop but little.

PracticArL CONCLUSIONS

1. It is better to lay up the same land for hay each year,
grazing the aftermath ounly, and, in the same way, always to
graze other land, rather than graze and hay in alternate years.
In this way we obtain the fullest development of those grasses
and clovers which are suited to haying and grazing
respectively.

2. For the same reason the system of manuring once
adopted should be varied as little as possible, for even manures
as similar as nitrate of soda and sulphate of ammonia encourage

different kinds of grass.
3. On poor land any large expenditure on manures will be

wasted ; the character of the herbage must be slowly reformed ;
a full manuring is only utilised when there are plenty of strong
and vigorous grasses or clovers among the vegetation.

4, Land which is growing hay requires a manure which is
mainly nitrogenous, whilst pasture requires a mineral

manuring.
5. On strong loams, with a good mixed herbage, a dressing

of 10 to 15 tons of farmyard manure should be given every
fifth year. In the other years a winter manuring (January
or February) of 2 ewt. per acre of superphosphate (basic slag
on strong clay soils), and 3 cwt. of kainit, with 11 cwt,
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Fie. 40.—Percentage of Rumex ucetosa in the Herbage of the Grass Plots.
First Crop, Season 1903,
* Unmanured. Minerals only. Nitrogen only. Nitrogen and Minerals:
44, SuperphOSphate. 5. Amm.-salts. 4-2, No Potash Amm.-
8. No Potash, 17. Nitrate Soda, | 9. Complete salts. .
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of nitrate of soda when the grass begins to grow, will be
remunerative.

6. On light dry soils, either sandy or chalky, the nitrogenous
manures are the most important; dung, and cake-feeding the
aftermath, will best build up a vigorous herbage, and until this
is done it will not be wise to spend much money on artificial
manures: 1 cwt. of nitrate of soda, 1 cwt. of superphosphate,
and 3 cwt. of kainit, being about the best proportion in which
to employ them,

7. On all old grass land an occasional dressing of ground
lime, at the rate of half a ton per acre, applied in the early
winter (best in the year following the dunging), will sweeten
the herbage and utilise the reserves of past manuring.
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CHAPTER X

EXPERIMENTS UPON CROPS GROWN IN ROTATION, AGDELL FIELD

I. The Unmanured Plots.
11. Effect of the Manures.
1L The Effect of the Growth of Clover or Beans on the succeeding Crops.
1V. Effect of Manurial Residues on subsequent Crops.
V. Gain or loss of Manurial Constituents to the Land.
Practical Conclusions. References.

Tur Agdell field, which was put under experiment in the year
1848, differs from the other Rothamsted fields in that it is
tarmed on a four-course rotation of Swedes, barley, clover (or
beans) or fallow, and wheat, instead of growing one crop con-
tinuously. Tt is divided into three main plots, one of which (O)
has received no manure, the second (M) mineral manures only
(superphosphate alone in the first nine courses), and the third
(C) a complete manure, containing the same minerals, but also
nitrogen in the form of rape cake and ammonium-salts. The
manures are applied to the Swedes only, the other three crops
of each course being grown without manure. Xach of the
three plots was originally subdivided into four, so as to obtain
the following comparisons :—(1) Half the plots carried clover
or beans as the third crop of the course, and half the plots
were bare fallow. This showed the effect of introducing the
leguminous crop into the rotation, as compared with the bare
fallow. (2) From half the plots the root crops grown in the
first course were carted ; on the other half the roots were eaten
on the land by sheep; or rather, since the land is unsuited to
winter folding, the roots were chopped up and ploughed in.
This showed the effect on the succeeding crops of barley, ete.,
of the return of a root crop to the land by folding.

In 1903 the second division was abolished, and since then
the three plots have been divided into two only, clover and
fallow respectively in the third year: the roots are carted from
_all plots. Table LXIV, shows the mean results for the five

courses: 1884-1903 and the two courses 1904-1911.

100



TapLe LXIV.—Crops grown in rotation, Agdell Ficld. Mean produce per acre over the five Courses
1884-1903 and the two Courses 1904-1911.

]
|

O.—Unmanured.

M.—Minperal Manures.

C.—Complete Minoral and Nitrogenous
Manure.

R Roots Carted. Roots Fed.* Ruots Carted. ‘ Roots Fed.* Roots Carted. Roots Fed.*
! . R
!
\ Fallow. Iﬁzsz]_‘fr Tallow. "s Béﬁﬁigf Fallow. El %‘:ﬁif‘ ' | Fallow. %‘:}gzgr Fallow. Bélxz!;sero.r Fallow. D'Ct}z(z)l‘x'::). T
’ |
] 1854-1903 R |
| Roots {Swedes), Cwt, 19-9 75 257 106 1777 2134 1966 2451 4169 { 4072 405+4 37071
| Barley Grain, Bush.. | 156 150 176 1511 13'6 199 | 177 289 19 276 29-3 34°1
S Barley Straw, Lb. 1204 1303 1322 1213 1033 1422 1278 1961 1434 1959 2258 2621
o .am, Clover Hay, Cwt.* | 9:Q 97 332 377 33+8 418
. i Bean Corn, Bush.t . 1577 168+0 280 2876 k 1877 1945
5 1Bean Straw, Lb.t . | 971 979 1894 1887 1273 1304
% 3 |
Wheat Grain, Bush 27°0 25°6 | 272 250 31-9 384 | 329 ‘ : :
| y .o 2 411 33'8 394 365 38-8
i 4«2 Wheat Straw, Lb. 2424 \ 2266 | 2475 1 2147 3176 3584 3311 335}; 3382 3679 3924 3805
T 1904-1911 j
”}i Roots, Cwt. 284 9°4 184-1 2304 4300 3852
on 134 86 166 189 24-9 8923
. 975 824 1297 1582 1779 2299
107 & 531 431
Wheat Grain, Bush. . 201 2%-9 254 37-4 29-1 336
heat Straw, Lb. 2341 2715 } 3204 4655 3617 3785

% Mean of 3 courses.

t Mean of 2 courses.

QTHEII TTIAOV ‘NOILVIOW NI Sd0dD
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I.—Tee UNMANURED PLOTS.

The various crops as grown in rotation are affected very
differently by the absence of manure than the same crops are
when grown continuously. In the case of the cereals, the
crop is maintained far better on the rotation plots that are
anmanured than on the similar plots in Broadbalk and Hoos:
field, where wheat and barley are grown continuously. The
root crop, however, falls to a minimum in the absence of
manure, and the mere act of growing in rotation is quite
wnable to provide sufficient nutriment for the needs of even a
small crop. The clover and bean crops also grow very
indifferently on the unmanured plots notwithstanding the
rotation, though the falling-off is not so marked as in the case

of the Swedes.
' Although a rotation of crops, by alternating plants of
different requirements and different habits (some deep and

TaBLE LXV.—Crops grown in rotation, Agdell Field. Comparison of yield
al the beginning of the Euperiment, and in later years (1852-1867,
1884-1903, and 1904-1911). Awerage Total Produce per acre of four
Unmanured and four Manured Plots,

| —

Unmanured Produce

Swedes. Barley. o 1-13(%?§\?er). Wheat, compnre% 3;vit;h thob
Complete Manure
| Courses. e e e e ,imo i
. 3] 8¢ T | &¢ 2| 3¢ g | & : 5 s
, B 25 L8 BE LB | 25 AR 8 LA
; N CRETRE- BETRN AL RN T RE NR-AL I
B S i g | 8= g | OB BE| SR | wn|a B
! { e ‘ R e
| to 5ih ;J;t. Cwt. Lb. Lb. Lb. Lb. Lb. LY
and to 5 3| 2637 | 4100 | 5972 | 2002 | 8545 | 5526 | 675¢ 81
' 56 ) 7 9| 565|818
\JOth to 14th(19°7} 4354 | 2163 | 3662 | 1450 | 8592 | 8979 | 6033 4'2 gg? 404|860
15th & 16th™) 19-0) 3831 | 1910 | 3843 | 1203 | 4826 | 3958 | 5766 | 4-7 | 49+7 |24 | 686

MRt Ridad I S R
* Averages for Plots 1 and 2 Complete Manure, and for Plots 5 apg 8 Unmanured

some shallow-rooting), is able to utilise more thoronghly the
nutriment supplied as manure and the initial resources of the
soil, it is evident that it cannot enable the crops to dispense
with supplies of manure, but that its valye largely depends
upon the opportunities it affords for cleaning the land and

maintaining & proper system of tillage. Table LXV. shows
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a comparison between the crops on the unmanured and the
completely manured plot for the four courses from 1852-1867,
the five courses from 1884-1908, and the two courses from
1904-1911, from which an idea can be obtained of how far

{00

80

€0
40
* N N
Swedes. " Barley. Clover Wheat
(or Beans)
N
Manured Plots Four Courses § Five Courses
=100. (1852-67). \\ (1884-1903).

e e—
Unmanured Plots.

Fie. 41.—Crops Grown in Rotation. Relative Yield on Manured and Unmanured Plots
in the earlier and later years of the Experiment.
each crop has been affected during the whole fifty-nine years
of the experiment by the continued absence of manure.. The
same results are shown graphically in Fig. 41.
Since 1884 (Table LXVI.) the crop of Swedes on the
unmanured plots has averaged only 15°0 cwt. per acre, and the

Toots have lost the appearance of Swedeg, becoming tap-roots
N
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with hardly any development of bulb. The crop, indeed, fell
away to nothing as soon as the manure was discontinued ; it
was less than 8 per cent. of the erop on the manured plots
during the first four courses, and it has fallen to about half
that quantity during the later five courses. Swedes have thus
very little power of growing upon the reserves of nutriment
in the soil, and they are almost wholly dependent upon ap
immediate supply of manure.

The barley has yielded on the unmanured plots 145 bushels
of grain and 10'9 cwt. of straw per acre during the last seven
courses.  This amounts to about 9 per cent. of the ylel.d
on the manured for the 10th to the 14th courses, and to 4977
per cent. for the 15th and 16th courses, whereas for the ﬁI‘S:;u
four courses the yield on the unmanured plots Wwas 8Jboud
70 per cent. of that of the manured plots. As C'Omggreos
with the corresponding plots in the same years 1B 3
field, where barley is grown continuously, the yield of bm. 2
has been much better maintained whon grown in rotation.
On the Hoos field in the later years the production of the
unmanured plots has fallen to 26 per cent. of that of the
manured plots, while the rotation barley on the unmamu:ed
had only fallen to about 50 per cent. of that on the manured
plots, the same years being con.np.ared in each case.

On the Rothamsted land it is not found desirable to grow
clover every four years, so only six clover crops have heen
taken during the course of the experiment, beans having heen
substituted in the other cases. On these leguminoyg crops the
absence of manure has had a very marked effect; the produc-
tion, which was nearly 60 per cent. of the manured plots in the
earlier courses, has fallen to 24 per cent. in the later ones.
Thus the leguminous crops are much wmore affected by
the cropping out of the land than is the barley.

The wheat is better able to resist the deterioration of the
fertility of the soil than any of the other
average production during the later course
bushels per acre on the unmanured plots, a

crops are. The
s has been 24'8

$ compared with
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11'0 bushels per acre on the unmanured plot in Broadbalk
growing wheat continuously, and with 169 bushels on the
similarly unmanured plot where wheat is grown after a bare
fallow. 1In the earleir period on the rotation field the
unmanured plots yielded 82 per cent. of the wheat on the
manured plots, but in the later period the production withont
manure had fallen to less than 70 per cent. of that on the
manured plots, whereas in the corresponding later years of
the continuous wheat-field the production on the unmanured
plot has fallen to 29 per cent. of that on the manured plot.

It 1s clear that the progressive cropping out of the soil is
telling upon the wheat, though it will take a very long time
before the crop grown in rotation is reduced to the level of
the unmanured land that is continuously cropped with'wheat.
II.—Errecr or THE MANURES.
The three main plots into which the experimental field is
divided receive the following manurial treatment per acre :—
0. Unmanured continuously.
M. 34 owt. superphosphate, 500 Ib. sulphate of potash,
100 lb. sulphate of soda, and 200 1b. sulphate of
magnesia for the Swedes.

(. Minerals as on Plot M., together with 200 Ib. ammo-
nium-salts and 2000 lb. rape cake for the Swedes.

TABLE LXVI.—Effect of Manure on Crops grown in rotation, dgdell Field,

Average produce per acre 0ver the seven gouv*ses, 1884—1911. 7
—— ‘ 0. M. l C.
' |
Mineral 1 Complete
Unmanured. Manure. ‘ Manure.
5and 8. 8 and 4, | 1and 2,
- |
———————— — .o
—_——— T T Z. 2014 3736
Roots (Swedes) - . Cwt. 150 . 250
Barley Grain . . : - Bush. ]Igg 128 18:6
. Barley Straw oo 99 428 89-9
. . . . . Cwt. i 289 195
oS I N
: . Cwt,
Bean Strawf - © 548 347 355
Wheat Grain -+ g:’vih 213 8212 30
Wheat Straw . ! ’ T S T T
T S,

t Avernge of 2 course

« Ayeraye of T couraes.
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It should be remembered that each of these three plots
was further subdivided into four quarter plots, in the first
place the third crop may be clover or a bare fallow, and
again the roots were carted off or fed on the land. Now
each plot is divided into two half plots, as the roots are carted
in all cases.

The effect of the mineral manures without nitrogen is very
marked on the roots; during the last seven courses the crop
averaged 201 cwt. per acre, as against 15 cwt. per acre only
on the unmanured plot. Table LXIV. shows that even on
the most impoverished of the quarter plots, that from which
the roots were always carted and where a bare fallow was
taken after the barley, the production amounted to 178
cwt. from 1884-1903, although the plot had been receiving no
nitrogen for thirty-six years previously, nor had any residues
of the previous crops, which would contain nitrogen, been
retmrned to the ground. Where the roots had been put back,
and where also a leguminous crop was taken in the rotation,
the crop amounted to 245 cwt., the increase being due to the
extra nitrogen thus returned to the soil. These results
illustrate the great dependence of the Swede crop upon 2
plentiful supply of mineral, and especially of phosphatiC,
manures ; the latter in particular seem to stimulate the
development of fibrous roots, thus enabling the plant to utilise
B g b e el o i
reserves of nitro ’ »‘We .e CI.IOP 'S cal.c ulated to nitrity
plant more or~1es§ (;I;(c)lus m; temﬂf N t:he soil and xender 119
Thus, in ordinary fafi?g em"o t'a dlre'CE SPEY of n_itrogeﬂ'l
condition the Swede ¢ g picw lce.mth the lanc'l in goo¢
dressing. but, sh rop only requires a small nitrogenous

ressing, but should always have a comparatively large amount

of phosphoric acid, in order to enable it to make the most of
the reserves in the soil and of the dung which is enerally used
with this crop. & ]

The effect of the minerg] dressing has been much less marked
on the barley than on the yroots :

1t has only increased the average
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crop from 14'5 to 194 bushels per acre. This increase again
is chiefly found on the plots growing clover and beans,
and so receiving nitrogen collected from the air; the two
quarter plots which were fallowed after the barley, actually grew
till 1903 less than the corresponding unmanured plots. On
these latter plots the preceding growth of a comparatively
large crop of roots has removed so much nitrogen that the soil
is left poorer than on the wholly unmanured plot, which has
been taxed less severely, though both are alike in receiving no
supply of nitrogen during the whole course of the rotation.
From this we may conclude that, in the absence of nitrogen,
mineral manures are of no use to the barley crop, the magnitude
of which will depend on the amount of nitrogen available,
even when the mineral resources of the soil have been consider-
ably drawn upon. In other words, with barley on unmanured
land nitrogen starvation sets in long before the deficit in
minerals is felt, the reverse being the case with Swedes.

Coming to the leguminous crop, the mineral manures have
a very powerful effect, although they are applied a year before
the clover is sown and two years before the crop is grown.
The increase brought about is from 99 to 423 cwt. of clover
hay, and in the case of beans, from 15'8 bushels of corn and
87 cwt. of straw to 282 bushels of corn and 169 cwt. of
straw. This illustrates well the generally accepted fact that
the leguminous plants are in the main independent of manurial
sources of nitrogen, which element they are able to draw from
the atmosphere, especially when they are provided with plenty
of mineral plant-food.

In considering the wheat crop, it is necessary to distinguish
between the plots which have previously grown clover or beans
and those which have been fallowed, because in the former
case there has been such an accumulation of nitrogen in the
soil that the succeeding wheat crop is very much stimulated.
It will be seen that the crops on the fallowed portions
average about 254 bushels per acre, as against 201 bushels
per acre on the corresponding unmanured plots, an increase
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which must in the main be set down to the mineral dressings
received three years earlier in the rotation. ‘Where clover or
beans are grown the crop mounts up to nearly 38 bushels per
acre, or to the maximum grown even on the plots receiving
nitrogen as well as minerals, so thoroughly have the leguminous
plants done their work of accumulating nitrogen for the
succeeding crop of wheat.

The application of the nitrogen (141 lb. in the shape of
rape calke and ammonium-salts) to the Swedes has nearly
doubled the crop, the average during the last seven courses
having been 18 tons, as against less than 10 tons with the
minerals only. Dependent as the Swede crop has been shown
to be upon the minerals, the soil of the plots receiving 1o
nitrogenous manure has been so far depleted that nitrification
of the reserves of humus still remaining in the soil is not able
alone to supply enough available nitrogen for the needs of the
crop, as is shown by the increased yield produced by o direct
application of nitrogenous manure,

The effect of the nitrogen applied to the Swedes is still VXY
palpable in the barley crop, the yield of which is about 40 per
cent. larger on the completely manured plots than on the plots
I‘E.:Oeiving no njtrogen. Coming to the leguminons crop the
nitrogen has no effect; the clover is not better, and the
bea‘ns are very distinctly worse where it has been applied'
Lhis ?ﬁbrds very strong evidence of the extent to which
leguminous plants are able to feed themselves with nitrogen
frctm the atmosphere and become independent, of nitrogen 11 the
soil, an excess of which may even be injurious to their gI‘OWth'
. The manner in which accumulations of nitrogen in the soil
mterfefre with the growth of leguminous plants is curiously
seen 1n another way on this field: one of the commonest
weeds among both the barley and the wheat on the unmanured
plots and on those receiving only minerals is the little legumi’
nou.s Black Medick (Medicago lupz&lina), which often almost

3 T, 1 b less abundant, and indeed is
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hardly to be seen, on the other plots which receive nitrogen
for the Swedes, although no nitrogen has been applied during
the years in which the plant in question is growing.

The wheat, which comes last In the rotation, still shows
some effect for the nitrogen applied three years previously. If
we consider the fallow portions only, there are about 8 bushels
more grain produced by the residue of the nitrogenous
manuring, so dependent is the wheat crop upon a supply of

Wheat

[
Wheat

5 \\
\ Swedes

Wheat

Barley

i

B\ %

Unmanured. Minerals only. Complete Manure
no Nitrogen. .

F1c, 42, —Effect of Manure upon Crops grown in Rotation. Total Produce. Averages
of Five Courses (1884-1903). Swedes in 100 ewt.; Barley and Wheat in 1000 1b, ;
and Clover in 10 cwt.
nitrogen. On the portions which grow beans or clover the
wheat crop gains so much from the nitrogenous material
left by the stubble of these leguminous crops that the effect
of the previous nitrogenous manuring is no longer apparent,
the average crop being actually highest on the portions
receiving only minerals, thus corresponding with the varying
yields of the previous leguminous crops rather than with the
direct nit,rogenous manuring.

Fig. 42 shows in a graphic form the effect of these three
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systems—no manure, minerals without nitrogen, and a complete
manure—on the successive crops in the rotation.

1IT.—TrE Errecr or e GrOwTHE oF CLOVER OR BEsNS ON
THE SUCCEEDING CROPS,

Tt has already been stated that one of the main objects of the
experimental field is to compare the results of growing & crop
like beans or clover as the third item in the rotation instead of
taking a bare fallow. Of course, historically, this change fmfn
bare fallow to clover marks one of the great advances
agricultaral practice, but its complete justification has only
been possible in the last few years, since the power of the
leguminous plants to fix atmospheric nitrogen has heen knowD-
In the Agdell field clover has been grown seven times and
beans eight times during the period under experiment. Table
LXVII shows the average crops of each separately, together
with the total produce of the succeeding wheat crop On the
fallowed and cropped portions respectively.

TasLe LXVIL—Crops grown in rotation, dgdell Field, Effect of Clover

Beans on 1he following Wheat Crops.  Total produce per acre-

Wheat.t Wheat.§
C}chr V,A‘, P ,; . B B o "'“"'k
Crops.* |, trar Aftap |Vifference Crgg:.', Aftor After °‘§§Z°§<>CB
Fallow.| Clover. %lllgv;?. T*allow. Beans. Beand.
I !
’ Cwt. Lb, Lb. | Per cent. 1.6, Lb. ; b, Per cent.
Q; Ynmanured .| 140 | 4028 | 3696 | - 82 | 1888 | 4g07 | 4373 1073
M. Mineral Manure. | 470 | 5147 | 5052 | +176 | 2615 | 5a28 | 5447  ~ 13
ﬂ_ﬂw‘iﬂ?f € _bam“(‘: 501 5493 1 6093 | + 09 3177 6092 5929 L 2T
* 7 years (0874, "$2, '86, 94 o —

7 yeurs (1875, 'S8, 8T, ‘05, 100, 1008, end 1ons). & g?;iiii 00 % e T b}
The beneficial effect of the clover crop is at once a,ppa,l’el’lt
from the table. On the unmanured plot the clover crop is &
small one, and apparently the nitrogen it has collected from the
atmosphere is not sufficient to compensate for the better tilth
and nitrification which are induced by a bare fallow. On the

plot 1°ef3eiv1'ng mineral manures a large bulk of clover is grow;
averaging 47 cwt. of clover hay, and notwithstanding thab all
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this is removed from the land the nitrogen accumulated in the
roots and stubble is sufficient to raise the total produce of the
wheat from 5147 1b. to 6052 lb., or by 176 per cent. On the
completely manured plot a still greater crop of clover is
obtained, averaging 50 cwt., and this still further increases the
wheat crop from 5493 1b. to 6093 1h., or by 09 per cent.

With the beans an entirely different result appears; on
each of the three plots the bare fallow proves a better prepara-
tion for wheat than does the bean crop, after which in all cases
the wheat crop is somewhat diminished. On the unmanured
plot the average diminution is 11 per cent, on the mineral
manured plot it is 1'5 per cent., and on the completely manured
plot it is 2'7 per cent. In other words, the bean crop, which is
pulled, not cut, does not leave behind any great amount of
nitrogen gathered from the atmosphere—not sufficient to
compensate for the absence of the summer tillage that the
bare fallow receives. These results are even more clearly seen
when the crops following the largest clover and bean crops

are considered, the results of which are set out in Table
LXVIIIL.

TaBLE LXVIIL—Crops grown in rotation, Agdell Field. Hfect of the
largest Clover or Bean Crop on the following Wheat Crop.  Total

produce per acre.

Wheat, 1011. [ Wheat, 1868.
Clover Beans, T T
! Difl 1862, Dilference
1910 1 after After diéeﬁfe Fﬁlflc:l;' ékftar cliue to
Fallow.| Clover.| g o W | 8ADS. | Benns.
Cwt. Lb. Lb. | Per cent. Lb. ] Lb, : Lb. Per cont.
O. Unmanured .| 174 | 8876 | 4052 | 4 45 | 3603 7222 5281 | ~26°9
M. Mineral Manure . | 64-1 | 5338 | 6292 | +17°9 | 4033 7910 |, 6090 | -23'0
C. Complete Manure | 76'6 | 5454 | 6163 | +18°0 | 5755 | 8792 | 7674 | -127

In 1910 the clover on the unmanured plot produced only
17+4 cwt. of hay and caused a barely perceptible increase in the
total produce of the wheat, amounting to only 45 per cent. On
the plot receiving a complete mineral manure, however, a very
large crop of clover was obtained, 64'1 cwt. per acre, and this
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increased the total produce of the wheat crop from 5338 Ib. to
6292 1b., or by 17°9 per cent., the extra grain amounting to
6 bushels per acre. On the completely manured plot a still
greater clover crop was obtained, 766 cwt. of hay; this in i
turn increased the total produce of the wheat crop from 5454 Ib.

to 6163 lb., or by 13 per cent. The increase of grain in this
case was 5 bushels per acre.

Turning now to the bean crop of 1862, the largest of the
series, we find that it was also followed by a specially good
wheat crop in 1868, but that in each case the wheat was less
after the beans than after the bare fallow, the diminution
amounting to 26'9 per cent. on the unmanured plot, 23 Pt

Taswe LXIX.—Crops grown in rotation, Agdell Field. Effect of Clover (or

' 47
Beans) on the succeeding Swede and Barley Crops. Mean of 5
Cowrses—Produce per acre.

11th to 16th Courses (15$8-1611). -
W0tttk | T T Ty T
Courses

Root Crops. Barloy.
{1884-1907). e SR S

01;;;1' After Increaso After 133??%

(or Beans). | After Clover | due to After Clover | o ver
Tallow. or Clover | Fallow. | or Beans-

Beans. |or Beans. | Beaps. |OF

L \ —

Lb. Cwt. Cwt. Per cont, Lib. Lb, Por CZ?;‘

O. Unmanured . . 1284 281 108 | ~-62'5 1 2082 1992 ) - 741
M. Mineral Manure . 4019 1953 | 2446 | +952 1 21385 2926 | + 33,7

C. Complete Manure . | 3170 | 453-8 | 4084 | — 97 | 8215 | 2980 | +2

cent. on the plot receiving superphosphate only, and 127 P&
cenr(,. on the completely manured plot. These results can only
be interpreted by supposing that the large bean crop, 0 fax
from obtaining all the nitrogen it required from the atmospher®:
drew extensively upon the resources in the soil, consequentlys

instead of enriching the land like the clover crop it actually left
it poorer than it was before

Since the growth of clover has such a marked effect OB
the subsequent crop of wheat, the question of the duration ©
ﬂ_le benefit caused by the clover naturally arises, Table LXIX.
BIVes & summary of the results during the last six courses
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which have been completed, showing a comparison of the roots
and the harley after fallow and after clover (or beans) re-
spectively—i.e., of the crops coming in the second and third

years after the growth of the leguminous crop.

The results show that where the manuring is with minerals
only the effect of the leguminous crop is very marked both in
the roots and in the barley, 4.¢., that the nitrogen introduced by
the growth of clover is operative, not only in the wheat which
follows it, but also in the roots and the barley which follow the
wheat ; in fact, in all the crops of the rotation until the clover

comes round again. The root crop is increased by 25 per cent.,
and the barley crop by about 37 per cent., the magnitude of
the increase being due to the fact that the leguminous crop
represents the only source of nitrogen on this plot. When,
however, the manure put on to the Swedes contains nitrogen, the
effect of the nitrogen stored up in the soil by the clover crop
two seasons before is masked by the fresh nitrogen introduced,
and produces no increase of crop. It, however, becomes
manifest in the succeeding barley crop, which is 23 per cent.
greater on the portion cropped with leguminous plants than on
the fallowed portion, so that we can say the value of a clover
crop is felt for three years after its growth in all the crops of
the rotation, even under the ordinary conditions of farming when

a manure introducing large quantities of nitrogen is used once
during the rotation. Of course it must be remembered that the

above mean results are for the six last courses after ten
rotations had been completed, and that as the benefit is
doubtless somewhat cumulative from one rotation to the
next, the results represent not so much the value of a single
clover crop as of its constant introduction into the rotation
instead of taking a bare fallow. On the other hand, if we
compare the effects of the single crops, we find that the crops
of beans, just as they show little effect in the succeeding wheat
crops, so also they cause but a smaH' benefit to the roots and
barley coming later still. The continuous enrichment of the
land shown in the above table has therefore been due in the
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main to the seven occasions on which clover has been taken
during the sixteen complete courses of the experiment.

The diagram, Fig, 43, shows in a graphic form the benefit
to the whole rotation of the growth of clover, even when the
root crop receives nitrogenous manures,

Wheat
6 Clover 077777

Barley 7
| 7/
7 Roo?’s.
/ Barley
3 —

5NN\ el

:
After Fallow.

After Clover.

Frs. 48.—Comparative Effect of
the Rotation. Total Py ey
and in 100 ewt. for Root

IV.-—Er

er or Bare Fallow on the succeeding Crops it

oduce—In 1000 Ib. for Clover, Wheat, and Barley,
s.

FECT OF MANURIAL RESIDUES oN SUBSEQUENT
: Crops.
It bas already been stqt

ed that the manur his experi-
mental field are nures on this exp

applied only to the root crop, the three
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subsequent crops in each course being grown without further
manure. We thus obtain a means of ascertaining what residue
is left in the land after the removal of the crop to which the
manure has been applied. If, for example, we compare the
plots receiving minerals only with those receiving minerals and
nitrogen, on the fallow portion the addition of nitrogen produces
an increase of crop from 186 to 443 cwt. per acre, or of 131
per cent. This crop of roots is entirely removed, but the suc-
ceeding barley crop shows a total produce of 2783 1b. on the
plot where nitrogen was applied to the roots, against 1970 lb.
‘on the plot without nitrogen ; thus the residue of the nitrogen
in the ground after one crop had been grown and removed was
still able to increase the next crop by 41 per cent.

The following Table (LXX.) shows the summarised results

TaBLE LXX.—Crops grown in rotation, dgdell Ficld. Total produce per
acre. Mean of seven Courses, 1884-1911.  Increase due to Nitrogenous
Manures applied to the Swede Crop only, and their Residues.

|

! Fallow
Manures. Swedes. Barley. ‘ (or Beans or Whent,
Clover).
Roots carted, Fallow.
Cwt. . | . | 1
Minerals or}\l}y . . . . . 186-9 15270 i . 5}00
.Minerals + Nitrogen . . . . 443 2783 | 5523
|
. |
{Actual . . . 256°1 813 493
Increaseyperoent, . . .| 1316 412 83
Roots carted, Beans or Clover.
I _ T — _—
Minerals only . . . . . 256-0 2608 | 87922 6149
1 Minerals + Nitrogen . . . . 4281 3782 ) 3036 6119
fActual . R . 1721 1173 — 686 - 80
Increasey pey cent. . . . 67:2 41°1 — 186 - 4

for the last seven courses on both the fallow and the clover

portions.
It will be seen that a nitrogenous dressing consisting of

rape cake and ammonium-salts leaves in the ground, after
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growing a crop of roots, a residue which increases the b.&l'ley
crop by 41 per cent.; even two years later, after an mterf
vening bare fallow, sufficient still remains to increase the
wheat crop by 83 per cent. A similar increase in the
barley of about 41 per cent. is brought about by the residues
of the nitrogenous manuring applied to the Swede crop OF
the plots which, instead of being fallowed, carry clover or
beans as the third crop in the rotation, On the leguminous
crop itself, however, the residues of nitrogen still in the soil have
a depressing effect, the average production of beans or clover
being 18 per cent. less on the plots which receive nitroge™
for the Swede crop than on the corresponding plots gesting

no nitrogen, a result of nitrogenous manuring which has bee?
noted before.

Further evidence of the duration of manurial residues is t©
be obtained by comparing the plots from which the roots W?re
removed with those to which the roots were returned, and noting
the effects on the succeeding crops of the rotation. For thiS
purpose it will be wise to consider only the plots on which the
Swedes receive nitrogen as well as the minerals, for on them

only is there a crop of Swedes big enough to leave any Pe*”
ceptible residue. Table LXXI. shows the average results

Tasue LXXL—Effect of Carting and of Feeding Roots on the ¥’ teld
of succeeding Crops. No Clover grown.

o
Average Produce per acre, ‘ Relative Yield.
B ‘ oHe
Roots Removed. \ Roots Fed. Roots Removed. Roots Fed:
' -
Swedes . 448 cwt, \ 440°1 cwt. 100 99
R D —
Barley . . . 2575 b, 3951 to. 100 153
Fallow . . .
Wheat . 5521 1b. 6224 Ib, 100 113

(grain and straw) for five courses on the fed and carted
portions, where a bare fallow is taken in each course.

Taking the figures in the last column, we see that the effect
of the root crop on the succeeding barley is considerable, for
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the yield of barley is increased by as much as 53 per cent.
through the return of the root crop to the land. The residues
have, however, but a small effect two years later on the wheat
crop which follows the bare fallow, for where the roots were
fed the wheat crop is only 13 per cent. larger than where
the roots were carted off. The residual effect has practically
disappeared by the fourth year, and when the roots (to which
a fresh application of manure is applied) come round again
they are little the better for any accumulated residues in the
soil, even though the treatment of returning or removing the
roots is repeated through thirteen rotations, or a period of

fifty-two years,

The next Table (LXXII.) shows the parallel experiment,
in which clover or beans were grown in the third year of the
course instead of taking a bare fallow.

TABLE LXXII.—Zfect of Carting and of Feeding Roots on the Yield
of succeeding Crops. Clover grown.

Average Produce per acre. Relative Yield,
Roots Removed. Ruots Fed. Roots Removed. Roots Fed.
Swedes . . . 443 4 cwt. 4081 cwt. 100 92
Barley . . . 8543 lb. 4579 1b. 100 . 128
Clover or Beans . 4066 ]b. 4572 1b. 100 109
‘Wheat . . . 6140 1b. 6246 Ib. 100 ) -

In this case the effect of feeding the roots on thg land is
plainly visible in the following crop, though the inciearly 63 not
so great (being 28 per cent. instead of 53 per cen'ant contained:
rotation includes a bare fallow. - the nitrogenous

The second crop, clover or beans, is also. reducing the net
extent, for the residue of the roots produces s acre per annun.
9 per cent. Now, however, the new stores of nitrogen intro-
duced by the clover crop practically obliteratidication that the
of the residues, and the wheat crop 1s to onls been increased
the better for the return of the Swedes to thaee we can con-
previously. e dealing with,
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The diagram, Fig. 44, shows graphically the effect that
feeding off the root crop on the land has on the succeeding
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V.—GaAIN or Loss oF MANURIAL CONSTITUENTS TO THE LAND,

From the analyses which have been made from time to
time of the crops on Agdell field it is possible to estimate the
quantities of the chief manurial ingredients—nitrogen, phos-
phoric acid, and potash—which are removed from the soil
during a typical rotation. Thus we can form some idea of
what will be necessary to maintain the fertility of land under
ordinary crop, and whether there are any natural recuperative
agencies which restore plant food to the soil.

Table LXXTIT. shows the amount of nitrogen removed per
acre per annum on the three plots which are fallowed and
where also the roots are carted off—where everything is, in
fact, removed, and no nitrogen is added except in the one case
on Plot C where the Swedes are manured.

TABLE LXXIIL—Nitrogen removed by Crops grown in rotation, Agdell Field,
Averdge of etght Courses, 1852-1883.  Roots carted.

M. C.
) Unmanured Minerals only. Complete Manure.
(
Lb. Lb.
Supplied in Manure 0 140
Re d in Crops :
Soedes” ’.p 115 348 785
Barley 28+1 28-3 392
Fallow
Wheat 366 39+0 4211
I
'lgotal in rotation 76°2 gi 1 "
er acre per annum ., 191 .
b .y 641b
\Q contained
It will be seen that on the unmanured pl \\\ itrogenous
nitrogen is chiefly effected by the two ce: ucing the net

has the crop of roots become. The a,veraex Cre per apnom.
over the whole four years of the rotatiolt of nitrogen intro-
over 19 lb. per acre per annum, which ° mdlcamon that the
with the average annual removal of nlas been increased
unmanured plot in Broadbalk where whefiC® we can con-
after year. When mineral manures are used'® dealing with,
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the loss of nitrogen to the soil during the rotation is greated
amounting to over 24 lb. per acre per annum, the increase
being almost wholly due to the much larger Swede crop
which is obtained by the help of the mineral manures:
Coming to the plot which receives a nitrogenous manure for
the Swede crop, we find the average removal of nitrogen
becomes 40 Ib. per acre per annum, a slightly greater quab”
tity than is supplied by the manure, so that the neb loss
is about 5 lb. of nitrogen per acre per annum, approximately
the amount annually restored by the rain. Thus, if we con-
sider this plot alone, an almost exact balance is obtainé

between the nitrogen supplied and the nitrogen removed, 59
that the fertility of the land should be closely maintained-
There are, however, other sources of loss which the above
figures do not take into account—losses by the removal 0

weeds, losses by the washing away of nitrates, especi&n}'
during the bare fallow, and possible losses due to0 the

decom.posmlon of nitrogenous materials in the soil with the
evolution of their nitrogen as gas. Possible sources ©
gan are the absorption from the atmosphere of ammont?

other than the ammonia washed down in the rain, and the
fixation of atmospheric nitrogen by soil bacteria which do nob
require the co-operation of a leguminous plant. It is difficu!t
to decide whether the fertility of this plot is really falling ©
Or not, 5o great is the effect of seasons in causing fluctuation®
in yielé which cannot be gauged ; the last four root cropPs
have actually been greater than the first four, the wheat bas
been somewhat less, while the barley has given in the later
years less than half the crop of the earlier ones, The seasoDs
m the later years were, however, against the barley crop, 80
that one can come to no very definite conclusion as to whether
the recuperative agencies indicated above are sufficient to com”
pensate for the unesrimated but inevitable losses.

Turning now ¢© the plots on which clover op beans are
grown, it becomes, St more difficult to estimate the gain OF
10ss of nitrogen the land, since the leguminous crop gains ar
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amount of nitrogen for the land which we have no means
of calculating, but which we know is sufficient to benefit the
succeeding crops for at least three years. Table LXXIV.
shows the removal of nitrogen per acre per annum on the
plots growing beans and clover where the root crop is com-
pletely carted away.

Tasre LXXIV.—Nitrogen removed by Crops grown in rotation, Agdell
Licld.  Awerage of eight Courses, 1852-1883.  Roots carted.

Q. M. C.
Unmanured. Minerals only. Complate Manure.
Lb. Lb. Lb.
Supplied in Manure . . . 0 0 140
Removed in Crops :—
Swedes . 7+6 33-3 806
Barley . . 304 235 407
Beans or Clover . 414 615 893
Wheat . 32-8 359 437 /
Total in rotation . . 1122 154-2 2545
Per acre per annum. 281 386 636
!

On the plot receiving mineral but no nitrogenous manure
the removal of nitrogen is now nearly 40 lb, per acre per
annum ; but if we exclude the clover or bean crop as providing
its own nitrogen, the loss is only a little over 23 lb. per acre
per annum, some of which is undoubtedly replaced by the
nitrogen drawn from the atmosphere and left in the roots and
stubble of the clover. With the nitrogenous manuring for the
Swedes the annual removal of nitrogen amounts to nearly 64 1b.
per acre per annum, or again excluding the amount contained
in the clover or beans, to about 41 lb., of which the nitrogenous
manure used for the Swedes provides 35 Ib., reducing the net
loss to the soil to about 6 Ib. of nitrogen per acre per annum.
This is easily compensated for by the amount of nitrogen intro-
duced by the clover crop, and there is every indication that the
fertility of this plot, so far from falling off, has been increased
somewhat by each completed rotation. Hence we can con-
clude that fairly strong land, such as we arve dealing with,
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when farmed on the four-course system will rise rather than
fall in fertility if during the rotation it receives manure supplying

150 1b. of nitrogen per acre, even though the roots are wholly
removed from the land.  Such a quantity of nitrogen would be
supplied by 15 tons of fair ordinary dung., It should be, how-
ever, remembered that the state of equilibrium thus attained 18
not g very high one, and that if the land is to be kept in higher
“condition,” with a generally larger production throughont,
then the losses of mitrogen by drainage and otherwise will
also be greatly increased. Hence if the higher level of produc-
tion is to be maintained it will require an additional expendi‘
ture of nitrogen as manure, not merely enough to make up for
the larger amount removed in the greater'crops, but a consider-
able surplus in order to compensate for the increased wastage-

When the mineral constituents of plant food are considerffd
~—the phosphoric acid and potash—there is no difficulty 10
estimating the annual loss or gain t0 the soil, becanse we know
that there are no recuperative agencies at work to increase the
original stock of such mineral substances in the soil, nor, o
the other hand, are the only possible losses, those by drainage
of any moment. The annual draft on the soil can then b€
estimated with accuracy if we know the amounts of the con”
stituents in question which are contained in the manure supplied
and in the crops removed.

On the unmanured plot, from which everything is removed;
the loss of phosphoric acid is about 7+5 Ib. per acre per annui
under the rotation, a figure which is very close to the anpual
withdrawal of phosphoric acid from the unmanured plots
where wheat and barley are respectively grown year after year-
On the continuous wheat plot the amount removed in the ¢rop
is 89 Ib. per acre per annum, on ‘the barley it becomes 7°8 1b.
per acre per annum,  Again, as regards the potash, the average
removal from the unmanured plot under rotation is 132 1b.
whereas the continuous wheat plot similarly unmanured loses

14'3 1b., and the continuous barley plot 116 Ib. per acre per
annun.
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It thus appears that when land is continuously cropped
without manure and without the restoration of any parts of
the crops grown to the soil, the annual withdrawal of the chief

TaBLE LXXV.—Phosphoric deid and Potash removed by Crops
grown tn Rotation. Agdell Field.

Phosphoric Acid. Potash.
Completely Completely
Unmanured. Manured, Unmanured. Manured.
Fallow. 010_\’; or Fallow. Clover or
—y Beans. —_— Beans.
Roota —_— Roots —-—
Carted. . Roots Carted. Roots
Carted. Carted.
Removed in:— Lb. Lb. Lb. Lb.
Swedes . . . . 1-55 20°19 607 7831
Barley . . . . . 1311 2159 18-96 3149
Fallow, or Beans or Clover . 1808 4740
Wheat . . . . . 1540 2196 2777 3829
Total . . . . 3006 8177 5280 195+49
Supplied in Manure . 64 150
Net Loss to Soil . 8006 1777 5280 4549
Average Loss to Soil per acre
per annum . . . . 752 444 13-20 11-37

manurial constituents will be about the same whether the land
is put under a rotation or grows a cereal crop every year. Of
course the rotation plot in this case is practically growing two
cereal crops only in the four years, with a fallow between each,
so small is the production of roots in the first year of the

course.
Table LXXVI. (p. 214) brings together for comparison

the annual losses on the three unmanured plots in question.

As regards the manured plots growing clover or beans, we
find that a little more than 80 1b. of phosphoric acid is
removed during the four years of the rotation and must be
replaced by manure if the fertility of the land is to be main-
tained. If 15 tons per acre of dung be given during the
rotation, more phosphoric acid will be returned than is
withdrawn by the crop; but, as the phosphoric acid in dung is
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not in a very active form and as the growth of Swedes is very
specially dependent on an abundant and active supply of

phosphoric acid, it would probably be necessary to use 4 Wt

TaBLE LXXVL— Fertilising Constituents removed under various systems
of Cropping. Unmanured Soils.

Removed in Crops pet 8cro
per annum.
Nitrogen: Ph?\i‘é’i‘(‘lo"i“ " potash.
) Lb. Lb. Lb.
Agdell—Rotation (Swedes, Barley, Fallow, Wheat) 19+ 739 15-20
Broadbalk—Continuous Wheat =~ . ., ., | 170 §:93 1429
1 Hoos—Continuous Barley 177 7:80 11°64

e

or so of superphosphate per acre if a good average crop of
roots is to be obtained. The withdrawals of potash from the
soil during the rotation are more considerable, amounting 0
nearly 200 lb. per acre, which in this experiment are OBl
partially replaced by the 150 1b. given in the manure for the
Swedes. We can assume, however, that even if this is not
supplied by the 15 tons of farmyard manure, which we hav®
been assuming as necessary to maintain both an average Yield
and the fertility of the land, yet it will not be necessary t©
afford any artificial supply of potash on a soil like that of
Rothamsted. The reserves of potash in such a strong soil &
enormous—af least 50,000 b, per acre in the top 9 inches of

soi-l, of Wl.lich 12,000 1b. is soluble in hydrochloric acid—and
a little o.f 1t })ecomes available every year under the action of the
Weathermg induced by cultivation ‘

Pracricar Concrusions

_ The following conclusions may be drawn from an examina-
tion of the results yiclded by the Agdell Rotation Field :—
¢ 1.' O:hlanf? CtontmuOUS1y cropped without manure the Swede
TOp 18 the hirst to feel the want of : ing
. ein
reduced to manure, the yield bews

& mmimum almost immediately. The legnminous
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crops fall off more slowly, and the cereals, especially the wheat,
maintain a fair production for a long period.

2. The unmanured wheat and barley grown in rotation
continue to give much greater produce than they do on land
similarly unmanured but growing the same crops year after

year. This is, however, chiefly in virtue of the two fallowings =

the land receives during the four-years’ course, the unmanured
land losing about the same amount of plant food in the one
case as in the other.

3. On the manured plots the yield of Swedes is determined

by both phosphatic and nitrogenous manure, chiefly by the
former; the yield of cereals is determined by the available
nitrogen in the soil.

Leguminous crops like clover and beans are dependent on
the supply of minerals, particularly of potash, and are even
somewhat decreased by the presence of much nitrogen in the
soil.

4, The inclusion of a clover crop in the rotation, besides
providing a crop of hay, leaves the land so much richer in
nitrogen that the succeeding wheat crop is greatly increased.
The good effect of the clover persists and may be traced through
all the crops of the rotation. With beans in place of the
clover, no beneficial effect is produced on the succeeding

crops.
5. The effect of such residues as are left by an organic

manure like rape cake applied to the Swedes, or those left on
restoring the Swedes to the land, or the residues left by a
clover crop, is to be traced in the three following crops at
least. In the third crop they are, however, becoming small,
and even in the second year after the application of the
manure the effect of the residues becomes masked by any
new addition of nitrogenous manure, although they may still

remain and go to build up the “ condition ” of the soil.
6. The losses of nitrogen to strong land farmed on the four-

course system are almost made up by the growth of a crop of
clover, and will be more than repaired by a dressing of 15 tons
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of farmyard manure or its equivalent during the rotation. The
logses of phosphoric acid and potash would be similarly mad.e
up, though it is well also to use about 50 1b. of phosphoric
acid per acre for the Swede crop, which is specially dependent
- on a large quantity of available phosphoric acid. ]

~ 7. As the standard of farming is raised, however, it 18
necessary to give further supplies of nitrogen and correspond-
ing increases in the supplies of phosphates and potash.

RererENCES

“ Rotation of Crops.” Jour, Roy. Ag. Soc., 55 (1894), 585, Rothamsied Memoirs
Vol. VII,, No. 7.



CHAPTER XI

NITRIFICATION AND THE COMPOSITION OF DRAINAGE WATERS

I. The Process of Nitrification.

I1. Denitrification.
III. Nitrates in Cultivated Soils.
IV. Nitrates in Manured and Cropped Soils.
V. The Nitrates in Drainage Waters,
VI. Other Coustituents of Drainage Waters.
References.

I.—TreE PROCESS -OF NITRIFICATION.
Tre fact that cultivated soils could induce the conversion
of organic matter containing nitrogen into nitrates has been
known for a long time, indeed it was for many years utilised on
a commercial scale for the production of nitre. Many of the
conditions under which nitrification takes place had been
worked out by the men in charge of the old saltpetre beds
before Boussingault and other investigators considered them
afresh from the point of view of agriculture. The presence
of calcium carbonate or some other base, the aération of the
soil, warmth, and a certain proportion of water had been
shown to be necessary, while it was known that much- organic
matter was injurious. That the action is brought about by
a living organism, was first established by the experiments
of Schloesing and Miintz in 1877; and on the appearance
of their paper, Warington, who was then working in the
Rothamsted laboratory on the subject of nitrates in the soil,
proceeded to a further investigation of this important subject.
His first experiments confirmed the conclusions reached by
Schloesing and Miintz, and showed that the amount of nitrates
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in a soil increaged when pure air was led through it, but that
no increase was observable when the air contained a trace
of an antiseptic like chioroform or carbon hisulphide. Furthey
experiments cast light on the conditions under which the
nitrogen in ammonium-salts would thus pass over NGO
nitrates-—a preliminary seeding from a previously nitrifying
solution or from soil or natural waters is necessau’},fwbl‘i%’ht
light inhibits the process, and the drying up of a soi, even
at the ordinary temperature of a room, is sufficient to destroy
the agent of the change. All these facts showed that the
change to nitrate was effected by living organisms present i'n
the soil and in natural waters. It was also shown that certai?
food substances, particularly phosphoric acid, are required ™
the nitrifying solution. About the same time also, Mup*©
showeqd that the organism can obtain its carbon from purely
inorganic sources like the carbonates of ammonia or calciti®:
acquiring the necessary energy for splitting up the carbon
dioxide from the combustion of the ammonia to nitrous and
nitric acid. This remarkable fact was afterwards WOr®
rigorously demonstrated by Winogradsky, who established 2
relation of about thirty-five to one between the nitrogen oxidised
and the carbon assimilated.

In the course of Warington’s experiments he observed thab
when a comparatively strong ammoniacal solution (containi®s
also phosphates, etc.) was seeded from a soil, the first product

of the t?xidation was largely, if not wholly, nitrites, and that
these nitrites were converted into nitrates at a later stage
when most of the original ammonia had been oxidised. 'This
seemefl tfo indicate that the reaction takes place in two stages
a preliminary oxidation to nitrite being followed by a secont
independent change of the nitrite into nitvate. Warington
succeeded in separating by repeated cultivations one agent
that would only carry on the first oxidation from ammonia tO

nitrite, and a second that would oxidise nitrite into nitrate
but wounld not attack the original

Warinot ammoniacal solution.
PRgton Was mot able at that time to isolate in a pure
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state the organisms respectively carrying on these reactions, but
his experiments proved that the ordinary process of nitrification
in soil, ete., must be due to two distinet organisms, the nitrous
and mnitric, each incapable of doing the work of the other.
Soon afterwards Warington’s conclusions were confirmed by
Winogradsky, who succeeded by a new method in preparing
pure cultures of the two organisms.

. The position in which Warington’s investigations left the
question of nitrification has not been materially advanced since ;
the process is carried out by two distinct organisms present in
‘enormous numbers in all cultivated soils, being only absent from
soils possessing an acid reaction like peat. The action of these

~organisms is dependent on certain conditions of temperature
and agration, on a supply of inorganic food like phosphates,
on the presence of a base and on the absence of any excess of
soluble organic matter.

II.—DENITRIFICATION.

During the progress of the investigations on nitrification
Warington found that under certain conditions soils possessed
the power of destroying any nitrates which had been formed
previously. This had been observed before, and shown to be
due to the action of sundry living organisms which are univer-
sally distributed in natural waters, sewage, and soil. The main
conditions necessary for the development of this reducing action
are the absence of oxygen and the presence of a sufficiency of
readily oxidisable organic matter; it will then depend on the
conditions to which the soil is subjected whether the nitrate-
making or the nitrate-destroying organisms become active.
Warington, for example, showed that if an ordinary soil were
deprived of air by keeping it in a water-logged condition,
any nitrates added to it would be rapidly destroyed with the

evolution of nitrogen gas. .
The action of a number of organisms was studied by intro-
ducing them into beef broth containing some nitrate and

protected from the access of oxygen by a layer of paraffin oil.



220 NITRIFICATION

Under these conditions, of thirty-seven distinct organisms
tested, nineteen reduced the nitrate to nitrite, one of them
producing nitrogen gas also, three brought about some slight
reduction, and fifteen were without action on the nitrate.
Reduction to a nitrite was the most general reaction, but other
organisms have been found capable of carrying the reduction
further to nitric or nitrous oxide, or even to nitrogen gas.

It has been supposed that considerable losses of nitrogen
are likely to accrue from this cause whenever nitrate of soda 13
used as a manure in conjunction with organic materials like
dung. But, notwithstanding the presence of denitrifying
bacteria in the soil, the conditions under which they become
active—absence of air, a high temperature and the presence
of large quantities of soluble organic matter—are s0 rarely
realised that denitrification probably plays no large part
in practice. For example, on the Rothamsted mangold plots
where large quantities of nitrate of soda are used in conjun(‘fﬁion
w.ith dung applied every year, the recovery in the crop of the
mtrogeg supplied in the nitrate compares favourably with the
proportion recovered when nitrate of soda alone is used (S€©
pp. 113-14). TIn other words, the nitrate of soda produces
almost as large an increase when added to a dunged as t0 an
unmanured plot, hence very little of its nitrogen can have
been wastefully liberated as gas.

. Besides denitrification proper another type of loss of
nltroge}n occurs.  Under partial aerobic conditions the
bacterial decomposition of organic bodies containing nitroge®
may result in the loss of nitrogen as free gas. Such action®
probably go on in soil, and serve to account for the fact
tl?at ther'e Seems to be a limit to the accumulation of
nitrogen in soils, because the destructive changes proceed
with greater rapidity as the amount of organic matter in
the soil increases and provides a richer medium for the
development of these bacteria. For example, it is found that
the.amount of nitrogen accumulated in the soil of the Pai‘k,
which has been in grass from time immemorial, shows 1o
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tendency to increase and is bus little higher than the proportion
in the soil of other adjoining meadows which have only been
laid down to grass for thirty years or so. Again, in the Broad-
balk wheat field, the plot which receives farmyard manure is
supplied annually with far more nitrogen than is removed in
the crop. During the earlier years of the experiments there
was in consequence a rapid rise in the proportion of nitrogen
in the soil, but this rise has diminished, and has been latterly
by no means equal to the annual increment of nitrogen. A
state of equilibrium is eventually attained, when the destructive
agencies find the conditions so favourable for their develop-
ment that the quantity of nitrogen compounds broken down
to the state of gas becomes equal to the surplus of combined
nitrogen that is added year by year.

IIL— Nirrates 1x CULTIVATED SoiLs,

The nitrifying organisms are in the main present only in the
surface soil which is subject to cultivation; at depths greater
than 9 inches from the surface the organisms become more
scanty and less effective in inducing nitrification in a suitable
medium. During the sampling of several of the Rothamsted
soils Warington took advantage of the pits dug into the
subsoil to obtain small samples of the undisturbed subsoil,

portions of which were then introduced into solutions capable

of undergoing nitrification. It was found that the nitri-

fying organisms were present in all the samples down to
3 feet from the surface; at 6 feet, where the subsoil was clay,
half the samples failed to induce nitrification, at 8 feet the clay
subsoil showed no evidence of the presence of nitrifying
organisms. Whenever the subsoil passed into the chalk rock,
which in one case extended to within 5 feet of the surface, no
nitrifying organisms were found. Practically the whole of the
nitrification going on in a comparatively close soil like that of
Rothamsted takes place in the first 9 inches which gets

stirred about and agrated by the action of the plough.
It will now be realised that the most fayourable conditions
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for nitrification occur when the land is subjected to & bare
summer’s fallow; the land is being thoroughly worked, Lh,e
temperature is high through the complete exposure to the suns
rays, and the soil also retains sufficient moisture for nitrificat?on
because it is not being dried by the growth of a crop.. The
favourable results accruing from a bare fallow on strong land
‘have already been discussed, and though they are in part due
to the freedom from weeds and the improved tilth of the soil,
the main effect must be attributed to the accumulation of
nitrates during the summer.

The following table shows the amount of nitrogen a%
nitrate found in various Rothamsted soils after fallowing :i—

TaBte LXXVIL—Efect of Fallowing—Nitrogen as Nitrates, Ib. por acre”

‘ WWWWWWWWW Rotation Fleld.
" Continuous — T
Alternate Wheat and Fallow. Whgag super. | Compiote
oply. | Mapurc
SR —_ _— g ~MM
Fallow Portion, After Crop Fallow Portion
( o e
oct | Marew | Juty | gul Oct. Oct, oct. Oct.
(878, | 1881 | 1883. | 1sei. | 1881 | 1805, | 1876, (1876
l : ) —
, . {
First 9 inches . 285 | 70 | 194 | 171 | 99 | o6 | 223 | 3070
Second ,, ., 52 @ 33 80 | 36 | 52 | 92 | 140 | 186
Thid . 1 " 31 24 | 27 | 28 | 27
——— e __,«M/M

‘The accumulation of nitrates in the surface soil of the

uncropped land as the summer advances is to be seen very

plainly from the figures ; the lowest amount of nitrate was in the

March sample, and both the July sam ples were poorer than thab

drawn in October. In October also the continuous wheat land
had been broken up, and nitrification thus started afresh. It1S
also plain that the fallow land was much richer in nitrates than
the plot which had been under continuous crop, although the
accumulation of nitrates was greater on the last plot where the
land had been manured and was in good condition than on the
W of which had long been unmanured.

* 1 bave retaimon) fom

interest. More extended recent observations confirm them. (See p- 939 for
References.)
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It bas already heen pointed out in dealing with the wheat
crop (p. 63) that the increased crop after fallow is almost
wholly dependent on the retention in the soil of the nitrates
thus formed in the summer. Should a wet antumn and early
winter succeed, the nitrates are washed so far down in the
subsoil as to be out of reach of the crop, which then shows a
very small return for the previous summer fallowing.

The rapidity with which nitrification may take place after
harvest is also noticeable in the table. For three months
or so before the removal of the wheat crop the soil in which
it is growing contains only little nitrates, but if rain falls
when the ground has been broken up after harvest the con-
ditions become extremely favourable to nitrification, because
the soil is warm and well aérated by stirring, and possesses
a suitable degree of moisture. Hence heavy autumnal rains,
before the land is again occupied by a crop to take up the
nitrates, may easily result in serious loss to the land, and
some quick-growing covering crop like mustard is valuable,
hecause it seizes upon the ready formed nitrates. At a later
date the nitrogenous compounds the mustard has formed from
the nitrates, which would otherwise have been washed away,
are returned to the land, either by being ploughed in or fed
off and become available on their decay for the nutrition of
thc; succeeding crop. Even a free growth of weeds on the
stubble will diminish the loss of nitrates to the land.

IV.—NirraTEs 1N MANURED AND CROPPED SoILs.

In several instances, as, for example, in the Broadbalk field
in 1893, soil samples have been drawn to depths of 9 feet,
and the distribution of the nitrates in the successive 9 inches
determined. Table LXXVIIL shows the results for certain
of the plots sampled in October of that year, after a very dry
summer yielding a crop much below the average, and also after
a fall of about 4% inches of rain between harvest and the time

of sampling.
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TABLE LXXVIIL—Nitrogen as Nitrates in Broadball: Wheat Soils,
October 1893.  Lb. per acre.

. I
Plot 8. 28, ﬂ 10, } 5. ‘ 0. & P B B
{ % Minerals | Minerals  inoraly | Minorals
: 86 1b.
Un- | poioeq | Rape | Minerals +42§,1b. +s§ 1b. +1\2:0 To.| 485
mnuumd,} noged Cake. { only. [as Arz.lm -jas An;m -1 ns ;{n}xx\,~» 35:';‘"(1'
| | [ealts. | salte, | salts. | Fibe
| [ -
1st 9 inches 964 | 1053 | 9206 | 1053 | 14-13 | 14:96 = 1740 1?:‘32
ond  ,, 999 | 45°36 | 2436 | 636 | 1274 | 1921 , 2917 42;;,
Sed 274 | 1225 | 1018 | 2923 | 581 | 854 | 871 | 2077
ath e 095 | 2:98 | 532 | 871 | 1300
5th I 100 | 347 | a8e | 831y T
6th ) . . see oo g71 272 4-40 746 9.9.’
Tth 103 | 895 | 451 799 "’-403
8h . o | w | 092 | 189 | 402 760 | 62
9h ,, S - 0:87 | 246 | 420 ‘ 618 | -
10th N 057 | 216 | 438 564
-_ ,__,__4,._»—»——"’"”
Total 1t0 90 . 2517 | 5261 | 7427 0752 | 1157487
} | L

» Ta 72 inches only,

It has already been pointed out that nitrification is pract-
cally confined to the surface soil, wheré only do the desirable
conditions prevail of numerous organisms, free adration and
stirring of the soil, and nitrogenous matter easily attackable by
bacteria. This opinion is also borne out by the fact that the
drain-gange with soil 60 inches deep yields practically 'f'h?
same amount of nitrate as the shallower gauge where the s0il
is only 20 inches deep. From this it follows that the nitrates
to be found in the lower depths of the subsoil are all derived
from the surface, and have been washed down with the rain.

It will be noticed that in most cases shown in the table the
second 9 inches contains g larger amount, of nitrates than the
surface soil, in some instances even the third 9 inches are richer
than the surface. This is merely due to the downward dis-
placement of the nitrates produced after the harvest by the
heavy rain which had fallen immediately before sampling. 1Y
will also be noticed that in several cases there is a break D
continuity in the amount, of nitrates between the third and fourth
depths. This is probably due to the tile drains, which lie at
about this depth and remove the drainage water charged with
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nitrates. Such a break in composition is not seen in the
samples drawn from other fields which are not tile-drained.

The character of the manuring applied to the surface soil is
well seen in the amount of nitrates in the subsoil ; for example,
Plots 5, 6, 7, 8 form a series, all getting the same mineral
manure, but Plot 5 has no nitrogen, while Plots 6, 7, and 8
receive successive increments of ammonium-salts. Down to
the depth of 9 feet the 'samples contain nitrogen as nitrate in
approximately the same proportions as it is applied to the
surface in the form of ammonium-salts, Again, the total
amount of nitrogen as nitrate contained in the whole depth
below Plots 6, 7, and 8, as compared with that present below
Plot 5 receiving no nitrogen, is much the same as the quantity
of nitrogen applied as manure less the amount removed in
the crop of 1893.

TasLE LXXIX.— Nitrogen, 1. per acre, 1893.

ot [« [ [+ ]+ =

As Nitrate in Soil to depth of 90 inches . [ 252

Txcess of Nitrate over Plot 5 . . . 7
e Plots . .| o | s

Nitrogen in Crop, excess over

Nitrogen accounted for in Soil and Crop,

excess over Plot 5 . .
Nitrogen supplied in Manure

620 96'9 | 1020

36°1
‘ 86 129 86

43

* 72 inches only.

Thus we have evidence that practically the whole of the
nitrogen supplied as ammonium-salts is nitrified during the
season of growth of the wheat, and whatever is not removed
by the plant gets washed down as nitrate into the subsoil, and
may be either intercepted by the tile drainage, if any, or find
its way into the general stock of underground water. Just in
the same way the nitrate supplied to Plot 16 in excess of the
requirements of the plant gets also washed down to a consider-
able depth in the subsoil,

The large quantity of deep-seated nitrate shown in the

analyses is no longer available for crops on the Rothamsted
: P
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soil, probably because the closeness of texture permits but
little capillary movement of water to take place. This we
learn from the comparison of the yields on Plot 5, receiving
minerals but no nitrogen every year, and on Plot 17 or 18,
which receives alternately minerals and ammonium-salts. AS
has already been pointed out (p. 52), in the years this plot
17 or 18 receives minerals but no nitrogen, its crop sinks
almost exactly to the level of the crop on Plot 5, although it
had received 86 lb. of nitrogen as ammoninm-salts the year
before. Clearly, then, on the Rothamsted soil ammoninm-salts
are not retained as such for more than the season of applicd”
tion, nor are the nitrates resulting from them able to revarn t0
the surface to feed the succeeding crop. On other soils ©of
better texture for allowing the movements of water by capil-
larity it is possible that the nitrates in the subsoil water
may return to the surface and be of service to the crop-

It must not be supposed, however, that dressings of
manures like nitrate of soda and sulphate of ammonia, which 50
readily wash away as nitrates, are entirely withount action on
the succeeding crops. Because of the very fact that they caus®
a large growth, there is left behind in the soil a corre
spondingly large development of root and stubble, which will
decay for the benefit of succeeding crops. Especially is this
the case where some considerable proportion of the crop grown
is not harvested, but is returned at once to the land, asis done,
for example, with the leaves of mangolds or the haulm of
potatoes. A striking example is seen at Rothamsted, on tho
plots which grew potatoes for twenty-six years, from 1876 t©
1901, and were then sown with barley without further manuring

Table LXXX. shows the total produce (grain and straw)

of the first and second crops (barley) and the third crop (0ats)
after the manuring had been discontinued.

It will be seen that the change from potatoes to barley was
followed by enormous crops of grain wherever nitrogenous
manure has been used for the potatoes: the two plots which
had previously been dunged gave over 70 bushels of grain per
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acre; the four plots which had received nitrogen as either
nitrate of soda or ammonium-salts gave somewhat less, but
still over 60 bushels; while the four plots without nitrogen in

TaBLe LXXX.—Total produce without Manure, following Potatoes
manyred for 26 years.

‘ J Lb. per acre.
Plot. Manure applied to the Potatoes, 1876-1901. Barley. Oats.
? . 1902, 1908. 1904.
1 | Unmanured . . . . . . . . 3602 1063 2331
2 | Unmanured, 1882 and since, previously Dung . | 3804 1836 2129
8 | Dung alone, 1883 andsince . . . . .| 9024 6030 5492
4 | Dung alone, 1883 and since . . . . . 9072 5987 5974
5 86 1b. N. as Ammonium-salts . . . . 6981 2066 2211
6 | 861b. N. as Sodium Nilrate . . . . 7692 1934 2236
7 | 86 1b. N. as Ammonium-salts-+ Minerals . 7792 3207 3024
8 | 86 Ib. N. as Sodium Nitrate + Minerals . . 8253 3187 3045
9 | Superphosphate only . . . . . 3720 1617 2089
10 | Complete Minerals . . . . 2053 1586 2056

In the

previous years gave between 25 and 35 bushels.
following season these differences were still to be seen, and the
leading position of the previously dunged plots was naturally
more manifest than ever; while in the third season (oats) after
the manuring had been discontinued, the order of the plots
remained the same, although only the dunged plots now grew

a large crop.
That the increase on the plots which had previously

received nitrate of soda or ammonium-salts was due to
crop residues rather than to the return of nitrates derived
from the manure and stored in the subsoil, is probable from
the superiority of the crops on Flots 7 and 8, where minerals
had accompanied the nitrogenous manures, over Plots 5 and
6, where the same nitrogenous manures had been used alone.
When residues are being cropped out, the size of the cereal
crop grown is almost wholly determin.ed by the available
nitrogenous supply, and Plots 7 and 8,- which formerly grew the
larger crops of potatoes, give better yields than Plots 5 and 6,
although they had initially the same supply of nitrogen. On
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the other hand, the rapid decline in the production of Plot's
5, 6, 7, and 8, following the discontinuance of the manure, 15
more consistent with the existence of a residue of nitrate

rather than of slowly-decaying organic material derived from
the haulm of the potatoes.

Soil samples down to a depth of six times 9 inches Were
taken from some of these plots in February 1903, after the first

barley crop had been removed. The following table shows the
average figures obtained. :

TabLe LXXXT.—Nitrogen as Nitrates per million in dry Soil of former
Potate Plots, February 1903,

Unmanured. Dunged. Ammocx’xlhuym-sults Nltm;glg’l: Soda

Depth of Soil, ) R
Plot 1. Plot 3. Plot 5. Plot 8.

R
1st 9 inches . 192 875 163 1-68
2ad  ,, ., 168 518 194 203
rd o, L, 078 2:97 1418 1-21
gth,, . . 0'76 223 3-18 0-88
sth .. 067 147 914 L7
6th ,, . . 0'58 3-94 575 367

o —
Means . 1:06 3-97 964 1-85

-

In this case the samples were taken in the early spring after
a winter of fair rainfall, which had distributed the nitrates
throughout the soil ; the total, however, present in the first $1%

depths roughly corresponds to the variations in the barley crop
of 1903 which followed,

One. striking fact in connection with these and similar
determinations, is the absence of any lateral diffusion of the
nitrates in the subsoil water beneath the plots. The Broadbalk
wheat plots, for example, are comparatively narrow, being about

7 yards in breadth, separated by paths of 4 feet in width. Yet,
as 1s seen in Table LXXVIIL, Plot 5, which receives no
nitrogen, shows no trace of the influx of nitrates by diffusion
from the much richer subsoil water helow the immediately
contigunous Plot 6, even down to the depth of 9 feet. Just
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in the same way the amount of nitrates present at each depth
in the subsoil water below Plots 6, 7, and 8, is perfectly
distinct and characteristic of the manuring applied to the
surface.

Additional evidence of the lack of lateral diffusion of the
nitrates in the soil water is to be seen in the permanent grass
plots; although no path separates the plots receiving nitrate of
soda from the neighbouring plots, the characteristic vegetation
induced by the nitrate of soda manuring shows no tendency to
stray across the division line. For example, Plot 14, receiving
a complete manure containing-550 lb. per acre of nitrate of
soda, is immediately contiguous to Plot 1, receiving nitrogen
only as ammonium-salts ; the vegetation on the two plots is in
marked contrast, yet the dividing line is singularly sharp, and,
despite the many years Plot 14 has received this last dressing
of nitrate of soda, there is not the least sign of its diffusion into
the subsoil below the adjoining plot.

V.—THE NITRATES IN DRAINAGE WATERS.

The processes of nitrification in soils can also be studied by
the examination of the drainage water beneath cultivated land.
It has long been known that all the soluble compounds of
nitrogen are retained by the soil with the exception of the
nitrates, hence an examination of the amount of nitrates
present in the water reaching the drains will throw light on the
rate at which nitrates are produced in the soil, and on their
ultimate fate.

At Rothamsted the water which percolates through the
drain-gauges is stored, and the nitrates are regularly determined
in proportionate samples representing the percolation for the
month. These results have been combined for twenty-six years,
1878-1903, and the averages are set out in the accompanying
curves (Fig. 45), which show the rainfall, the percolation in
inches through 20 inches of bare soil, the concentration of the
percolating water in parts of nitric nitrogen per million, and the
total amount of nitric nitrogen reduced to lb. per acre.
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Neither the percolation nor the total quantity of nitrogen
removed differ much for the 40-inch and the 60-inch gauges; but
owing to the greater amount of water retained by the deepel
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soil the drainage from the 60-inch gauge is more uniform i

concentration throughout the year, the main discharge also
comes a little later in the year.

Inspection of the curves shows how great 18 the variation
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from month to month in both the concentration of the drainage
- water and the loss of nitrate. The concentration is at its
lowest in February, a time of year when the soil is still at a
very low temperature and has been thoroughly washed by
the winter’s rains. In April the concentration has increased
but little, and this combined with a smaller percolation
results in the minimum loss of nitrates for the year in
this month. The rise in concentration is still slow until
July, when there is a considerable jump, the concentration
reaching its maximum in September. The maximum loss
of nitrates comes as soon after this point as the rain-
fall is abundant enough to wash through the soil; on the
average the greatest annual loss of nitrates takes place in
November, from which time onwards both concentration
and total loss diminish. All these results refer to soil

which is kept bare and uncropped, where in consequence
the percolation is at a maximum, and where also there

are no growing crops to take up the nitrates as they are
produced. The effects to be seen under more ordinary condi-
tions can be followed in the analyses of the drainage waters
from the Broadbalk wheat field, nnder each plot of which runs
a tile drain at a depth of from 2 feet to 2 feet 6 inches. These
drains all debouch into a cross trench at the bottom of the field,
and a record is kept of the occasions upon which there is any
flow from the drains. Determinations of the nitrates contained
in the waters are also made, but as it is impossible to with-
draw an aliquot sample of the whole flow of the drain, and as
also during any particular running the concentration is always
changing, the earlier discharge being S(?metinles stronger and
sometimes weaker than the later, it is impossible to make any
exact account of the quantity of nitrogen removed by each
drain. By combining, however, the results obtained over the
whole period of the determinations, an appro?(imate idea of the
concentration of the discharge may be obtained. Other con-
siderations lead one to suppose that the discharge from .the
drains does not represent, either in quantity or concentration,
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the water that may be supposed to pass into the subsoil at the |
depth of the drain. The results, however, are probably copi-
paratively true from plot to plot.

Table LXXXIL shows the average concentration of the
nitrates in the drainage water from four of the wheat plots, and

Taste LXXXII— Nitrogen per million parts of Broadbalk Drainagé

Water.
Plot 7. Plot 1b.
h Plot 9. orals
bt 6. o o Minerals L Sulphate of
amanured, Ammonia -+ Nitrate of Ammona
in Spring. Soda, in Antumo.
September . 39 ! 78 10°5 78
October 50 | 88 128 169
November 70 | 17-7 14+7 440
December 5+ 205 177 503
January 42 127 90 287
February 440 81 9-2 17°7
Mareh . 26 94 12°2 129
z&pril 17 143 305 96
ay 07 84 91 65
June 0 8-8 58 13
July . 03 32 80 2°
August 0-9 74 43 27

i

Table LXXXIIT. the average number of days in each month
on which the drains of the same plots run.

TasLe LXXXIIL~Number of Days with Drainage, Broadballs Field-
Average over 36 years.

R
Plot 3. Plot 7. \ Plot 9. Piot 15-
September . . 16 12 14 8
Qctober . . . 84 51 53 ' 35
November . . 94 84 86 54
December . . 107 108 107 58
January . . . 103 111 116 60
February . . . 69 73 77 45
March . . | | 50 43 56 23
April . . . 21 21 18 9
May . . . 16 12 17 9
June . . . . 17 10 9 8
Juy . . L 15 9 9 7
August. . . 13 11 10 6

Considering first the unmanured plot, but little drainage
takes place during the summer months, May to August, because
of the drying action of the crop upon the land, At the sam®
time the concentration of such water as does find its way
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through into the drain is very low, so thoroughly have the
nitrates been removed by the growing crop. From September
onwards, however, to February, the concentration of the water
is comparatively high, and as the drains begin to run freely
during this period when the crop is off the ground, great losses
of nitrate are likely to occur. Nitrification goes on throughout
the winter; even in years when the rainfall of the early autumn
1s so excessive as to-wash the soil clean of all nitrates produced
during the first nitrification following the removal of the crop,
yet fresh nitrates are still produced in considerable quantity,
and find their way into the drains in December and January.
Nothing, in fact, short of the absolute freezing of the ground

stops the production of nitrate and its consequent loss when-
ever the rainfall is heavy enough to wash through into the

subsoil.
If the results obtained on the drainage water from the

manured plots be examined, it will be seen that nitrification
of manures like ammonium-salts is extremely rapid ; if there is
any percolation, nitrates begin to appear in the drainage water
immediately after the application of the manure. Even in
autumn an application of ammonium-salts is converted into
nitrate in a very short time, as may be seen from the following
series of analyses of the water running from the drain below Plot

15, in October 1880.
On October 25th of that year, mixed ammonium-salts con-

taining 86 lb. of nitrogen and 119 Ib. of chlorine per acre
were applied to Plot 15 and ploughed in.  Heavy rain followed,
so that on October 27th the drain beneath the plot was
running ; other rain fell at short intervals, and yielded the
series of samples set out in the table. It will be noticed
that in the first runnings, taken within forty hours of the
application of the manure, some ammonia was to be found.
This is a very exceptional occurrence, but the large excess in
which the chlorine was present in the water showed that the
decomposition of the ammonium chloride and retention of
the ammonia by the soil had progressed considerably.
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Nitrification had also set in, since the earliest running €O~
tained nearly twice as much nitrie nitrogén as was found in
the sample taken a fortnight earlier, before the application
of the manure. The proportion of nitrate continued b0
increase, and reached its maximum in the discharge three
weeks later, by which time the nitrification of the ammonivm-
salts must have been far advanced towards its completion.

TapLE LXXXIV.—Nitrogen and Chlorine in Drainage Water Sfrom
Plot 15.  Parts per million.

o
Nitrogen Nitrogen Chlorine. ag Nibra

as Ammonia. | as Nitrates. \ ‘o 100 C}tﬁ)oﬁnc,

e
1880. Oectober10 . . . . None 82 227 87°0
1880. OQctober 27, 6.30 ast. . . 90 185 1464 92
1880. October 27,1 e, . . 65 129 1166 1371
1380. October 28", . . . 25 167 95°3 17°5
1880. October 29 . . 15 169 808 20°9
1880. November 15, 16 . None 50-8 542 93°7
1830. November19,26. . .| None 34°6 476 727
1830. December 22, 29,30 . .1 None 217 932 93°5
1881. February 2,8,10. . . None 22+9 1074 1180

The last column of the Table shows the relation between
the nitric nitrogen and the chlorine in the drainage water:
The chlorine is derived from the ammonjum-salts of the
manure, and as it is in no way retained by the soil itS
appearance in the drainage indicates the movements of
soluble salts in the soil independently of the production of
nitrates. In the earlier runnings the chlorine was present in
great excess, being immediately derived from the manure; in
the later months the proportion fell as it became washed oubs
and by December it had again reached the normél level it
had showed before the manure was put on. Meantime the
proportion of nitrate was being maintained by constant nitri-
fication n the soil, so that the ratio of nitric nitrogen t0

chlorine in the drainage water rose rapidly towards the end
of the winter.

When ammoniam-salts aye applied as a top-dressing in the
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spring, as is now more generally the case, the losses of nitrates
are very much reduced ; not only is the temperature of the soil
lower, so that nitrification takes place more slowly, but the
growing crop both diminishes the percolation and takes up the
nitrates as fast as they are produced. The figures, however,
for Plot 7 and Plot 9, Table LXXXII.,, show some rise in the
concentration of the drainage water in the early spring, follow-

ing the application of manure.
By combining the figures obtained for the concentration of

the water flowing from the Broadbalk field drains with the
amounts of water percolating through the drain-gauge con-
taining 60 inches of hare soil (see p. 22), an estimate can

TaBLe LXXXV.—Nitric Nitrogen in Drainage Waier. Lb. per acre.

1879-80. 1880-51. !

Flot. Manuring per acre. Spr(_ng Harvest Spring I Harvest
s [ g | S| b

Harvest, J So}‘)ving?. Harx?est. Sops:ilz?g.
3 | Unmanured . 147 108 0-6 17-1
5 | Mincrals only . R . . 16 13-3 07 177
6 { Minerals+200 lb. Ammonium-salts . 10°1 128 2:2 19-8
7 Do. +409 b, do. . 183 126 43 214
9 Do. +530 Ib. Nitrate of Soda . 450 156 150 410
10 | 400 lb. Ammonium-salts alone. . 429 143 74 352
11 | 400 lb. do. +Superphosphate . .| 283 17°7 34 296
12 | 400 Ib. do. do. and Sulph. Soda | 212 17°5 33 272
13 | 400 1b. do. do. and Sulph. Pot. 19+0 164 37 253
14 | 400 ib. do. do. and Sulph. Mag. | 260 168 4-2 259
15 | Minerals-+400 Ib. Amm.-salts in Autumn 9-6 599 34 749
Estimated Drainage-—Inches | 111 f 47 } 18 188

be formed of the losses to the land by drainage under each
system of manuring, an estimate rendered erroneous because
it does not take into account the drying effect of the crop.
However, the figures thus obtained, though imperfect, are
instructive, and are set out in Table LXXXYV. for two years,
each divided into two periods: first, from the date of sowing
the nitrogenous manures up to harvest ; secondly, from harvest

round again to the 50 wing of the manures in spring. ‘
The seasons were rather exceptional, the summer rainfall
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and drainage in 1879 and the winter rainfall in the following
year being both above the average. It will be seen that the
loss was greatest from Plot 9, receiving 550 11y, of nitrate of soda,
and this excess of loss was chiefly in the summer drainag®
water: the figures are, however, exaggerated by the fact thab
half the nitrate plot received no mineral manures, and therefor®
grew but a scanty crop. The losses during the winter months
are more nearly the same for all plots, and represent to a 1arge
degree the nitrification of the organic residues in the soil. The
losses from the plots receiving minerals and varying amounts of
ammonium-salts (Plots 5, 6, and 7) increased with each applica-
tion of nitrogen; the losses from the plots receiving ammonia
and various mineral manures (Plots 10, 11, 12, 13, and 14)
diminished as the mineral manure became a more complete
plant food, because the greater growth of crop which resulted
re.moved more of the nitrates as they were formed, hesides
hindering nitrification by drying the surface soil.

Perbaps the most striking result that emerges from these
analyses of the drainage waters is the rapidity with which
nitrification takes place of such substances as the salts of
ammonia; even in the colder autumnal and winter $oil8
nitrification is so active that great losses of nitrogen are sure t0
occur if such manures are applied in the autumn, hence the
justification for using ammonium-salts only as a spring dressing-
It also serves to show that any differences in the effectiveness
of the.nitrogen of nitrate of soda and of ammonium-salts 18
most likely to be due to the differences in habit of growth
of the plant induced by the two manures, since the conversion
of the ammonium-salts into nitrate is so easily and completely
effected except in such soils as are short of the base necessary
for nitrification. Only in the wheat experiments is there
any indication that a wet and cold year may SO check
mtmﬁcation‘ as to make the ammonium-salts a less valuable
source of nitrogen than usual. Again, we see how cereals, and
especially wheat, are specially dependent on artificial supplies of
nitrogen, and have earncd the character of being exhausting
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crops. Their growth is almost completed before nitrification
has reached its greatest activity (from fowering time onwards
the cereals take no more nitrogen from the soil), and being
harvested in August or early September, they leave the ground
bare at a time of rapid nitrate formation, thus exposing it to
all the risks of washing away by the autumnal rains.

VI.—OtHER CONSTITUENTS OF DRAINAGE WATERS.

Complete analyses of the mineral constituents of the waters
draining from the various Broadbalk plots were made at various
times by the late Dr Voeleker and by Sir Edward Frankland ;
these analyses still constitute almost our only information as to
direct losses of the land by drainage.

Table LXXXVI. gives an average of the five analyses
made during the years 1866, 1867, and 1868.

TaBLE LXXXVI—Composition of Drainage Waiers from the Broadball
Wheat Plots, in parts per million (Dr A. Voclcker). Mean of five (or
Jewer) Collections—December 6, 1866; May 21, 1867; January 13,

April 21, and December 29, 1868.
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As regards constituents of manurial value, it has_ already
that practically no nitrogenous compounds occur

been noted . . .
ater except the nitrates; phosphoric acid is

in drainage W
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also present in but small amounts, even in the plots recelving
a great annual excess of this substance, while potash was
found in slightly greater quantities. The mean annual loss,
however, cannot be estimated at more than about 2 1b. of
phosphoric acid and 10 1b, of potash per acre, both of which
in normal cases would be arrested in the subsoil below the
drains. Dr Bernard Dyer’s analyses of the Rothamsted soils
and subsoils would also indicate that all the excess of phos-
phoric acid, applied as a manure and not removed in the
crop, still remains in the soil very near the surface, the potash
having sunk a little further, and being present to some degree
in the third depth of 9 inches below the surface.

The chief constituent of the drainage water from the
unmanured plots consists of calcium carbonate, the amount of
which is increased in the water from the dunged plot, owing tO
the greater production of carbonic acid from the decay of the
dung and crop residues. Where ammonium-salts like the
sulphate and chloride ave applied as a manure the soil suffers &
great loss of calcium carbonate, the calcjum being removed in
the drainage water combined with the sulphuric or hydrochloric
acid of the manure. This reaction is the necessary precedent
to the arrest of the ammonia in the soil and its subsequent
nitrification. In the absence of g sufficiency of calcium
carbonate in the soil to bring about this reaction, ammonium-
slalts become injurious to plant life, The salts of potassium,
hke.the sulphate and chloride, may also increase the loss of
calcium carbonate to the soil, for they react with it in the same
way as do the ammonium-salts, forming calcium sulphate and
chloride, which are no longer retained by the soil.

Since the healthy condition of the soil depends on a due
proportion of calcium carbonate being present, these 10sseS
caused by the use of natural and artificial manures are of the
greatest importance; many of our fertile soils may easily lose
much of their power of producing crops unless their proportion
of calclum carbonate is restored by judicious liming at intervals.

Determinations of the calcium carbopate in samples of the
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soil taken at various intervals between 1865 and 1904 indicate
that on the unmanured plots the normal loss of calcium
carbonate in the drainage water amounts to about 1000 Ibs.
per acre. When ammonium-salts are used as a manure, the
loss is increased by the amount required to combine with the
combined acid in the manure. The calcium carbonate, how-
ever, which is required for nitrification, gets returned to the
soil by the growth of the plant itself, and by the decay of
calcium compounds in the crop residues.
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THE FEEDING EXPERIMENTS
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I—RELATIVE VALUE oF NI1TROGENOUS AND NON-NITROGENOUS
CoNsTITUENTS oF Foob.

Ar the date of the inception of the Rothamsted Experiments
even less was known about the laws of the nutrition of animals
than of crops, though the question had excited more interest on
the Continent than in England. Here attention had been in the
main concentrated upon the animal; it had been the object of
breeders and graziers to develop races of stock that would give
the least waste and the largest proportion of useful meat to live
weight. To this end early maturity had also been successfully
sought, thus economising the food used merely in keeping the
animal alive without increasing its weight. On the Continent,
however, even in the eighteenth century, attention had been
rather directed to the character of the food, and especially to
obtaining a measure of the comparative value of different foods,
with the view of ascertaining how far one could replace
another.

As an example of what was going forward, Thaer’s ““hay
240
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values ” may be instanced ; in 1809 he published a table of all
the recognised cattle foods, ranged in order and marked to show
how much of each was equivalent to 100 parts of hay taken as
a standard. Thaer’s hay values were based partly on his own
experience as a practical man and partly on attempts, very
imperfect in the then state of chemical knowledge, to estimate
by analysis the nutritive constituents of the foods. Boussingault’s
investigations were the earliest serious attempts to apply scien-
tific principles to the feeding of animals ; the importance of the
nitrogenous constituents of food had now become clear, so his
first work consisted in determining the proportion of nitrogen
present in a large number of feeding materials. Careful
practical trials were then made with a few selected foods, and
as a result he published a revised table of hay values, based on
the amount of nitrogen the foods contained, and checked to
some extent by his practical experience. His experiments led
Boussingault to bring into prominence the non-nitrogenous
constituents of food, but in general his conclusions were that
the comparative values of food-stuffs are determined ra'ther by
their nitrogenous than by their non-nitrogenous constituents.
In this subject Boussingault's was the pioneer work, and
© Liebig, who in many respects must ‘be regar.dfed as the
originator of any general theory of animal nutrition, in the
main arrived at his deductions from Boussingault’s results.
Liebig also, and perhaps even more strongly than Boqssingaulc,
looked at the nitrogenous matter as the most important
constituent of food for the production of both increase and of

work. : "
In this position was the science of animal nutrition when

TLawes and Gilbert began their exp?riments on feeding, ?znd
naturally the direction their exper{n')ents ’took was majl;;}’
determined by the views then prevailing. The most notable
characteristic of the Rothamsted experiments on animals was

that from the first they were concerned With animals increasing
in weicht rather than with animals whose food rations were
y maintain them in & constant condition, The

adjusted to Q
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practical side was thus prominent : they were trying to give 3
scientific basis to the work of the grazier by ascertaining to
what source the increased weight of an animal was due, and
how it might be produced most rapidly and economically.

The first set of feeding experiments at Rothamsted dealt
with the relation between food consumed and live-weight
increase produced. Selected pens of the various animals were
fed upon specified rations of different foods, one of which was
always fed ad libitum, so that the exact composition of the
ultimate ration was determined by the animal itself. The
nitrogen and dry matter in the food was determined, and the
weight of manure produced both in a fresh and dry condition
was ascertained. In all, about 600 sheep were employed in
the experiments, 160 pigs, and 200 oxen, many of the latter
‘being fattened on the Duke of Bedford’s farm at Woburn.

The experiments with sheep came first, and tended to show
that the prevailing impression of the special importance to be
attached to the nitrogenous constituents of food was not
correct, but that it was rather the supply of non-nitrogenous
food which regulated both the amount of food consumed
by a given live weight in a given time and also the
increase in live weight produced. Of course, at that time
it was not possible to distinguish between the digestible and
the indigestible portions of the food, nor was any attempt
made to estimate in the different foods the relative proportions
of albuminoid nitrogen and of such nitrogen compounds as the
amides, etc., which are abundant in roots, but of whose feeding
value nothing was known. That the exactitude of their
experiments was limited by these considerations, was pointed
out by Lawes and Gilbert ; at the same time, the corrections
necessary would not invalidate the soundnes§ of the general
conclusions they drew. The experiments on pigs indicated
still more clearly that the carbohydrates were chiefly concerned
in both the maintenance and in the increase in live weight of
the pigs, also that very great variations in the amount of
albuminoids consumed were without much effect on the result,
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when once the necessary minimum of nitrogenous matter in the
ration had been passed. The rations fed to the various lots of
pigs were so arranged as to supply very different proportions
of nitrogenous and starchy food. In some cases the food was
mainly highly nitrogenous bean or lentil meal, in others very
starchy barley meal or maize was employed; in another set

25
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F16. 46.—Dry Matter and Nitrogenous Substance cansumed per 100 Ib. Live Weight
' per week. Pigs.
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2. Maize Meal, limited. Bean and Lentil Mesl, ad 4.
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food or other, so that they could 1

some extent the composition of el diet.
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The diagrams, Figs. 46 and 47, show, from some- of these
results obtained with pigs, the amount of dry organic matter
required to produce 100 1b. of increase, and also the proportion
of it which can be reckoned as nitrogenous matter.

Tt will be seen from these diagrams that, speaking broadly,
- peither the amount of dry food-stuff required for maintenanc®
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Bean and Lentil Meal, limited. Maize Meal, ad Lib.
Bran, limited. Maize Meal, ad Lib. .

- Barley Meal, ad %b,
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per 100 1b. live weight, of the animal nor the amount required
to produce 100 1b. increase in the live weight varied very widely,
whatever the character of the foods consumed. The amount
of nitrogenous substance did, however, show a very wide range
of variation, hence whatever was consumed above & certain

minimum could have heen replaced without logs by purely non-
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nitrogenous organic matter. In other words, the non-nitrogenous
compounds are the main items to be taken into account in
making up the value of a cattle food, which value cannot be

estimated on a basis of its nitrogen content only.

II.—RELATION OF NitrogeNous Foop 10 WoRk,

The very special importance that was originally attached to
th‘e nitrogenous constituents of food was also seen in the views of
.Llebig with regard to the source of the work, either external or
Internal, performed by an animal. He put forward the view
that the amount of work done was determined by the amount
of nitrogenous material transformed in the body, and therefore
that it could be measured by the amount of nitrogen appearing
in the urine, since the albuminoids and other nitrogen com-
pounds in food which are digested and undergo change in
the animal are excreted as urea. Lawes and Gilbert, by their
studies of human dietaries, were led to conclude that this
view was mistaken, and that the fats and carbohydrates,
which are oxidised and leave the body in the respiration
products, supply the energy for the work performed in and
by the body. Two experiments with pigs, carried out in 1854
and 1862 respectively, were adduced as further evidence. The

pigs were confined in a frame; thenitrogen in the food and the
nitrogen excreted in urine and feces respectively were
determined. The food was so adjusted tbat one pig received

about twice as much nitrogen as the other (Table LXXXVIL).
The animals were obviously under equal conditions as
regards exercise, both being at rest, yet in each experiment the

animal receiving the highly nitrogenous diet excreted rather
Thus the amount

more than twice as much nitrogen as uréa.
of nitrogen in the urine, which measures the amount of
albuminoids oxidised, could hardly be taken as a measure of
the amount of work performed by the respecf;ive animals. .
The question was afterwards §ystematlcally a.mttackec‘l 1[;
various directions by other invest’xgators, and direct p;{o(‘)
was obtained that the energy required to carry on work is
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derived from the oxidation of the food constituents, either
albuminoids, fats, or carbohydrates being available for the
purpose, though as a rule the two latter are utilised. The

TaBLE LXXXVIL—Euperiments ot Rothamsted with Pigs tn 1854 antd
1862. Quantities per head per doy.

Period. } Foods. qu’il‘;%%%“. Urea Voided. ! L?“:t‘rj)‘geti‘n
June to August 1854,

Days. Grams. Grams. Grams.
3 No.1. Lentil Meal . . 12340 13470 628
3 No. 2. Barley Meal . . 589 61°5 287
10 No. 1. Lentil Meal . . 1206 141°0 65°8
10 No. 2, Barley Meal 512 52+1 2473

August to September 1862.

10 No. 1. Barley and Bran . 416 436 20:4
10 No. 2. Beans and Bran., . 860 896 41-8
5 No. 1. Barley and Bran . 482 523 244
5 No. 2. Beans and Bran, . 825 1166 544

e

amount of energy obtainable from each food can be directly
measured by the heat it will generate when burnt, and pl‘OVided
the animal receives enough nitrogenous material to repair the
normal waste of tissue, the energy required to do work can be
wholly derived from the combustion of non-nitrogenous
materials. However, when the output of work has to be rapid
and at high pressure, it has been found advisable to include 2
fairly high proportion of easily digestible and concentrated
albuminoids in the food ; as Lawes and Gilbert put it in 1852,
“a somewhat concentrated supply of nitrogen does, however,

I SOm® 0ases, seem to be required when the system is over-
taxed.”

IIL.—THE Source or FAT IN THE Awimar BoDY.

The source of the fat stored up in animals, or given out as
milk, was also for g, long time a matter of considerable contro-
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;e;'s.}: It was cle.a,r that. the fat supplied in the food was in
e 1;} Cas'es, especially Wltlf herbivora, insufficient to supply all

at produced by the anima), and though Liebig on general
grounds argued that the starch, sugar, and other carbohydrates
of the food could be elaborated into fat, for some time the view
;Zis he‘ld that the ':f;xtf'a fat could only come from the trans-
| mation of a'lbummoxds. This view was strongly opposed by
Awes and Gilbert, whose experiments upon the fattening of
Pigs showed that the animals put on far more fat than could be
made up from the whole of the fat and albuminoids in the foods.

To take one example, pigs were fed upon maize meal or barley
meal ad lip., with the following results :—
TapLE LXXXVIIL
i Maize, Barley

e ————
Meal ! Meal.

Numb.e,. of Animals . . ... ..
0 Uration of Experiment . . - o+ o+ o+ s ¥
Nginal Live Weight per head . -« -« Lh.o | 148

ferease in Live Weight
S ,
Per 100 increase in Live Weight.
[~ ———n.

1) Albuminoids in Food . . - : f 5?'
§2) Albuminoids in increased Live Weight . f"":i‘
(8) Leaving Albuminoids available for Fat Formation * ) 2...31__:_

| oo |
g‘? Fat in increased Live Weight. . - - - * , égg
5) Fatin Food . . . . - T 'f
. R . R .52
(6) Fat formed during the Experiment  « =
i
406
247

ds'(S), less (farbo;x excreted in Urea

Carbon in Fat formed (6)
not derivable from Fat or
.o ..l s

Carbon in Food Albuminoi

Carbon in Fat formed durin
Albuminoid ..

g Experiment,

d during the Experiment ‘ 39-2%
j—

Relation of last item to the Carbon of Fat forme

[
on by the animal during the

editing the fat pub ont :
Thus, after crediting Dt in the food, and with the

experiment with the whole of ¢ at ' N
m o that could by any possibility be generated out of the
L P ains about 40 per cent.

albuminoids in the food, there still rem
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of the fat formed which could only have come from carbo-
hydrates in the food. Similar but less decisive evidence ‘."&S
adduced from the sheep-feeding experiments, and the view
which Lawes and Gilbert maintained on these grounds has

since been amply confirmed by the experiments of Kithn and
others.

IV.—REeraTioN oF Foop CONSUMED TO LIVE-WEIGHT
INCREASE.

Taking the ordinary foods available on the farm, Lawes an.d
Gilbert found that oxen, sheep, and pigs differed greatly
their powers of consuming food, and in the rate at which t,h.eu‘
live weights would increase. During the whole fattening period
oxen will consume per 1000 b, of live weight 120 to 150 1. of
dry food per week (e.g., in the experiments, 25 1b. cale, 60 1b.
clover hay, and 350 1b. Swedes), and should produce aboub .10
Ib. live-weight increase per week. Sheep, per 1000 1b. live
weight, will consume in the same time about 150-160 Ib. of dr¥
food (44 Tb. cake, 52 Ib. clover hay, and 70 lb., Swedes) fo%' a
production of 17-18 1b. increase per week. The same live

weight of pigs, consuming 260-280 1b. of dry food (300 1b. barley
meal), will produce 50-60 1b. increase.

These results may be expressed in a table as follows :—

TarLe LXXXIX.

Dry Substance of Food [

U pry
consumed, -
Number Average e Increass | ppanuie®
of Number | duration oggrlb "S'm
Expevi- of of er To producs| 2 Live muwﬂ ’
ments. |Animals, | Experi- 1000 1b. 1b, v Li
. ment, | Fer Head v Increass Weight ngllf{
per week. Weight in Live per week. por woek.
per week. Weight.
- I
- Days. Lb. Lb. L, Lb. Lb.
Oxen . 27 112 87 1463 121 130 94 50
Sheep . | 19 307 | 143 20} 159 92 17-2 5%
Pigs . 33 104 58 48 270 48 562 €

g
e
* Dry Matt o ¢ g N
or of Solid Excremont and Urine exclusiye of Littor.

These estima‘ces, drawn up from g, very large number of
trials carried out in the ordinary way of farming, have been
generally verified by the later exact work of the German experl-
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menters, if allowan
y } ce b » ]
qualitios of the T ¢ made for the superior fattening
both tha et et ngfhsh stock. Probably at the present day
1mates o i :
the ras ot the amount of food required per diem and
mennL of increase should be raised, because of the improve-
s that have been effected in the breeds of our sl d
caitle, Tho moder dm g sheep an
: modern farm animal is in fact a more efficient 1
producing . : lent meat-
dealine o'm&C ine than it was fifty years ago, capable of
aling with more food and of growing more rapidl
maturity. ¢h THorten; ) & apidaly to
con Y, wus shor tening the time during which food has to be
o su'med tor purposes of pure maintenance only, It is in this
I\ » . ®
. e;:tzon that new experiments and additional data are generally
meec ed, for we know nothing of the relative capacities of
d_Odex:n breeds of farm animals as meat producers or of their
1gestive powers for various foods. Due economy in feeding is
only possible if the practical man can check his opinions by
Ief‘erence from time to time to exact determinations of the re-
quirements of different animals at various stages of their growth.
Others of the pig experiments showed how much less of

the food is utilised for increase as the fattening advances,
he animal increases in: size it consumes more

Partly because as ¢
food for purposes of warmth and internal work than before,

Partly also because the increase made during the latter period is
more fatty and therefore drier than in the earlier stages.
ease of pigs fed

The following table shows the rates of incr

Tavie XC.—Futtening Pigs. W 2okly Consumption of Food, and rate
of Inerease.

Incresse
Food

Food Consumed: in Live Weight. .
) ] produaciig
- 100 1b.
100 1b. : Por 100 1b. | of Increase.
Por Hend. ng’ﬁf waight.| T Head. | yive Weigbt,(
S I .
Lb. Lb. Lb. Lb. stf.)
First Fortnight .+ - | 501 o 174 o 530
Second Fortnight . - 675 3 o 150 62 s
Third Fortnight - . 664 é? 1 190 5 211
Fourth [Fortnight - . 660 2 13 va 621
Fifth Fortnight . 696 <
e
141 68 } 469

Mean - 65 ib—‘*

S
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on an unlimited sapply of barley meal together with fixed
ration of 1 1b. per head of pea meal per diem.

V.—Tue CompositioN oF OXEN, Sueep, AND P1Gs, AND OF
THEIR INCREASE DURING FATTENING.

The most important work carried out at Rothamsted on
the nutrition of animals was the determination of the composition
of ten farm animals in different stages of growth and fattening.

1004 —x

80

60 —I—

40

20

Fat  Balffar  Far Fai Store Halffat  Fat.  Very fat
Calf. Ox. Ox.

Lamb. ~Sheep. Sheep. Sheep. Sheep.

Store  fat
Pig. Pig

- Minera! Matter 7 MtrogenousSubsbance X% V] Fax % I::]W‘“e" g
Fre. 48.—Percentage Composition of the Whole Bodies of Oxen, Sheep, and Pigs:

For this purpose the following animals were selected—a b
calf, a half-fat and a fat ox; a fat lamb, a store sheep, three
others in the half-fat, fat, and very fat condition; a store and &
fat pig. These animals after slaughter were carefully divided,
and the weights of the carcass and different, parts of the offal
were determined. Afterwards the proportions of water, fafs
nitrogen, and ashin each part were determined, the composition
of the ash of each part being determined later. A summary of
the results is set out in Table XCI, while the diagram (¥ig.
48) shows graphically the composition of the entire animals.
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TABLE’ X.CI.———fm'centage Composition of the Carcasses, the Offal, and the
Lntire Bodies of ten dAnimals of different descriptions, or in different

conditions of Maturity.

- :
@ &
i & : | a3EE
S 88 =3 K S 2428
. = =g
Description of Animal. g 23 = 8z 2 | 2E82
&3 15} [ ] 2 Sea
. it & =3 = So5H
2 83 - S253
£ R 9 2=
= a 1<

Per cent. in Carcass.

Fat Calf . . 4+48 166 166 377 623
Half-fat Ox . . 556 17-8 22+6 46°0 540
Fat Ox . . . 456 150 84°8 644 456
Fat Lamb 363 109 869 514 486
Store Sheejp . 4-36 145 238 427 578 .
Half-fat Old Sheep 4-13 1479 313 503 49+7
Fat Sheep . 345 115 454 60°3 397
Extra Fat Sheep 277 91 55°1 670 830
Store Pig . . 257 14°0 281 447 553
Fat Pig . . 140 105 495 614 386
Mean of nll . / 369 / 135 54-4 I 5146 / 484 /
Per cent. in Offal (excluding Contents of Stomachs and Intestines).
Jfat Calf . . 341 171 1476 35:1 64:9 .
Half-fat Ox . 4-05 20°6 167 404 59:6
FatOx . . -« gq0 | 175 | 9268 | 412 | 828
Fat Lamb . 245 189 201 415 585 |
gg)trélgrl?eep . . 2°19 180 16°1 363 63:1 [
Half-fat Old Sheep 272 177 185 389 611 |
Fat Sheep . - 232 16°1 26-4 448 552
IExtra Fat Sheep 364 168 345 54-9 451
i 307 140 150 321 67°9
?‘Eﬁ:rf’iglg Lo i+t 148 92:8 40°6 594
Mean of all 302 172 21:0 412 55°8 ! j
o S S
Per cent. in the Entire Animal (Fatted Live Weight).
T T
3 . . 338 630 | 317
FatCalf . . 380 15°2 148 , A
Half-fat Ox . . 466 1676 19:1 403 515 3.13
FatOx . - =+ Bgg | 4 | 801 | 485 | 435 59
Fat Lamb 2-94 12+3 28°5 437 47°8 333
Store Sheep . - 316 14°8 58? 33; I 905
Half-fat offi Sheep 317 g g gf % §0 - 2‘3’,; 6-02
h . . 281 4 ) ; 3 pl
;lé‘itri I?'ZE Sheep 2:90 10°9 458 596 85°2 518
. . . 233 397 551 822
Store Plg . 2'67 13'7 122 54+ 41°8 I 3-97
FatPig, - - ° 165 10°9 4 547 ‘WJ o
T, oo | e
Mean of all L 87 187 282 44°9 49°0 J 6113
WW’WW d
!
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Tt is obvious that from these results a great deal of evidence
can be obtained as to what goes on during the fattening process,
if we can assume that the particular animals selected for
analysis are typical of the ovdinary run of live stock and
represent the normal change in composition of fattening
animals. It is obvious, for example, that the fattening process
is properly so called; even animals in the store condition
contain rather more fat than nitrogenous substance, but as the
fattening process advances the proportion of fat to albuminoid
rises until it becomes two or even three times as great.
Of course the gross amount of albuminoid in the animal
continues to increase somewhat, but the increase in the fat is
so much greater that the proportion of albuminoid in the
finished animal has been reduced. It will be seen also that the
fat animal contains less water than the same animal in the
st_ore condition ; lean meat possesses, in fact, a considerably
higher proportion of water than fat does, so that the accumula-

tion of fat tends to reduce the proportion of water in the whole
body.

. From the figures obtained in these experiments the composi-
tion of the live-weight increase during fattening can be deduced.
t.[’hls Is set out graphically in the diagram Fig, 49, from which
it will again be seen how much of the weight put on by an
animal during fattening is made up of fat itself. In oxen, when
the fattening process begins while they are young, as is genemlly
the case nowadays, the increase of weight will consist of about
one-third water and two-thirds dry substance, the latter being
made up of about 15 per cent. of nitrogenous matter and 75-80
per cent. of fat. Tor the final fattening stage, when the animal
is full grown, about three-quarters of the increase will be dry

matter, containing only about 10 per cent. of nitrogenous
matter and 90 per cent. of fat,

~ Inthe case of sheep, rather more mineral matter is contained
in the fattening increase, because of the large content of w00l
walkaline salts ; but despite the nitrogenous nature of wool, the
amount of nitrogenous matter in the increase is less for sheep
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100%

7
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E::! Water £

Fre. 49.—0Oxen, Sheep, and Pigs. Composition of Increa

se in Fattening.
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1 ' ', proportion
than for oxen, the balance being made up by an exm. a propor "
of fat, which may amount to 75 per cent. of the mcmami.
the case of really fat pigs the increase will contain about 70 per
cent. of fat and 7 per cent. of nitrogenous matter, bein
less nitrogenous and more fatty than with sheep.

These experiments on the composition of whole animals,

which form the fundamental basis of our knowledge of the

nature of the animal's body and of the changes taking place
during growth and fattening, have never been repeated.

g gven

VI —Tar Maxurr VavLue or Foobs.

In order to form any estimate of the value of different cattle
foods, it is of much importance to know how far their various

manurial constituents—nitrogen, phosphoric acid, and potash—
find their way into the manure heap, and so back to the

farm.

In the experiments previously described it is seen how
small & proportion of the nitrogenous constituents of food is
retained in the increased live weight of the animal duving

fattening, by far the largest portion being passed undigested
into the fweces, or excreted as ures in the urine.

When the
animal is producing milk, however, a much larger proportion of

the nitrogen will be removed in the milk than is retained in
fattening increase, and the manure made will be correspond-
ingly poorer. At the other extreme is the case of a working
l(n)g»iz :rn ; rs;;i Zza§t ‘not. .gaining in weight, when the whole
. pplied in the food will be voided in the
feeces or the urine, )

A§ regards the mineral matters of the food, after the animal
ha's withdrawn a certain small proportion for increase or for -
milk, the remainder must find its Way into the manure ; but in

the case of the nitrogenous compounds there is always the
possibility of loss, because some of the nite

\Y o | g ,d_ullng th@ V”Ja:].
The question of the existence of thig loss w

as investigated
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at Rothamsted in 1854 with pigs, the animals being confined in
a frame resting upon a sloping zine bottom, They were watched
day and night during the experimental period, and the voidings
were collected as soon as passed, and analysed at regular
intervals for dry matter, ash, and nitrogen. The results were,
however, not satisfactory ; there was a considerable portion of
the nitrogen of the food unaccounted for in either the increase
of weight or in the excrements. The results seemed to show
that the loss was probably due to the difficulties of proper
collection and analysis of the excreta, so that the experiment
was repeated with greater precautions in 1862, This time the
losses of nitrogen were much reduced, and when allowance was
made for the many unavoidable sources of error, the results
supported the idea that the whole of the nitrogen of the food
not stored up as increase passed over into the manure. Other
experiments were made with sheep ; but again it was impossible
to avoid some mechanical losses, and to eliminate the uncertainty
due to lack of exact knowledge of the composition of the
animal at the beginning and close of the experiment.

Later experiments on the Continent have indeed set the
point at vest, and shown that there is no decomposition of
nitrogenous matter of the food into nitrogen gas during the
vital processes, but that the whole of the digested nitrogen
which is not utilised for increase, milk, ete., is voided in the
urine,

The practical question which greatly occupied the attention
of Lawes and Gilbert was that of the manure value of the
many purchased cattle foods commonly used in this country,
and particularly the compensation to be paid to an outgoing
tenant for their consumption in the latter years of his tenancy,
before he could be supposed to have obtained a return from
them in the shape of the crop. Lawes and Gilbert therefore
prepared a table showing the composition of most of the cattle
foods commonly in use, and calculated what proportion of the
nitrogen, phosphoric acid, and potash present would under
normal conditions be retained by fattening stock consuming the
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food. Thus when stock consume linseed cake, Lawes and
Gilbert calculated that every 6 Ib. of food produced 1 1b.
increase in live weight containing 1'27 per cent. of nitrogen; o0
that if 1 ton were consumed, out of the 1064 1b. of nitrogen in
the cake the animals would retain 474 Ib., and pass on to the
manure 10166 1b.  The same ton of linseed cake would contain
448 1h, of phosphoric acid, of which the fattening animal would

only retain 8-21 lb., and 814 Ib, of potash, of which the animal
would only retain 0+4 Ib, |

When dealing, however, with less concentrated foods the
amount required to produce 1 b, of increase would be much
greater and the toll taken by the animal of the nitrogen in the
food would also increase. For example, 1 ton of oat straw
contains 112 1b. of nitrogen, of which the animal would retain
1'6 1b. and pass on 9°6 1b. to the manure—only 86 per cent. of

that which had been fed instead of over 95 per cent., as in the
case of linseed cake.

From data of this kind Lawes and Gilbert were able to
calculate for each of the named foods the amount of nitrogen,
phosphoric acid, and potash which would go to the manure.
The experiments before mentioned had gone to show that there

is no loss of nitrogen during the actual feeding process.
However, it had been ascertained that even under the best

conditions (as in the cattle-feeding experiments at Woburn
before alluded to) there were great losses of nitrogen in making
the dung before the manure reached the land, these losses heing
due in the main to the volatilisation of ammonia resulting
from the rapid fermentation of the urea. Such losses, too, fall
upon the urea, the most valuable part of the excreta, since the
undigested food residues in the fwces decay so slowly in the
ground as to have a lower manure value, Very few data
existed from which to determine how large these losses are
under ordmar.y farming conditions, but Lawes and Gilbert felt
Saf.e in assuming ?hat z?t least one-half of the ynanurial material
voided by the animal is lost during the making and storage of
the dung, and does not come back to the land in the manure,
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The ¢ et |

itself; (2) the ..“‘HL”’ I_’hUS}’)hm'xc acid, and potash in the food
what it e -1 n.muf]t passcd by the animal after taking out
_this voided m-&"‘- f91- its own fattening increase; (3) the value of
M manupey U‘f‘:el'ml at the current prices of these constituents
EI‘L food. "T‘iu‘l’” _““‘}' called it, the “original manure value " of
able o 3 _Ulen proceeded to arrange & compensation
Origingy 1e basis of allowing the outgoing tenant half this
= that only half of the

onld be found Dby the
aking over. This
hird for

as con-

Anure nl]]:LEHUJL "iL.th, Z.e., assuming
RAUCTT o erial .\'Olded by the animal w
?Ompen;%/i;:a“t in the manure heap he wast
:aeh addition]. 1\“%111@ wag further diminished by one-t
e a0 1;11:3-\7‘*.1‘1' between the date when the food W
€ of fo] C Z’?lﬁll'at1ozl of the tenancy ; thus the compensation
Oneia]f of th‘cnsllwli?ied in the last year of th.e tenancy would
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valuable as a food because of the carbohydrates and fat it
contains, has but a low manure value, since it 18 comparatively

oor in nitrogen and ash constituents. Thus the custom of
paying half the lagt year's cake bill would result in paying oo
highly for linseed cake and maize and too little for cotton cake
consumed on the farm.

As an appreciation of these facts gradually spread among
practical men in consequence of the Rothamsted publications,
and as recently legislation rendered it imperative to put this
question of compensation due to the outgoing tenant on a gound

scientific bagis, the matter has latterly received more attention

from farmers and professional valuers. More data have also
been accumulated as to the nature and extent of the inevitable

losses of nitrogen in manure making, so that it has been possible
to construct a modified version of the original compensation

table, which now seems to be generally accepted in principle by
the valuers chiefly concerned.

VI —MiscrLLaNgous FREDING EXPERIMENTS.

The above summary by no means exhausts the many

experiments upon animal feeding which were carried on ab
Rothamsted.

One set of trials, for example, was arranged to
test the relative values of starch and sugar as foods, with the
result that they were found to be sensibly equal, as we should
nowadays expect in the light of the equal calorific value and
similar chemical composition of these foods.

Other trials chiefly dealt with practical points, as for
example the long series of trials on the comparative fattening
qualities of different hreeds of sheep—Hampshires, Southdowns,
Cotswolds, Leicesters, and crossbred Leicester-Southdowns
being selected for the purpose.

Exdpelsmeﬂtts on the use of condiments in cattle feeding
proved ol great practical value, as they g he ax st
nature of the claimg which Wer:ybj;sy er?dtl;is:g ggi)el Med.

g adv y the
manufacturers of some of the patented catt)

Other feedi X e foods.
oF toeding experiments dealt with the comparative value



CONCLUSIONS 259

of sewage-irrigated and ordinary meadow grass, with the use of
malted foods, with the value of ensilage; but these will be
dealt with separately.

Speaking generally, these feeding experiments of Lawes and
Gilbert, while they will not hear the exact analysis to which
late_l' experiments carried out in respiration chambers can be
SH];):](:ECEG(L so that the digestibility of the foods and the portions
Which go to maintenance, increase, and work respectively can
be_ ascertained, yet gave a sound general idea of the broad
Principles of animal nutrition as they affect the farmer. They
are noteworthy for the intuition with which correct opinions of
the general processes were deduced by statistical means from
€Xperiments carried out in the main under ordinary farming
conditions, opinions which have in all cases been abundantly

verified by later and more accurate research.
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CHAPTER XIII

MISCELLANEOUS ENQUIRIES

1. Bxperiments upon Sewage Irrigation.
1{. Experiments upon Malt and Barley.
I1I. Experiments upon Ensilage.

1V. The Composition of Wheat Grain and its Mill Products.
References.

I —ExprriMENTS UPON SEWAGE IRRIGATION.

From time to time the Rothamsted investigators were called
upon for work dealing with various .debatable questions of
public importance more or less connected with agriculture.
For example, Lawes was appointed a member of the Royal
Commission which was charged in 1857 “to inquire into the
best mode of distributing the sewage of towns, and applying it
to beneficial and profitable uses.” The application of sewage
to land was naturally one of the subjects of enquiry, and was
entrusted to a sub-committee consisting of Lawes and Way,
who carried on during 1861-64 experiments at Rugby on the
growth of grass with and without sewage treatment, and P
the vajlue of the sewage-irrigated grass for feeding stock. The
expemmer}tal station at Rothamsted was much occupied with
the superintendence of these experiments and with the analy ical

and stia.msmcal work involved. The general conclusion from bne
experiments was that hroadcast irrig

ation on grass land Was
the }?est way of dealing with sewage, the highest reburns being
obtained when 1ax‘ge quantities

of sewage h as 9000
o ‘ ge, as muc
1S per acre, were employed.
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As to the grass—that grown in sewage was found to be
more watery than the unsewaged grass ; hence, of equal weights
of green arass, the unsewaged produced the most increase in
f&tteﬂing oxen. But calcilated on a basis of equal weights
of dry matter, the sewage-irrigated grass gave the better
‘esults.  The hest returns were, however, obtained when the
grass was fed to milking cows; sewage rrigation was found
to increase the amount of milk which could be produced
from 1 acre of land three- or four-fold. The herbage of the
Sewage-irrigated meadows was found to change rapidly ; the
Leguminosee disappeared, as did most of the miscellaneous
Species, while the grasses became restricted to two or three
Vigorous species, which constituted the whole vegetation,
Such a5 rough-stalked meadow grass, couch grass, cocksfoot,

Orkshire fog, and rye grass.

1T.——ExPERIMENTS UPON MALT AND BARLEY.

In 1863, at, the request of the Board of Trade, experiments
Were undertaken to ascertain the relative feeding value of malt
an.d of the barley from which it was made, so as to see if any-

Mg was gained by the process of malting. It had of‘ten been
“S8erted, and wag the opinion of many practical graziers, that
Ve if there were some loss in the process of converting barley
Intq Mmalt, yet the superior digestibility of the malt and 1ts
4Ction upon the other items of the whole food more than
Compensated for this loss. _ .
en T.he investigation was divided into two stages—j(l) an

QIry into the nature and amount of the losses during the
;ha flng process ; (2) a comparison of the food value of the

eSulting malt and of the original barley.
WO lots of barley were selected for the experiment, one a
Alting barley of fair quality, the other a thinner, more nitro-
8enoyg barley, such as would only be used for foeding. The

¥ .
“alting vy done in the ordinary way, a Hertford, and samples

B
0 25 - .
25 Ib. each were talen of the grain before steepine when
during growth, and

I‘ -
°Wn out after steeping, at intervals
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finally after drying and screening ; these samples being sent to
Rothamsted for analysis.

The results are summarised in the following table, which
shows for each sample the changes during the various stages,
as caleulated back to 100 parts in the original material.

“TapLE XCIT—Toss of Constituents at certain Stages, and at the conclusion
of the Malting Process. Proportion to 100 before Steeping.

e '3 = Fina!l Products sent
Sw | £8 %3 to the Kiln.
23 83 @& @
5 Jﬂ},’ o =1 3
Sl as |2 il
a 2 ol g:a =35 8
Barley No. 1.
|
AsSampled . . . . .| 100 | 1432 | 1354 7893 220 8113|1887
Total Dry or Solid Matt'er . . | 100 99-8 95-9 |89-45 | 233 | 91'80 | 820
Non-nitrogenous Organic Matter , | 100 99-9 937 189661 174 19140 | 8§60
i‘ldl'trogenous Matter . . . | 100 998 99:0 19061 ) 645 9705 | 204
ineral Matter . . ., .| 100 90°3 894 | 7768 794 ‘85'62 14-38
Barley No. 2.
AsSampled . . . . .| 100 | 72 | 1387 |7a62| 321 | 7783|2217
Total Dry or Solid Matter . - | 100 | 993 | 96-1 |87-78 | 8-41 | 9119 | 8:81
Non-nitrogenous Organic Matter . | 100 99-5 95§ | 8819 | 2°62 | 9081 9-19
Nitrogenous Matter . 100 08-3 97-1 |85-52| 7-14 | 9266 | 734
Mineral Matter 100 | 1000 | 1025 |84-76 |12:02 {9678 | 822

For example, dealing with sample No. 1, we see that 100
parts of grain yielded 79 parts of malt and 2:2 of malt dust, a
loss of weight of nearly 19 per cent. This loss was, however,
largely water, for the next row of figures shows that of 100
Pal“tS of dry matter in the original material 91'8 were recovered
in the malt and maly, qugt, During steeping 04 per cent. of dry
matter was lost, consisting of mineral matter (largely dixt
washed off the grain), 4 ligtle nitrogenous matter, and the ready"

formed sugar in the barley. During the process of grOwing on
the floor Something oyer 4 per cent. of dr
Bibli’mf;z;ﬁtgn‘?e’ shows a fall from 996 parts of the original
thy e 59 barts, by the eighth day. This loss is due to

© TeSpation process accompanying growth, and represents

y matter is lost; the
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the combustion of a certain amount of stareh into carbonie acid
and water, which escape into the air. During the kilning and
Uying process there is a farther loss of dry matter, this time
Mainly a mechanical loss due to malt dust, which falls through
the wire foor into the fire.

The furgher ficures show that of the nitrogenous materials
there ig 4 1ipgle loss by solution in the steep-water, but little or
None upon the floor, where there will be no productioniof
free nitrogen as long as the germination process 18 proceec'hng
Properly.  The chief loss of nitrogenous material is mechanical,
' the drying and screening process. Similarly with the
Mneral matter : after the first loss in the steep no others are
Possible sqve those of a mechanical nature. It should be
Toticed, however, how much of the nitrogen and mineral matter
Passes into the malt dust ; the young shoots of the barley plant
are eompm-a,@ive}y far richer in nitrogen and mineral matter
than the whole orain. The other changes, which take place
fhll‘ing malting ax?d are not shown in this table, would be'th.e
Neipieny, eonvt:ersion of some of the starch into malt sugar (it is
wal] knownp that malt possesses a comparatively s.weet taste) a,n.d
.0 Wigration of 5 large portion of the albumillo}cis of the grain
m/?o Soluble nitrogenous compounds, chiefly amides and amino
20, the nutpitive value of which s certainly less than that
of the albuminoids from which they were derived. The m.alt
Also Contains large amounts of diastase the enzyme wh}ch
Conygpgg starch into sucar during “mashing,” the next brewing
Procegg, °
m The figures thus obtained for the changes d‘“'in% t}l;e

altin g process agree with those generally accepted DY

Maltgt , rial
Altstopg to-day, who expect to lose 10-11 per cent. of mate

dr :

( y Weight), distributed as follows :—
Loss in steep 1 per cent.
Loss by respiration . 4—2 .

Malt dust .

Waste . . . . 1 »

The waste has been diminished by the employment of tiled
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floors to the kiln instead of woven wire, but the great loss by
respiration is a necessary part of the process.

The problem then remaining was to ascertain if the
inevitable loss thus produced in the dry matter of the original
barley would be compensated for by an increased digestibility
of the malt. Experiments with stock were made as follows :—

(1) Milch cows, two lots of ten, each animal receiving either

3 1b. of harley or its equivalent in malt per diem. The
experiment lasted for 10 weeks, and the amount of milk
produced and the live weight of the cows were recorded.
The general ration to which the barley or malt was
added consisted of 2 lb. rape cake, 2 Ib. bean meal, 14
1b. clover chaff, 7 or 8 lb. straw chaff, and 50 Ib. Swedes
per head per diem.

(2) Two lots of three-year-old hullocks were fattened,

receiving respectively either 4 1h. barley No. 2 or its
equivalent in malt, in addition to a general ration of

clover chaff, cake, and Swedes ad Lb.
lasted 20 weeks.

(3) Fivelots of twelve Hampshire Down wether lambs under
cover. Lot 1 had for 16 weeks % lb. and for 4 weeks
1 1b. barley No. 1, per head per diem. Lot 2 had an
equivalent in malt from barley No. 1. Lot 3 bad
similarly § and then 1 1b. of barley No. 2. Lot 4 had
the _eq\livalent in malt, Lot 5 had the same weights of
% mmxbure of two parts unmalted and one part malted
barley No, 2. The general ration was 1 lb. of clover
c.haff, and cut Swedes ad /ib. |

(4) Six lots of eight pigs for 10 weeks. Lot 1 had unmalted
barley No,1ad 7ib. Lot 2 had the malt from the same
barley, also ad 45, T.ot 3 bad both barley No. 1 and 168
malt separately ad lih. Lots 4, 5, 6 were similar, S&V°

that barley No. 9 and its malt were substituted-

the DIgs in gdqig o
diem. X -mon had 1 1b. each of pea meal D

The experiment

It all these trials the final differences in the weights of the
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z(t)ll::([:z:::““i“ lots, receiving on the one hand barley and on the
muchy ;'(‘1 ( qu_l yrantity flm‘n'ed into mal(:,, were s‘mail, and not
king, Bm;)w:d from the mevztfmb}e error in expez'xments of this
harley W)uti as a rule, the differences were in fayom' of‘ the
by tl;(.; ‘Cj ‘, 1at we n}uy conclude that nothing had be.en gained
Compoy lfmgm which the malt had ux}flél'g‘f)ilfz which would
shoul(-i ;tmﬁ tor the loss of dry matter. This is indeed what we
arley _m,ve ‘?Xl7e‘{t€d; we now know Lha,-i; the whole of thve
Thig huljlr e_amy digestible except a ?ertam aznountdof' huns(l;
l'e“del‘ed‘ ;hIeSP z;naﬂ"ected l?y th‘?lnmltéxrig pm(l;te-ss; iﬁm ;ZS o
fact, Consiag eby more filgestne. ¢ malting f b? :md
readily d‘iﬂhegiﬁ f» destruction of some 1of thi 1m()ft szgl ;%cion
albhmimj(r'e C"‘“‘.boylydm‘te? totélrlee’z'l?i::;ﬂ';j cfm ounds of
esg N mto &1}31( es and o , 16-‘ _pb ns o
thag . e value. Thus the genelglconc usion may be rfa ;
fop Stoci]‘mt. ECOnDlnl?&l to malt gr?‘,im Sefmes?s;?gﬂjz iidgzg
pPOCesS \L}; Since, p.ut;mng on one s1de ]efcsl -~ m;u ab]:
Dargg of,' : ¢ I'GSfﬂt is only a loss of some of the
" hmzl(; o d out by Dr H. T. Brown that
as, however . T ,
e ‘“&): sb(i)l‘; T)Vel‘, PR O].:1 't{ oraziers’ high opinion
far e some foundationior the g 2

1tt . . .
Ime malt in a mixed diet. :
¢ greatey part of the kernel of the grain of cereals consists

of

S ‘. . - .
Oellultalcil‘0011taining cells, which are invested by a thin
it OSic membrane, As long as this membrane remains intach

ta:(?l?%.itutes a formidable barrier to th.e fre? actio'n of the

Sug \d}.SSOIVi“g enzyme of the pancreatic fluid, W’I.ll(}h plays

granlﬁn mportant part in the dissolution of the .soh(% starch-
° when onge the food has passed the pyloric orifice.

1 i s . L. M
160 dogs not appear to be any provision iu the dlgesﬁl"?
. O‘f the herhiyorg for the secretion of an enzyme capabie. Oh
‘Mg thie : : : X whic
0g this investing membrane, the dissolution of

ulld

EF roqs .

Cug,, o1 dm&ry conditions js brought about n the stomach by an

Cny e Pre-existent in the grain. Under certain condltlon's this

breg > Cytase, may either be absent from the food~g.1’efm 01
e addition to

ent, .
o . e .
nly in minimal quantity, 10 which case th

éltta
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the food of a material rich in cytase may be expected indivectly
to aid the more ready dissolution and agsimilation of the starch.
Such a material is malt, provided it has not been kiln-dried ab
too high a temperature, for, during the process of germination t0
which it has been subjected, there is a considerable production
of cytase in the grain. But the rations nsed in these experl-
ments were not rich in cellulose material, consequently there

was no real test of whether the extra cytase brought in by the
malt would have any beneficial effect.

ITL.-—EXPERIMENTS UPON ENSILAGE.

During the early eighties in the last century, owing to a
succession of wet summers, the question of ensilage came
prominently before the agricultural public, and farmers were
urged to convert their grass and forage crops into silage instead
of runr.ling the risks of loss and of wasted time incident to the
operation of hay-making. Silos were built on various prin-
ciples all over the country, but before the system had made any
real headway, the cycle of dry seasons, which began with 1887,
set in, and farmers no longer felt the want of the process.
Latterly, with the growth of forage maize in the drier districts
of the country, the making of silage has been revived some-
Yvham, the idea being to utilise maize silage instead of roots, as
18 50 largely done in the eastern states of America.

_ Experiments on silage were begun at Rothamsted in 1884
with the construction of two rectangular tanks caleulated to hold
about 100 tons of silage each. These were filled-—one with red
clover, both first and second crop, and the other with meadow
grass ; the materials were chaffed and weighed as put in, and 2
number of samples were taken from which to ascertain the
average composition of the mixture entering the silo. The silos
were emptied between December and the followine April, when
in the same way the material leaving each silo Dwas weighed
?ﬂd sampled. The analytical results were not wholly satis-

actory as 'f&T as the determination went of the loss of dry
matter during the making of the silage. Such material, both
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. rariations in
S put i ang e taken out, is subject to sucllésxacre recuired
Wat()l‘-(:(mtcnt; that a very large number of samp AN
from which to obtain a fair average for the comp
Whole, e not so great as
The results indicated that the IOSSGS,WiLaH 5 per cent. of
Was tler Commonly supposed ; not more ¢ 15 per cont, of the
e tory) dry matter of ghe clover, and &;)0? Thio analyses also
0y magge, of the srass appeared to be Otstér- the chief change,
indicﬂted @ certain loss of nitrogenous ma ‘Oe, roportion of the
IOWGVGF, consisted in a conversion of a Ialfzjlogel. orade, amides
a‘lbuminoi(ls into nitrogenous compounds 0

i II upon
: atter chiefly fe
0 king The loss of dry ma
the

ed bodjes.

i onsisted in testing the

he Next step in the experunentslcand P oo

eding ! fho stlage pmd'uce;’tteninw oxen and with

experiments vore made both with I‘G‘ pii:ked out and fed

Lows in milk.  Two lots of five oxen Wil B nes diom, o
e 1 Cé‘lke and 4% Ib. barley me:

e CI S ¢! o> (]J

14 days. o the
o e xboriment asted 1‘ favour of the sﬂagli’ er
T as slightly in favour ¢ i p
nal result was s g ‘ rense o '
S re _&_ 031'1} e made an average 1110. &;t N oorreSpOHdl.Dg
) [«
Weg < p Cf(l)vmgleI ag live-weight, as again
i *r 1000 1b. mean live-
Ineyg

h of 20

hay, : vs, two lots each 0!

Nthe gther experiment with milch cows, nearly as POSSI.b]e

“Owg Were gol L‘lp as to obtaiu them aIsd in the lactation
. e select SO m t

Wit equay n?ill: ?ice,l ds and equally advance

Perjq g J

. - tif}Ude;
‘dly be realised wi ine the
d s 1d hat dly o dm g
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o 7S vV N
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®3pe
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90 Ib. of mangolds, quantities arranged to supply each lot with
equal amounts of dry matter, The experiment lasted 13 weeks,
and was immediately continued for another 6 weeks with
meadow-grass silage, a reduction being made in the chaff from

10 to 7 Ib., because of the larger amounts of woody fibre intro-
duced by the grass silage.

The result seemed to show that the cows on the clover
silage tended to fatten rather more than those on the mangolds ;
though giving slightly less milk they gained in live weight,
while the mangold-fed cows lost slightly in weight.

With meadow-grass silage, however, there was not the
same tendency to fatten, the cows losing weight; the milk
yield was practically equal from the two lots of cows. When
analysed, the milk of the mangold-fed cows always showed a

higher percentage of both total solids and of butter fat than
that of the silage-fed cows.

The general conclusions reached were, that good food would
make good silage without much more loss of dry matter than
usually takes place in hay-making, etc. ; also, that good silage is
a useful food for both fattening oxen and cows in milk. Tt did

not seem likely, however, that it would pay farmers to grow
crops specially for silage rather than to grow roots.

IV.—Tue ComposiTion oF WueaT GRAIN AND ITs MiLL
PropucTts.

The question of the food value of the various materials
grown on the experimental plots was one always before Lawes
and Gilbert, Particularly they were preoccupied with anything
relating to the production of wheat and its variations in
composition due to soil, season, or climate. The original plan
of their investigations included a study of the influence of
season and manuring upon the composition of the wheat grain,
and a farther study of the varieties of wheat and their adapta-

tion t:) various climates and localities in the great range of the
earth’s surface over which wheat is grown
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In a paper published in 1857 they gave the results of a

series of experimental millings of wheat grain frow theee of the

plovs—thie unmanured plot, that which receives nitrogen only in
the shape of ammonium-salts, and one that is completely
manured with both minerals and ammonium-salts. The grind-
ing was done by an ordinary millstone, then the only method
of grinding wheat, Figures were obtained showing the relative
weights of the nine mill products—flour of various grades of
fineness, tails, sharps, pollard, and bran— figures which
are unfortunately of little interest nowadays since the roller-
milling which has become universal has introduced quite a
different series of separations. Roller-milling, also, no longer
bruises the bran in the way that was inevitable with stone
grinding, so that the composition even of the finest products
has been to some extent altered. Further determinations were
then made of the dry matter, ash, nitrogen, and phosphoric acid
in the various products, as had previously been done for several
seasons with the whole grain. The results showed that the
percentage of nitrogen was lowest in the products at the head
of the dressing-machine, 7.¢., in the flour itself, but increased
considerably in the more branny portions, being at its highest
in the sixth product, the so-called ““coarse sharps.” The ash
increased to a still greater degree in the coarser portions, being
ten times as great in the coarsest bran as in the finest flour, and
the percentage of phosphoric acid augmented with the increase
in the percentage of ash.

But Lawes and Gilbert protested most strongly against the
idea which was then beginning to be held, and which has never
ceased to be promulgated as a sort of creed—that the whole
meal of the wheat grain is the most nutritive food, and that
ordinary white bread is deprived of much of its value because of
the removal of the bran,

For example, Gilbert wrote in 1881: “The higher per-
centage of nitrogen in bran than in fine flour has frequently
led to the recommendation of the coarser breads as more
nutritionus than the finer. We have already seen that the
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more branny portions of the grain also contain a much
larger percentage of mineral matter. . . . It is, however, we
think, very questionable whether, upon such data alone, &
valid opinion can be formed of the comparative values, as food,
of bread made from the finer or coarser flours from one and
the same grain. . . . Again, it is an indisputable fact that
branny particles, when admitted into the flour in the degree of
imperfect division in which our ordinary milling processes leave
them, very considerably increase the peristaltic action, and
hence the alimentary canal is cleared much more rapidly of its
contents, It is also well known that the poorer classes almost
invariably prefer the whiter bread; and among some of them
who work the hardest, and who, consequently, would soonest
appreciate a difference in nutritive quality (navvies for example),
it is distinctly stated that their preference for the whiter bread
is found.ed on the fact that the browner passes through them
too 1'&'P1d1y, consequently before their systems have extracted
fro?{n 1t as mueh nutritious matter as it ought to yield them.
1t is freely granted that much useful nutritious matter is, in the
first instance, lost as human food, in the abandonment of 15 to
20 per cent. of our wheat grain to the lower animals. It
_ should be remembered, however, that the amount of food so
applieC_l 1s by no means entirely wasted. And further, we
think it more than doubtful, even admitting that an increased
\PI‘OP((;YUOH of mineral and nitrogenous constituents would be
2ihzrvea§ctl?1g§édwietsher’ {mless the branny particles.-could _be
hove allnded ’to H(z red uced_ as to prevent the clearing action
G 1o, more nutriment would not be lost to the
§ystem by this ac.tion than would be gained by the introduction
1(1)1;0S 5;1;::;3}’;1 ii’;?;l?sntaﬂy with iIt, o.f a. larger aem.nal amount
to show that the state I;lsatteif . /;lmm’ al.l experlence. t ends
our food, must be conéidc—zrwc;5 ; o he N Com.p051t}on Qf
bility, and aptitade for oo ords, that its digesti
o ) _ assimilation, are not less important
qualities than its ultimate composition,

6 ! S
Of course, if the branny portions were reduced to a
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perfect state of finencss, and it were found that this prevented
the aperient action, and that other evils were not induced, or
better still, if more of the food material can be separated from
the bran, and in either case without more cost than the saving
would Dbe worth, there might be some advantage. But, to
suppose that whole wheat meal, as ordinarily prepared, is, as
has generally been assumed, weight for weight, more nutritious
than ordinary bread-flour, is an utter fallacy, founded on
theoretical text-book dicta: not only entirely unsupported by
experience, but inconsistent with it. In fact, it is just the
poorer fed and the harder working that should have the
ordinary flour bread rather than the whole-meal bread as
hitherto prepared, and it is the over-fed and the sedentary that
should have such whole-meal bread. Lastly, if the whole
grain were finely ground, it is by no means certain that the
percentage of really nutritive nitrogenous matters would be
higher than in ordinary bread-flour, and it is quite a question
whether the excess of earthy phosphates would not then be
injurious.”

The persistent idea that the branny portions of the grain
Possess a higher nutritive value comes from trusting in the
crude chemical view of a century ago, that the percentage of
itrogen alone measures the value of a food, without taking
any account of its digestibility and the amount of these
nitrogenous materials which can be assimilated by the body.
As to the extra value of the phosphoric acid, there is no
evidence to show that the ordinary dietaries are in any way
deficient in phosphates. The whole subject has, during the
last few years, been elaborately tested experimentally in the
course of the nutrition investigations of the United States
Department of Agriculture, with the result that Lawes and
Gilbert’s opinion of the superior nutritive value of white bread
has been fully confirmed.

The other question raised by Lawes and Gilbert in the 1857
paper, that of the effect of the different systems of manuring
upon the baking quality of the wheat and the differences in.
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composition between English and foreign-.gro?vn whea\'t,.] W::»IS
again in 1904 made the subject of investigation at Rot 1 !
sted. It was found that these qualities were very ltlifee
influenced by manuring, but that to a considerable extent they

i e
are inherent in the plant itself. The problem of controlling 1;thhi ’
milling quality is thus one for the plant breeder, and from

. . sidoe and
point of view it has been studied by Biffen at Cambridge an
by others.
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CHAPTER XIV

THE RUECENT WORK ON THE BIOCHEMICAL PROCESSES
OF THE SOIL

I. Soil Protozoa. 1II. Biochemical Reactions.
II. Sick Soils. References,

RErErRENCE has already been made to the fact that nitrification,
the process by which the nitrate indispensable to plant growsh is
Made in the soil, is the work of micro-organisms. The investiga-
tlons  of Schloesing and Miintz, of Warington and of
Winogl'adsky, led to a prodigious number of others, and soil
baeteriology has now grown into a very large sunbject. It is
now known that the soil is teeming with life, and that a
single saltspoonful of it contains millions of organisms,
living, working, and multiplying, and among other activities
bringing about various changes absolutely indispensable to
Plant growth,

The development of the subject has taken place in three
directionsg, Efforts have been made to discover and then to
describe the organisms concerned in the processes. Chemists
have tried to find out the steps by which the decomposition
Proceeds. At Rothamsted investigation has been directed to
the discovery of the conditions under which the organisms
live and work, with the view of ultimately obtaining some
degree of control over them. ‘

So impressed were the earlier investigators with the greaf
part played by bacteria, that these came to be tacitly regarded
as the only organisms concerned. But a number of difficulties
and anomalies arose when the work was carried from the

la»boratory into the field, and efforts were made to connect the

278 S
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field observations with the known activities of bacteria. The
recent work at Rothamsted has satisfactorily explained these
difficulties by showing that the micro-organic population must
be regarded not as one, but as two or more groups, some of
which are detrimental to the useful organisms concerned in
the processes of ammonia and nitrate formation.

The investigation began in the first instance as the result
of an accident. In virtue of its large population of micro-
organisms soil absorbs a considerable quantity of oxygen and
evolves a corresponding amount of carbon dioxide, ABD
experiment had been arranged to demonstrate the well-known
fact that soil heated to 180° C., and therefore completely
devoid of micro-organisms, lost much of its power of absorbing

oxygen. By an accident the autoclave was not available,

and the soil was only heated in the steam oven, and it gave
the remarkable result that its power of absorbing oxygen
showed a considerable increase. Now the steam oven did not
kill all the organisms, but spared those capable of forming
Spores, i.e., sterilisation was only partial. Partial sterilisation
by means of volatile antiseptics gave the same result. The
conclusion was drawn that partial sterilisation increased the
bacterial activity, and consequently the amount of decom-
position. The incréased quantity of plant food thus formed
is shown by the amounts taken up by the plant. Table
XCIIL containg g, typical series of results:—

TaBLg KO L—Weight and Comgposition of Crops grown on Partially
Sterilised Soils.

———

o I
. tage Composition of foi {ents taken by
ry oo etz Grriponion ol | Vet ot utwints Y
Grams. N. P05 K50, N. ’ P:Op B20-
] — — I
Buckwhoat, 1019
Untreated Soil . 78 181 5 . 339 ’
oil treated with Car. 1814 2 62 499 -
bon Disulphide. .| 9397 | 815 | 234 597 woa | 644 1-389
Unt Mustard,
Dtreated Soil 668
Heut . . . 1588 2:30 1+00 49 N '159
dSoil. . 1 oas3 | 443 | 208 5.03 1333 506 | 1221
—-MN—\“\'\-«-_

e T e
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Further investigations led to the following conclusions :

L. Partial sterilisation of soil, 7.c., heating to a temperature
of 60" C. or more, or treatment for a short time with vapours
of antiseptics such as toluene, causes first a fall, then a rise in
bacterial numbers. The rise sets in soon after the antiseptic
has been removed and the soil conditions are once more
favourable for bacterial development; it goes on till the
Numbeys considerably exceed those present in the original soil
(Tables XCIV. and XCV.).

TABLE XCIV.— Numbers of Bacteria and Amouwnts of Ammonic Production
in Partially Sterilised Soils.

Numbers of Organisms per gram of Dry Sell, Ammonig
in millions, Gelatin Plate Cultures. produced in
o days, in
parts per
At Aftor Iuereasy willion of
beginning. 9 days. during 9 days. Dry Soil. k
Untreatgd So, .. 6°7 9-8 81 07
oil heated to 98° 0003 68 681 32t
ol treated with Toluene, which
“lat? subsequently evaporated . 2°6 40°6 38°0 171
reated with Toluene, which
was left in . . ) 2'3 26 03 5'5

+ After ¢ days.

Tabg XOV.— dmmonia and Nitrate accumulating in a Sou kept twenty-
three days at abowt 15° C. in a moist condition ; parts per million of
Dry Soil,

—
Nitrogen presentNitrogen present|Total Nitrogen present as
as Ammonia. as Nitrate. Ammonis and Nitrate.
Abbe- | Aftor | Abbe- | After | At be. | After | Gainin
ginning.| 28 days.|ginning.| 28 days.|ginuing | 28 days.| 28 days
Isjntredted sml i o lrs | 17|12 | 168 Yiss 177 | 89
ol heated 2 hours to 98° C. . 65 | 488 | 18 | 12 |19% | 558 | 863
Otlll treated with Toluene, which was
o 1en evaporated . 5.0 | 27°8 12 12 170 | 39°8 | 228
1 treated with Toluene, ‘which Was
Not removed . . . . o2 (145 | 11 10 1182 |24% | 63

2, Simultaneously there is a marked increase in the rate of
aCcumulation of ammonia. This sets in as soon as the
baeteria,l numbers begin to rise, and the conpection between

* The details are given in two papers by Russell and Hutchinson in J. dgric.

Sci., 3 (1909), 111-144, and 5 (1913), 152-221.



976 BIOCHEMICAL PROCESSES OF THE SOIL

the two quantities is normaily so close as to indicate a causal
relationship ; the increased ammonia production is, therefore,
attributed to the increased numbers of bacteria. There is no
disappearance of nitrate ; the ammonia is formed from organic
nitrogen compounds.

3 The increase in bacterial numbers is the result of
improvement in the soil as & medim.n for bacterial growth and
not an improvement in the baotem‘al flora. Indeed, the new
flora per se is less able to attain high numbers than the old.
This is shown by the fact that the old flora, when reintroduced
into partially sterilised soil, attains higher numbcirs and e?f.ect,s
more decomposition than the new Hora. Partially sterilised
soil plus 0°5 per cent. of untreated soil, or an unfiltered aqueous
extract of untreated soil, soon contains higher bacterial numbers

per gram and accumulates ammonia at a faster rate than
partially sterilised soil alone.

4. The improvement in the soil brought about by partial
sterilisation is permanent, the high bacterial numbers being
kept up even for 200 days or more. The improvement, therefore,
did not consist in the removal of the products of bacterial

activity, because there is much more activity in partially

sterilised soil than in untreated soil. Further evidence is

afforded by the fact that a second treatment of the soil some
months after the first produces little or no effect.

1t is evident from (3) and (4) that the factor limitine
- . . N 5
bacterial numbers in ordinary soils is not bacterial, nor is it
any product of bacterial activity, nor does it arise spontaneously
in soils.

5. But if some of the untreated soil ig introduced into
partially sterilised soil, the bacterial numbers, after the initi

. - all
rise (see (3) ), begin to fall. The effect is rathey variable, but is-
usnally most marked in moist soils that hav ,

with organic manures; ¢.g., in dunged go;
sewage farm soils, etc. Thus the Jj
ntroduced from untreated soils, (

6. Kvidence of the action of th

& been well supplied
Is, greenhouse soils,

miting factor can be re-
Table XCVL)
e }imiting

factor in untreated
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solls is obtained by studying the effect of temperature on
bacterial numbers. Untreated soils were maintained at 10°
20, 30 (., etc, in a well moistened atrated condition, and
periodical counts were made of the numbers of bacteria per
gram.  Rise in temperature rarely caused any increase in
bacterial numbers ; sometimes it had no action, often it caused

TavLe XCVL—Effect of introducing Untreated Sotl into Partialy
Sterilised Soil.

v Number of Bacteria in millions, per
Gain in gram of Dry Soil.
Ammonia o
and Nitmate : |
in 67 days. After After After
20 days. ‘ 88 days. 0l days.
|
II\ . T
g{“ened Soxl_nlone . . . 24-3 28°0 318 | 60°1
tfc'fed Soil ++ exiract from Un-
, ,Ollcz}tefl Soil . . .. . 437 613 452 166°6
S ‘_Llned Soil +5 per cent. Untreated
ol . . . . . 20°3 3270 46°9 l 480

a fall.  But after the soil was partially sterilised the bacterial
numbers showed the normal increase with increasing tempera-
tures, Similar results were obtained Dy varying the amount
of moisture but keeping the temperature constant (20° C.).
The bacterial numbers in untreated soil behaved erratically,
and tended rather to fall than to rise when the conditions were
Made more favourable to trophic life; on the other hand, in
pi?l‘tially sterilised soil, the bacterial numbers steadily increased
With increasing moisture content. Again, when untreated soils
are stored in the laboratory or glass-house under varying
conditions of temperature and of moisture content the bacterial
Numbers fluctuate erratically; when partially sterilised soils
are thus stored the fluctuations are regular.
. 7. When the curves obtained in (6) are examined, it becomes
f;’ldent that the limiting factor in the untreated soils is not the
¢k of anything * but the presence of something active.
8. This factor, as already shown, is put out of action by

* . s i i
cale The soils included fertile loams well supplied with organic matter,
“¢lum carbonate, phosphates, ete.
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antiseptics and by heating the soil to 60° C., and once out. of
action it does not reappear. Less drastic methods of treating
the soil put it out for a time, but not permanently ; e.g., heating
to 50°, rapid drying at 35°, treatment with organic vapours less
toxic than toluene (e.g., hexane), incomplete treatment with
toluene. In all these cases the rise induced in the bacterial
numbers per gram is less in amount than after toluene
treatment, and is not permanent ; the factor sets up again. As
a general rule, if the nitrifying organisms are killed the limiting
factor is also extinguished; if they are only temporarily
suppressed, the factor also is only put out for a time.

9. The properties of the limiting factor are :—

(«) It is active and not a lack of something (see (7))

(b) Tt is not bacterial (see (3) and (4) ).

(¢) It is extinguished by heat or poisons, and does 1ot
reappear if the treatment has sufficed to kill sensitive and non-
spore-forming organisms; it may appear, however, if the
treatment has not been sufficient to do this.

(d) It can be reintroduced into soils from which it has been
permanently extinguished by the addition of a little untreated
soil.

(¢) It develops more slowly than bacteria, and for some
time may show little or no effect; then it causes a marked
reduction in the numbers of bacteria, and its final effect is out,
of all proportion to the amount introduced.

(/) It is favoured by conditions favourable to trophic life in

soil, and finally becomes so active that the bacteria, become

unduly depressed. This is one of the conditiong obtaining in
glasshouse “sick ” soils,*

It is difficult to see what agent other than g, Iiv

INg organism
can fulfil these conditions. o

| : Search was, therefore, made for
lareer organisms ca, 1 . .
ger org pable of destroying bacteria, and considerable

numbers of protozoa were found. The ciliates and amceboe

are killed by partial sterilisation, Wheneyep they are killed

ghe detrimental factor is found to be put out of action, the
3

» 5 (1912), 27-47, 86-111.

* This is dealt with fully in J. Agric,-Sei,
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bacterial numbers rise and maintain a high level. Whenever
the detrimental factor is not put out of action, the protozoa are
Dot killed. To these rules we have found no exception.
Further, intermediate effects are obtained when a series of
organic liguids of varying degrees of toxicity is used in quantities
gradually increasing from small ineffective up to completely
effective doses. The detrimental factor is not completely
Suppressed but sets up again after a time, so that the rise in
bacterial numbers is not sustained. But the parallelism with
ciliates and ameebee is still preserved : they are completely killed
When the detrimental factor is completely put out of action;
they are not completely killed, but only suppressed to a greater
or less degree, when the detrimental factor is only partly put
Out of action,

Now  this parallelism between the properties of the
detrimental factor and the protozoa is not proof that the
Protozoa constitute the limiting factor, but it affords sufficient
PPesumptive evidence to justify further examination. The

Obvious test of adding cultures of protozoa to partially sterilised
Soil wag made, but no depression in bacterial numbers was

Obtained ; instead there was sometimes a rise. But in view of
the history of investigations on malaria and other protozoan
diseases 1o great significance was attached to this early
failure,

At this stage the investigation was divided into two
Partg . _

1. The study of the soil protozoa. -
2. The offects of the limiting factor on the biochemical

Processes on the soil.
No attempt had ever been made in any of the above

®Xperiments to identify the protozoa, or even to ascertain
Whethep any particular form existed in the soil in the trophic
State or ag cysts. The variety of forms was considerable, and
1t soon became evident that a definite protozoological survey of
the 50il was required. )

This was accordingly put in hand. In order to give the
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survey as permanent a value as possible the investigations were
not confined to the narrow issue whether soil protozoa do or
do not interfere with soil bacteria, but they were put on the
broader and safer lines of ascertaining whether a trophic
protozoan fauna normally occurs in soil, and, if so, how the
protozoa live, and what is their relation to other soil
inhabitants.

The first experiments were made by Goodey * mainly with
ciliates, and indicated that these organisms were present only
as cysts. Subsequent investigations, however, by Martin and
T.ewin established the following conclusions: ¥ —

1. A protozoan fauna in a trophic state normally occurs in
soils, '

2, The trophic fauna found in the soil differs from that
developing when soil is inoculated into hay infusions: the
forms which appear to predominate in the soil do not predomi-
nate in the hay infusions, and #ice verse, the forms predominating
in the hay infusions do mnot necessarily figure largely in
the soil.

3. The trophic fauna is most readily demonstrated, and is
therefore presumably most numerous, in moist soils well
supplied with organic manures ; e.g., in dunged soils, greenhouse
soils, sewage soils, and especially glass-house “ sick ” soils.

Finally, the latest experiments by Goodey? have shown that
er'len this trophic fauna is introduced into partially sterilised
soils the bacterial numbers are brought down. The eayliest
attempts to carry out this experiment failed, as already stated,
only one successful experiment by Cunningham § being on
record. It'wa,s not till Goodey discovered the conditions for
successful inoculation that it could be carried out. Goodey
found that mass cultures of protozoa failed when introduced

¥ Goodey, Iivy. Soc. Proc., B, 88 (1913), 427-451,
T Martin and Lewin,

Phil. Trans., 205 (191 .
7 (1913), 106119, ( 4), 77-94 5 and J.

j.; Goodey, Roy. Soc. Proc., B, 89 (1916), 297.314
§ Centr, Balki. Par., August 1914, and J. Agric, Sei,, 7 (1915)

Agric. Sei.,

, 49-74.
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has already been observed by practical men in various countries
that certain soil conditions harmful to the growth of organisms
were ultimately beneficial to productiveness, such as long
continued and severe frosts, long drought (especially if
associated with hot weather), sufficient heat, treatment with
-appropriate dressings of lime, gas lime, carbon disulphide, ete.

Further, it has been observed that conditions which are
undoubtedly favourable to life, such as the combination of
warmth, moisture, and organic manures found in glass-houses,
lead to reduced productiveness after a time. This phenomena
is spoken of as “sickness” by the practical man.

Tt is difficult to account for these results on the old view
that the useful plant food-making bacteria are the only active
micro-organisms in the soil. On the other hand, the new view
that detrimental organisms are also present readily explains
the observed facts.

The “sickness ” that affects the soil of glass-houses run at
a high pitch (such as cucumber houses), and less slowly at a
lower pitch (such as tomato houses), has been investigated in
some detail owing to its great technical importance. It was
traced to two causes: an accumulation of various pests, and
an abnormal development, especially in cucumber houses, of
the factor detrimental to bacteria. The properties of this
factor show that it is identical in character with that present in
normal soil, and strongly indicate its biological nature. No
evidence of a soluble toxin could be obtained. On the other
hand, some remarkably interesting protozoa and allied organisms
haye 'been picked out from these sick soils and deseribed by
Martin, Lewin, and Goodey. Finally, it has been shown that
the whole trouble can be cured by partial sterilisation, and
methods suitable for large-scale work have heen investigated
and are now In use in practice. Steam heat at present proves
most convenient, but the suitability and detailed effects of lime
héw? been ‘Stufl_‘ed by Hutchinson and M‘Lennan, and of
various antiseptics by Buddin.

While these laboratory investigations are going on, a detailed
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study of the processes taking place in field soils is also in
Progress, and frequent determinations are made of the quantity
of nitrate present. But as soon as we turn to the field
conditions and try to follow the production of nitrate in the
Soil, matters are complicated by the fact that the nitrates
Produced do not all remain in the soil, but are liable to be
Washed out or taken up by plants, Analytical determinations,
thfﬂ'(:‘f'ore, only give the difference between the amount formed
and the amount lost ; they do not show how much is actually
Produced, nor give the rate of production that we desire to
Obtain,  Fop some time we could see no way of getting over
Fhis difficulty, but a simple solution was ultimately found. It
'S evident that if the curves showing the amount of some other
Substance produced in the same way as the nitrate, but lost in @
Yferent way, are of the same general shape as the nitrate
?111"Ves, then the shape is due mainly to the production factors;
%, on the other hand, the two sets of curves are different in
Shape, then the loss factors control the situation. The carbgn
loxide in the soil air satisfies these requirements; 1t 1s
Produced like the nitrates, by bacterial action, but it is lost
argely by gaseous diffusion, and only in very bad Weatht?r by
eaehing. Carbon dioxide was therefore determined simul-
te.meously with nitrates, and the curves show a marked
Slmﬂaf‘ity except that the increases in nitrate come later.
husg we may conclude that the curves both for nitrate and
“arbon dioxide are in the main production curves.

The amount of carbon dioxide in the soil air, which, as
We have just seen, indicates the rate at which it is prjoduoed,_
followg the soil temperature during the winter months, but
nog during the summer; indeed, during hot weather the
Mount, i distinctly low. It shows some conuection with
the moisture content, but it is more closely related to the
Tainfy]), Rain is a saturated solution of oxygen, and when it
fall on the soil it not only supplies the needful water but also
Y®news the stock of dissolved oxygen, and thus gives the
micro-organisms and the plant roots new leases of activity.
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These observations throw important light on the effects of
season and climate on the production of nitrate in the soil.
Tt is notoriously difficult to generalise about seasonal effects,
but as a rule the activity of micro-organisms is greatest in late
spring and in autumn, and lowest in summer and winter.

The winter minimum is easily intelligible : the low tempera-
ture limits the activity of the organisms, and as we have already
seen, any rise in temperature immediately evokes a response,
so that the curves for the production of carbon dioxide run
closely parallel to the temperature curve.

The spring maximum is remarkably interesting. It begins
£o show itself when the soil is drying after the cold and wet-
ness of the winter, and when the sunny days first cause the
temperature to rise. Three factors seem &0 be involved.
During winter the cold and the general unfavourable conditions
have had their partial sterilising effect on the soil population,
and also have resulted in a certain amount of disintegration of
the soil organic matter. Everything is therefore ready for a
great outburst of activity.

But in our climate this does not come suddenly. Before
the soil can be warm it bas to be dry, and by the time it is
warm enough for much bacterial action the chances are that
it has dried too much. It is therefore necessary to wait for
rain to supply the needful water and to renew the dissolved
oxygen in the water round the soil particles, It appears to be
bhis combination of temperature, moisture and oxygen supply,
following on the beneficent changes effected in the winter
months in the soil organic matter and the soil population, that
causes the great outburst of soil life in spring,

The summer .minimum may be attributed to dryness, and
the autumn maximum to the effect of rain coming after the
heat and drought of the summer.

In consequence of these various activities the soil is left
pretty rich in nitrates at the end of the

summer has been reasonably dry. If the
a good supply for the young plants of

atumn, provided the
$¢ remain they form
the following season.
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But in a wet winter part is washed out and the younhg plant
is deprived of some of its food. We thus have part of the
explanation of the harmful effect of a wet winter, and one of
the reasons why the hushandman in all ages has hoped for dry
winters. “A wet summer and a fine winter,” to quote from
the Georgics, “should be the farmers’ prayer. From winter
dust comes great joy to the corn, joy to the land. No tillage
gives Mysia such cause for hoasting, or Gargarus for wondering
at his own harvest.” * English farmers would ask for the wet
spring instead of the wet summer, but they would agree
entirely as to the winter, and out of their experience they have
evolved a variety of similar expressions. Again the man of
science has annotated the poet, and Sir Napier Shaw has
worked out a mathematical expression showing how much
damage is done on an average Dy winter rain.

The trouble can be met by a system of green manuring,
whereby plants are grown in the autumn to take up the
nitrates, and are then ploughed into the land ready for the
operation of the soil organisms in spring. A field experiment
with this purpose in view has been put in hand.
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CHAPTER XV

SECONDARY ACTIONS OF ARTIFICIAL MANURES UPON THE SOIL

1. Loss of Calcium Carbonate. IV. Action of the Plant on the Soil.
I1. Soil Acidity. V. Final Considerations,
I11. Nitrate of Soda and Tilth. Reference.

Tue study of the interaction between the feitilising con:
stituents of manures and the soil begins with a paper by
J. T. Way in the Journal of the Royal Agricultural Society jor
1850 (L. vol. xi, p. 313), which was followed by a second
paper two years later, and then by further work by A.
Voelcker. These investigations led to the conclusions, generally
adopted and acted upon, that on ordinary land the fertilising
constituents of manures are promptly absorbed by the soil, and
no loss need be feared except of nitrates and the compounds
of nitrogen which rapidly change into nitrates.

Way fixed upon the double silicates in the soil—the so-
called zeolites—as the agencies causing the absorption of both
ammonia and potash salts, though he also showed that humus
must have an effect in the same direction, because of the great
absorptive powers of all soils rich in humus, As regards the

zeolites, the action is intelligible enough; these botlies are
complicated double silicates of alumina and various hases, of
which lime is the chief; in contact with a weak solution of a
salt of ammonia, the lime and ammonia change place, an
insoluble zeolite containing ammonia being formed on one
side, and on the other a lime salt which goes into -solution.
Way bimself, in'a later paper, concluded that carbonate of lime
in the soil did not intervene in the process ; but in later vears
as it appeared! that sulphate of ammonis, reduced the stoyck' o;
carbonate of lime in the goil, it began to he thought that there

must be a direct intera,ctio b
n between ]
. €6 sulpha‘ce of ammonia and
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the carbonate of lime, instead of the zeolites, as soon as the
former was applied to the soil.

That the use of ammonium-salts as manure does directly
cause the removal of carbonate of lime from the soil may be
learnt from a detailed examination of the amounts present in
the soils talken from the Rothamsted plots at successive dates
fluring their history. At Rothamsted the carbonate of lime
I the soil, the amount of which varies from about 2 to about
5 per cent. in different fields, is all of artificial origin; for
though the “red clay with flints,” the drift formation out of
which has arisen the soil at Rothamsted, rests on the solid
chalk rock at a depth of 10 to 15 feet below, yet both soil and
Subsoil in a natural state are almost wholly lacking in carbonate
of lime,  Such natural soil may be found on the neighbouring
H&l‘penden Common, which has never been cultivated nor
Subject to any improvements; and again on the grass land
and a few of the other arable fields on the estate; in all these
Cases analysis shows only about one-tenth per cent. of car-
bonate of lime in either soil or subsoil until the underlying
chalk rock is reached. It is, however, on record that up to the
.early years of the nineteenth century it was a regular custom
! Hertfordshire farming on this hill land to sink pits through
the Clay into the chalk, extract the chalk, and spread a layer
rePPesenting six to ten tons per acre over the arable land, the
Process being repeated at intervals of a few years. The
“dells” op hollows in the fields, which represent the fallen-in
Dits, are evidence to-day of the old practice, and much of the
‘friability and dryness of this heavy land, through which alone
1t has been possible to keep it under the plough, is due to the
Work thus done for the present generation of farmers during
the seventeenth and eighteenth centuries or even earlier. As
a consequence, the surface soil of the Rothamsted arable
ﬁ_elds now contains 2 per cent. or more of carbonate of lime,
V}Sible to some extent as tiny rounded fragments from the
Size of g pin-head to that of a pea, but mainly present in
Particles too small to be seen: the subsoil, however, containg
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none of this carbonate of lime, it has remained only in the
layer stirred by the plough, and has never worked downwards.
The old maxim that lime sinks in the soil is only true of lime
on pastures, where it is buried by the slow but persistent
action of earthworms bringing up mould to the surface; in
arable land, as the Rothamsted analyses prove, the lime wastes
but does not sink. The very special distribution of carbonate
of lime in the Rothamsted soil affords, however, an exceptional
opportunity of studying the rate ab which this important soil
constituent is removed by natural causes, and also of how the
natural removal is decreased or accelerated by the constant
ase of certain artificial manures. Samples of soil from the
Rothamsted plots were not taken at the very beginning of
the experiments, at least none have heen preserved; the
earliest which are available date from 1856, and later samples
from the same Broadhalk field were taken in 1865, 1881, 1893,
and 1904, Samples from the other fields date back to 1867,
1868, and 1873, so that in four cases we can ascertain the
effect of thirty years action of the manures—a long enough
period to make the change in composition perceptible in the
analyses. Of course, there are many sources of error in the
analytical figures; soil sampling is never a very accurate
process, and in comparing samples taken at long intervals, a
new error is introduced by possible changes in the consolidy.
tion of the ground. But the figures agree better than might
have been ex.pected, and the results may be regarded ag
accurate to within 20 per cent. or 80. Table XCVIT. shows
the actual amounts of carbonate of lime, calculated g pounds
per acr_e, in the surface soil from certain of the plots in
the valrlous vai;ha,msted fields at the dateg given, while the
last column o e o] v
from these figures. table gives the average annual loss deduced
' Tt m}l be seen that the unmanured plots agree faily well
in showing & loss of 800-1000 1b of carbonate o 1 y we
acre, due to the washing action of the rain a) ate of lime per
the solvent action of rain-water after it 1. one, or rather to
er alter it hag become char
charged
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with carbonic acid exhaled from the roots or arising from the
decay of organic matter in the soil. Of course, there are
many factors which might modify this figure in other soils ;
it must to some extent depend on the actual amount of
carbonate of lime in the soil, on the magnitude of the drainage
through the soil—this being lessened with larger crops on
normally manured land—and also on the proportion of carbonic
acid in the soil gases, which proportion would be increased
with manured soil and larger crops. Still these are the best,
indeed the only figures available to show the loss of carbonate
of lime that arable land is likely to suffer, and we may now

TABLE XCVIL—LZLoss of Carbonate of Lime from Rothamsted Salts.

Carbonate of Lime (1b. por acre).
IMfold. Piot. Manuring.
Earliest 1004 Average
Date. . Annual Loss,

Broadbalk, 1865 . 3 Unmanured. . | 110,500 90,200 800
2b Dunged . 100,400 85,100 590

6,7, 8, 10 Ammomum-salts 85,300 61,800 1,100

’ Nitrate of Soda . | 106,000 92,700 565
Hoos, 1 Unmanured 86,800 63,900 1,000*
o "l anl<§)4 A Ammomum-salts 54,300 37,500 775

{ and 4 N | Nitrate of Soda . 59,500 42,500 595

Agdell, 1367 . Unmanured . | 159,400 | 117,700 930
Little Hoos, 1873 Unmanured .| 108,000 70,500 1,046

Auo(ller plot, woro fairly compnnblo with the plots which follow, lost at the rate of 675 1b, per acre.

Proceed to consider how far the loss is affected by the use
of ammonium-salts as manures. At Rothamsted a mixture
of sulphate and muriate of ammonia has always been
employed, and though certain minor differences -may be
traced in the action of the two fertilisers, in the main the
tWo together will behave towards the soil of the plant just
like sulphate of ammonia alone, though in a slightly more
Concentrated form. The table only gives a selection of the
Plots from which results are available (for details see Hall
and Miller, Proc. Roy. Soc., B. 77 (1907), 1), but it is clear
that the use of ammonium-salts causes increased washing

Qut of the carbonate of lime; in fact, from the original figures
T
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we may calculate an average figure of 117 1b. of carbonate
of lime vemoved from each 200 1lb. of ammonium - salt
applied. ~ This figure would indicate that the carbonate of
lime removed is the chemical equivalent of the ammonium-
salts supplied as manure, which suggests that when they
reach the soil they begin by reacting with the carbonate of
lime, and not with the zeolites as originally suggested by
Way. However, direct experiments made to test this point
(Hall and Gimingham, Z7rans. Chem. Soc., 91 (1907), 677)
showed that though some interaction will take place between
the ammonium - salts in solution and carbonate of lime, the
zeolites bring about by far the greater part of the change,
even when the carbonate of lime constitutes as much as
20 per cent. of the soil. Probably the carbonate of lime is
brought into the action later, when the ammonia is liberated
from its zeolitic compound in order to be converted Into
nitrate or taken up directly by the plant; the question is
In any case only of technical interest, since there is no doubt
about the final result that the ammonium sulphate behaves
like an acid, and removes from the soil whatever amount of

carbonate of lime is required to combine with the sulphurie
acid it contains.

So far the matter of the wastage of carbonate of lime is
clear enough ; but another problem was set up when Dr J, A,
Voelcker observed that the soil of the permanent wheat and
barley crops at Woburn, which had been receiving ammonium
salts for about twenty years, bad become actually acid to

- litmus paper (see Jour. Roy. Ag. Soc., 60 (1899), 515, and
62 (1901), 286). The acidity thus developed rendered the Jand
unable to carry barley, though its capacity to do s
restored by a comparatively small dressing of two to Wasf
lime to the acre. Naturally acid soils hag o 1ons 0
before, chiefly in peaty water-logged areqs bt hfm INOWN
first example recorded of a soil becomiy » L this was the
ticular course of treatment. g acid through a par-

That the acidi
upon the Woburn plots and not a ROtLalItht};?]d iz\;eloﬁid
» re &



SOIL ACIDITY 291

same manuring had been continued for even longer periods,
was obviously due to the fact that the soil at Wobwn
contained practically no carbonate of lime at the beginning
of the experiments. Analyses show less than one-tenth per
cent., and even this minute proportion was probably largely
over-estimated.

Thus in the Woburn soil there is no base present to
maintain the neutrality should any agency arise to produce
acid, whereas in the Rothamsted arable soils, as we have seen,
there has always been sufficient carbonate of lime to keep up
a neutral condition and put out of action any acid as fast as
it was produced. However, it was observed later that one
of the Rothamsted fields did contain plots on which the soil
had become acid through the application of ammonium salts
year after year for a long period; this was the Park grass field
which is cut for hay every year. Now there is no record of
the Park having ever carried anything but grass, and analyses
of the soil at the margins of the plots where no experimental
treatment had been given, showed that this was one of the
Pieces of land which had never received the regular chalkings
to which allusion has been made earlier. The soil, therefore,
of the grass plots had started with but a small proportion of
Carbonate of lime, an amount comparable with that present in
the Woburn soil at the outset of the experiments there, and
the acidity has developed itself on this soil just as it has

at Woburn.
It is not clear at first sight how free acid can arise by the

interaction of ammonium - salts with any of the constituents
of the soil ; ammonium sulphate and chloride are both neutral
salts in which acid and base are firmly combined at ordinary
temperatures. Certain physical and chemical possibilities
had been suggested, and these were first examined in some
detaj] (see Hall and Gimingham, loc. ¢it.), using clay, sand,
humus, and other soil constituents separately, but without
detecting any process which would give rise to free acid.
On sand the ammonium -salts had no action; with clay an
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interchange of bases between the salt and the zeolites took
place as already described, but the resulting liquid remained
perfectly neutral; with humus a similar interchange took
place, also giving rise to no free acid, The humus of normal
soils consists of calcium salts of the indefinite acids grouped
together as humic acid; when attacked by a solution of
ammonium sulphate or chloride, calcinm comes out into the
solution, while an equivalent amount of ammonium goes

into combination with the humic acid. Even when the

mixtures of humus and ammonium-salts were repeatedly
evaporated to dryness in a current of air or carbon dioxide
to represent in an exaggerated way conditions which might
occur in the soil, no production of free acid took place.
In consequence of these failures, search was then made for
some living agency in the soil which would set free acid
from ammonium-salts, and small quantities of the acid soils
from the Rothamsted grass plots were introduced into nutrient
solutions containing ammonium - salts and organic matter.
A clue was at once obtained to the actions going on in
the field, for the soils were found to induce in the nutrient
medium a very rapid and abundant growth of moulds and
other minute fungi, the development of which was accompanied
by an increasing acidity in the culture liquid. The moulds
require nitrogen for their nutrition, and in order to obtain
it they split up the ammonium-salts and set free the acid, Tt
was shown that the degree of acidity thus generated corre-
sponded approximately to that prevailing in the water in the
soil of the acid .plots at Rothamsted soon after the application
of the ammonium-salts in the spring, being such as could
be produced by the liberation of the acids contained in

the manurial salts. The surface soil of these plots was found
to be swarming with microscopic fungi, anq several species
were separated and identified,

: . all of which would attack
ammonium - salts and liberate acids, though to a different
degree. Further examination of the Rothamsted acid grass
soils showed that in addition to the small quantity of acid
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which could be extracted by water, the amount of which
was greatest in the spring soon after the application of the
DManures and diminished as the year progressed, there was
Present a much larger quantity of comparatively insoluble
free humic acid. Clearly this had arisen by the action of
the mineral acids, set free year by year from the ammonium-
salts, upon the neutral humus or calcium humate originally
Present in the soil, and the -humic acid had been able to
ACcumulate because it is but slightly soluble in water.
Without discussing the other details bearing upon the
question (see Hall, Miller, and Gimingham, Proc. Roy. Soc., B.
80 (1908), 196), it became pretty clear that the acidity of the
Rothamsteq grass soils has arisen from the action of various
micro-fungi upon the ammonium-salts that had been annually
APplied to these plots; such fungi have become very abundant
0 the 50il, and are able to attack ammonium-salts and set free
the acid, taking the ammonia to themselves to supply tl}e
bitrogen they require for nutrition. At Rothamsted the acid
SOils have mnot been rendered absolutely sterile; the ground
Is sti]] covered by herbage, but it has a very unhealthy appear-
&}109, and resembles in the most interesting manner the vegete%—
tlon of natuvally acid soils. The grasses have a characteristic
dark ugly colour and grow in tufts with bare spaces betwefan,
the surface of the oround in these bare spaces being occupied

Y a layer of peaty vegetable matter, as though the dead grass
had been unable to decay in the normal manner. Half of

®ach of the plots has been limed—2000 1b. per acre of grouer
lime having been dpplied in January 1903, and again In
January 1907. Table XCVIIIL shows the great increase of
Crop which has followed the liming, the effect of which is
also seen in the restoration of the herbage to a normal appear-
nce and a close sward, accompanied by the disappearance of
the peaty layer. .
The cause of the comparative infertility of the acid soils
Must be set down to the fact that they are permeated by the
miCPO-fungi which can grow in an acid medium, whereas the



294 ACTIONS OF ARTIFICIAL MANURES

bacteria which normally people the soil and require a neutral
medium for their growth are largely pushed out. 'The fungi
in question compete with the higher plants like the grass for
the manure applied to the soil, and being active and abundant,
they take s0 much that the crop suffers. At the same time,
the higher plants are doubtless injuriously affected by tl}e
suppression of many kinds of bacteria which are useful in
preparing food for the crop. For example, the nitrifying
bacteria, which change ammonia in the soil first into nitrites
and then into nitrates, are wholly inhibited by a very slightly
acid medium. A number of experiments were made to
ascertain if nitrification was still going on in these acid

TasLe XCVILL—ZRffect of Lime upon Rothamsted Grass Ilots.

Relative Yield of Hay on the Limed Portions, the Unlimed Part
being taken as 100.

Plot. Manuring. \ 1908,

1004. ‘ 1905. \ 1906. | 1907. { 1908, 1609,

]

4-2 400 lb. Ammoniurm-salts +

super . . . b1 |11t | 184 | 1318 | 113 | 127 | 237
9 400 lb. Ammonium-salts4-
Complete Minerals . . 121 110 142 128 106 | 118 150
11-1 800 lb. Ammonium-salts 4
Complete Minerals. . 116 1 108

206 | 120 | 167 ) 116 | 119

Rothamsted soils, both by testing for the organisms which
cause nitrification, and by putting large samples of the soil
under conditions favowrable to nitrification and seeing if any
nitrates were found. Small fragments of the acid soils rarely
showed the presence of the organisms, but the bulk samples
in all cases but one did gain some nitrates during the course of
the expgriment, showing that the process of nitrification was
not entirely suspended. Extracts from the goi] however
refused to form nitrates even when fresh actiye or ’ ,

introduced. On the whole, the evidence point
- that a little nitrification is going on in the soilg
. . ’
tiny fragments of carbonate of lime exist here

maintain a neutral condition in the soil
in mamediate contact,

ganisms were
s to the fact
because a few
and there, and
with which they are

These nuclei serve 4 keep a limited
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Humber of the organisms still active, but in the main the
brocess of nitrification is at a standstill and no nitrates are
being produced. Now the generally received opinion is thab
such normal plants as constitute our crops take in their nitrogen
only in the form of nitrate, so that the freedom of their growth
is cntirely dependent on the rate at which the nitrifying
Organisms in the soil first do the work of manufacturing
MNitrates,  This is probably too hard and fast an opinion.
Withous doubt most plants feed on nitrates for choice, and soils
contain very much more nitrates than ammonia, because as
fast as the latter is set free by the bacteria which split up other
Ditrogenoug compounds in the soil into ammonia, it is seized
Upon by the nitrifying bacteria and converted into nitrates.
Bug there are not wanting experiments to show that many
plants, especially cereals, are capable of utilising the nitrogen
of ammonjum compounds directly, and later experimenters
(Hutchinson and Miller, J. Agric. Sci., 3 (1909), 179) have
Succeeded in growing plants with ammonium-salts as the sole
Source of nitrogen under absolutely sterile conditions, excluding
all bacteria vthich could change the ammonia into other
“Ompounds, Most plants, however, prefer nitrates to ammonia
45 their source of nitrogen, and the reduced yield on the acid
Soilg may be partly due to the fact that the grass is driven to
feed oy ammonium compounds instead of the more usual
Ditrates. The cause of the infertility of the acid soils cannot,
'Owever, be regarded as completely established; the competi-
bion of the fungi for the manures is doubtless a factor in the
Yesult, but that would hardly seem to account for the total
failure of barley on the Woburn plots. It was surmised that
the fungi might produce substances poisonous to the growth of
the higher plants, but experiments t0 test this point have so
far yielded 3 negative result.

Another example of these secondary actions betwee.n
loeI‘tilisers and the soil, which are not immediately apparent, 18
affordeq by nitrate of soda. The relation of nitrate of soda to
the plant may be regarded as the simplest possible; we
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know that the compound need undergo no change in order o
feed the plant, it can be taken up directly and has a very
immediate nutritive effect, Similarly it has little apparent
action upon the soil; nitrate of soda is not only readily
soluble in water, but it does not euter into combination with
any of the soil constituents, and is therefore not retained, but is
washed out at once when there is any drainage through the
soil. There is without doubt some interchange of bases
between the soda of the manure and the other bases in the soil
zeolites, because a dressing of nitrate of soda always assists
the plant to obtain potash from the soil; but the nitrate part
of the salt suffers no change whatever before its absorption by
plants and other organisms. Yet it is very clear that nitrate
of soda has some action upon heavy soils, for all farmers upon
clay recognise that the use of nitrate of soda leaves the land
very wet and sticky. This is perhaps most apparent in districts
where early vegetables are grown, as in the Evesham country
and in Cornwall, for there the market gardeners, who are trying
to push on early cabbages and broccoli to secure the earliest
possible market, use quantities of nitrate of soda which seem
incredible to the ordinary farmer, as much as 10 and 15 cwt,

per acre. Such a dressing is apt to leave the land in a terrible
state of bad. tilth, from which it takes some time to recover,

Some of the Rothamsted plots show exactly the same resul
the bad texture of the soil, where nitrate of soda has been
applied regularly in large quantities, is not perhaps so marked

on the wheat field as it is on the mangold field, but there the
nitrate plots are excessively wet and sticky afier 1

with a hard glazed surface that marks off the plots to the eve
from a considerable distance. In either wet op dry weather t%’]e

nitrate plotscan at once be distinguished on wallk;
: alking over th
by their tread and feel to the sole of the foof, g over them

to multiply instances, as the effect is pretty gene:x[';llls unn ocessary
usually it has been explained as due to, attr g recogmsed ;
of s?oda for moisture, Nitrate of sodg ig e 9;0 110n of nitrate
of its fondness for water, and a bag of the galtciarfzpsi);z?ifz

ain, and dry
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" 1 ordinary damp manuwre shed will sometimes be found
sta{;ldmg in a pool of liquid, a solution formed by the water
::l::f» ;hef contents have absorbed frgm the atmosphere. Such
sodaf iI; znm on (,)f the wetness of soil dressed With- nitrate of
cetainn zmnfrely mzfdequate, hecause the extra quantity of water
Supposc 9)" the soil from such a cause would be imperceptible.
&pplli ;)?(; as n.mch as a t-on of nitrate of soda per acre was
l’emai;, fhat it abs.orbed its own weight of water, and again
dee p tli( thOlly H"{ the surface layer of the_ l'and 9 inches
"VOul,d € water retained by the whgle ton of nitrate of soda
coulqd nnon amount to more tha.n one in a thousand of soil, and
over ‘1?‘3 cause the slightest difference to the texture. More-
Dl‘esé (CFel‘nllngtllons have belel made of the water actually
o d'lf? m the Rothamsted soils on the 'mangc?ld plot’s, and
Sver lb erences that could affect the behaviour of the soil have
N een detected. The altered appearance and the greater
Pparent wetness must therefore be due to some other cause.

echanical analyses were next made of the soils. It seemed
bossible that, the greater stickiness of the nitrated soils might
© due g0 4 general disintegration of the soil into finer particles,
"ought about by the long-continued action of the fertiliser.
fli:; It was surprising to find that the nitrated soils were
tnetly and regularly coarser, that is to say, they had been

TanLy XCIX.— Mechanical Analyses of Rothamsted Souls, with and
without Sodium Nitrate.

i Y
‘ Percentages after Ignition.

No Sodinum With Sodium
Mean of Five Plots. Nitrate. Nitrate.
——
Fine Gravel . 22 211
Coarse Sand 61 67
g-llrée Sand . ég 5 13‘3
1 . 5 2 N
Fine Silt 140 139
-Clay . 17°9 15°C

gepl’iVed of some of their finer particles. Table XCIX. gives the
Verage mechanical analyses of five pairs of plots from the
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different Rothamsted fields; in each pair there was a plot
receiving nitrate of soda to compare with one receiving
ammonium-salts, while the other treatment was identical on
both plots.

Tt will be seen that the percentage of clay is distinctly less
on the plots which had received nitrate of soda, and though
the difference may not appear to be great, it is without doubt a
real one, because ib was found to exist in each pair of soils used
in the comparison (see Trams. Chem. Soc., 85, 1904, 964), and
it is contrary to what would have been expected from the
behaviour of the soils. Of the reality of the differences we
have, moreover, another indication in the fact that when the tile
drains, which are laid beneath the whole length of the narrow
strips constituting the plots on the Broadbalk wheat field,
begin to run, the water flowing from the drains beneath the
nitrate plots is always faintly turbid and carries a very light
cloud of fine mud, whereas the water from the plots receiving
aramonium-salts is always crystal-clear, Evidently the washing
out of the finest clay particles which we see going on in the
drainage water has been so continuous that the quantity
remaining in the soil has been definitely reduced by the 1 to
5 per cent. shown in the different analyses. It is also
evidence in the same direction to find that in the earlier years
of the experiment the drain beneath the unmanured plot ran
more frequently than that below the nitrate of sodg plot,
whereas of late years,.since so much of the finest stuff hag been
washed out, f;_he drains have been running more frequently
beneath the nitrate plots.

The turbid aspect of the drainage Water from the two sets
of plots suggested another experiment, which provided the
clue to the different texture of the two plots.  Small 1
portions of soil from the plots were weighed Out' and ;qua,
shaken up with a large bulk of pure wat X e eac VYaS
muddy liquids were then °r; the resulting

) : pub to stand separately in cimi
tall jars, A certain time ig occupied beforert);he cly in similax

' . su i
falls to the bottom of the Jar and leaves the watep irl):;lldzg soil
' above ;

b
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Eil(;ful?lztczlstf'olim'bi(};es of clay usually keep the water somewhat
But if the satti fly or two before they settle out completely.
from the Jlotc- ‘““(.31}_3 of soil ﬁ.‘om the unmanured plf)ts or
days, it \I\)IOUISllccelx.wng ammonium-salts was complet.e I two
definite tir ( ’ta - three or fouwr days, or sometimes an
COntaingye me, o bring about the same clearness in the jars
cen py ; b.ml from the nitrated plots. Now it had pre.vlous'ly

the Iliio; ed tl{a,t there were fewer of the finest pa'rmcles in
more 005218(11 soxls, so that they should settle more quickly and
i“derinwl%etdy were tzhere not some other factor at work

, & the precipitation.

as ilel: S‘;L;tlement of olay'from its turbid .suspensions in water

pP?lOtic-I; 1eql%ent.ly m\.fesmgated, because it finds a good many
Soi] tl& &‘pphcatlons in such matters as th(.e textm'.e of the
a»nd’ thle'ﬁtness of clay for potter)'f and bmcl.c-l‘nakmg, etc.,
the sete mportant facts are that acxds. or c.ert;a,m salts hasten
€Ntire) tlement greatly, whereas allkalis will retard or even
a limy prevent it. It is well known., for example, how
anq ae alum will bring about the olear.mg of. tarbid water,
Same trace of acid or of some salt of lime will produce the
llllde,eff%t almost as rapidly. The process can l?e watched
the vl the microscope; as soon as the acid or sa:lt 1S mtrod‘uced,
liqus 5 ty ﬁne particles, which before were moving about in the
ocen] without ever coalescing, suddez_ﬂy rush together and

oy ate or coagulate into oompara’mve{y l.arge and hea.vy
that bs Wh-lch will fall rapidly through the hq.md. In clay soils
togez;; ve n good tilth the very -ﬁne particles a}*e.grouped
Queng er in this flocculated condition, and t.he soil in cgnse-
- © behaves as if it was more coarsely gra,me.d, drying molz)*e
‘1100517 and into a friable condition_; V:S’IIGI’GELS if the clay ‘6
bro) ted about or tempered when it is wet, the groups m;‘i
Hme‘e.“ l}p and the clay becomes deﬂogcqlated. T-he \j&lue 0
ang 0 Improving the texture of & soil, in r.endermg .lt dryer
more workable, is due to the flocculating power of the

i
ne Sa,lt,S Whloh begin to W&Sh thI‘Ough the SOil.

eturning to the experiment, it was pretty clear that there
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must be some substance in the soils from the nitrated plots
which had brought them into a deflocculated condition, and
this substance could not well be anything else than a trace
of alkali On testing, the soils from the nitrated plots
were found to be slightly alkaline, probably with carbonate

of soda, whereupon a quantity of soil from the nitrate plot
on the grass land was washed with hot water to see how

much alkali could be extracted from it, this particular plot being
selected because the soil contained no carbonate of lime, which
itself might give rise to a soluble alkali. Table C. shows
the quantities of carbonate of soda that were found in the

successive 9-inch layers down to a depth of 3 feet, the results
being calculated as 1b. of carbonate of soda per acre.

TaBLE C.—Carbonate of Soda (Ib. per acre) in Soil of Flor 14,
Park Grass Field, Bothamsted.

18t Depth, E

i
2ad Depth, l 8rd Depth, 4th Depth,
0 to 9 inches,

9 to 18 inches. \ 18 to 27 inches, 27 to 86 inches.

37 ‘ - 33 39

66

Tt will be seen that the total amounts to no less than 175 1b.
of carbonate of soda, which is the chemioal equivalent of 280 Ib,
of nitrate of soda, or about one-half of the yearly application
(550 Ib. per acre) of nitrate of soda to this plot. We cannot
base our calculations on more than the year’s application, because
neither nitrate nor carbonate of soda are in the least retained
by the S(?il, and both must wash out pretty completely during
a wet winter. The problem then was thus far cleared—it had
been shown that the soils which receive nitrate of soda after-
wards contain carbonate of soda equivalent to gq much as

one-half of the nitrate applied, and this carh
o ’ Onate
in itself enough to account for the bad toXtn of soda was

bad texture which is due not to any Specme of the soils, a

soil. The next question was to aceour

) :
the carbonate of soda, and here certa & for the formation of

0 well-established facts
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suggested an explanation—facts to which the late Mr Waring-
ton had drawn particular attention in a paper contributed to
the Journal of the Royal Agricultural College at Cirencester
in 1899. Warington had pointed out that when the com-
position of any plant is examined, the acids and bases do not
balance one another, but the acids are in excess. Taking the
ash of a plant and summing the acids—phosphoric and
sulphuric acid, chlorine—against the bases—potash, soda, lime,
Mmagnesia, iron—there is generally an excess of bases ; but this
€xcess is turned into a deficit as soon as we bring into account
the nitrogen in the plant, which being burnt off is not found in
the ash, Yet in this connection it must be counted as an acid
because it entered the plant as nitrate of lime or soda—one of
the neutral salts originally present in the soil, which pass into
solution in the soil water and then diffuse through into the
Plant’s roots. If then the nitrogen is calculated.as nitric acid
and added to the acids in the plant, it is evident that the
01‘dinary‘ crop must have talken from the soil a greater amount
of the acids than of the bases contained in the salts presented
0 it as food. Table CI. shows this relation for four different
Crops at Rothamsted, the figures given for acids and bases
eing equivalents, ¢.¢., reductions to a common measure 1n
Which one of any acid will combine with one of any alkta,l'l,
While in the last two lines the excess of base left in the soil is
Tecalculated as 1b. per acre of carbonate of soda and carbonate
of lime respectively (see Hall and Miller, Proc. Foy. Soc., B. 77
(1905)’ 1), . .
From these results it is apparent that if the plant contains
Such an excess of acid it must leave behind in the soil a corre-
Spollding excess of base, because the food salts in the soil are
in the main neutral eompoundS. At this rate the p-lant ought
to make 4 medium in which it is growing progressively more
asic, or alkaline if the bases set free happen to be soluble;
Ad some of the earlier observers like Knop and Stohmarfn
Show that a culture solution containing growing .planFs will
®Come galkaline in course of time if the solution 1s not
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changed. To verify these observations various water cultures
were started in which vigorous growth was maintained for
some monthg, at the end of which time analyses were made
both of the plants and of the liquid. The results all confirmed
the older observations and the deductions that can be made
from the composition of the crops from the field: the culture
solution, which represents the soil, become more alkaline as
growth proceeds (or in the majority of cases less acid, because
for the success of the water culture it is desirable to start with

TapLe CL—Acids and Buses in Crops reduced to Equivalents.

Wheat. Barley. Swedes. Hay.

Bases—
Ferric Oxide . . . . . 003 0-04 0-0¢ 0-17
Lime . . . . . 0°36 046 124 103
Magnesia, . . . . . 0-33 0-34 0-35 0-60
Potash ., . . . . . 0-78 068 199 264
Soda. . . ., . . 603 0-09 036 044
Total . . 153 161 403 488

Acids—
Phosphoric . . . . . 087 0-50 1-02 118
Sulphuric . . . . . . 014 015 \ 0-80 0-60
Chlorine . . . N . . 0-09 015 | 0°30 1-47
Nitrogen . . . . . . 300 2-97 \ 674 585

]

Total . .| 4710 417 \ 886 850
Excessof Acid . . . . .| 27 256 483 362
Equivalent to Carbonate of Lime . 129 128 242 181
Equivalent to Carbonate of Soda . 136 135 258 192

the solution somewhat acid), and the greater the growth the
greater the amount of base left in the solution. In one
example, details of which are quoted in the original paper
(loc. cit.), wheat was grown in the same Jar of solution from
8rd March until 11th June, until grain was fully formed and
the plants had reached the weight of 937 grams; by
1;21;6 S:rhzzx (l)lfact;lhacqu}red anﬂe).(cess. of bases equal to about
p : ® total prescnt, while the plant contained

corresponding excess of acids. Thus two distinet 1 a;’
evidence agreed in assigning the productio L 'ers X

n of alkali in the

this time
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j‘(‘)iltlht?]iit.(\tgmw_th of the plant itself; w'hencvel" a pla.mt .is fed
$oil in thd: ¢ of soda some of the hase will be left behind in the
1c form of carbonate of soda.
glviill]:;f:‘ ?1? O.Vidonco is_ also for‘thcom.ing that n-im-ate of soda
de ﬁel‘mi;pufo a free base in the so.zlme.vldenee derived from t.he
to “'hfch(‘ I”’-HS‘ of carbonate of lime in the Rothal.nsted soils,
Table X()lehl%IOP 11:1.:5 already been made. On 1001.(11']g' bafzk to
of sody 11 'Il., 1t will -be seen that the plots recelving n1t1.'z;1te
than t}l)el(we been losing their carbonate of lime less I"aplc y
€88, tho l.l mmanured plots, 100-200 Ib. per acre per cmnulin
Weight Cl‘l(fh too much reliance cannot be placed f)bn ttg
of lime ‘MLL culated.  This reduction i t;?le amount Qf czu’ onlzlL t
the Carb( Mmually removed from the soil 1?, due to the fact tha
Part p Ohate of soda formed from the nitrate otj sodE% has doSG
Pequipeg the work for which carbonate c.>f lime is usually
»and has thus indirectly afforded 1t some protection

oy . ’ !

SuOh1 Waste.  Bogh substances act alike in serving as bases for

51'0088398 as nitrification. _

°f s0q OUgh the selective action of the plant upon the mtra,.te

the g E; s the majn agency in producing carbonate of soda In
. ini ion i ia, particu-

lagly, . & Similar action is brought about by bacteria, pa

Y When the nitrate of soda is present in a water-logged soil

laol:

Ckin, . .

usualng “eration, Though no wholesale destruction of nitrates
y 9tcwrs under field conditions, even when they are

Appl;

led \ , .
! : . . . 8 nanure
80m n CODJ unction with an excess of far myal d ma y

frOrn O8ses of the soil do undoubtedly occur, as Imay be seien
Nitrq ° fact thag in most experiments the whole of the

u ° app- d i p even
tho lie as nitrate is not recovered 1n the ClOp'
drainage.

thep . ;
Thg o .°re has been o washing out of nitrates by from
t aAring . .  pr m comes 1T
hef 8 of denitrification upon our proble g is thus

0 a
IOSt thL that when the nitrogen of the nitrate of sod e
frgm ~ soda base is left behind as carbonate of soda, 11 e
\"
QI‘Op tsome of the nitrate of soda that is not talken up b)' .
ot derﬁere Will be carbonate of soda produced by the orge'mlstx}xlle
1 o . [¢ i " 11]
Soil fication, Moreover, there are other bacteria

] . . r
lich wip take the nitrogen from nitrate of soda; they
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do not waste it by setting it free as gas, but they convert it
into proteins and similar substances out of which their own
bodies are constructed ; in these cases also the soda part of
the salt is left behind as carbonate. This process is strictly
comparable with the production of acid by the action of micro-
fungl upon sulphate of ammonia; in each case the 1ivirfg
organism effects a splitting of the salt in order to obtain
nitrogen, and it rejects and leaves behind in the soil in the
one case the acid part of the salt, in the other the base.

We are now in a position to sum up the features of this
secondary action of nitrate of soda applied to the soil, an
sction which causes so great an injury to its texture when the
land is at all heavy. The bad texture is due to the defloccula-
tion of the clay particles, which is brought about by the
presence in the soil of a small quantity of dissolved carbonate
of soda. The carbonate of soda is formed by the action of the
crop plants and of certain soil bacteria upon the nitrate of
soda; they take up the nitrogen-containing part of the salt,
because nitrogen is an element indispensahle to their develop-

ment, and leave behind the soda base combined, with the
carbon dioxide which they excrete.

The next point of importance is to find both a remedy for
the injured tilth of the heavy soil, where nitrate of soda has
been too freely applied, and a means of preventing such action
in the future. Lime is of no benefit to a soil which has been
deflocculated by an alkali like carbonate of soda, because lime
is an alkali itself, and would rather tend to make matters
worse. The flocculating action of lime on ordinary clay soils
only takes place when the lime gets washeg into the soil as

soluble bicarbonate ; lime itself, when protecteq from carbon
dioxide, has no flocculating action (see Hall and Morison
J. Agric. Sei., 2 (1907), 244). Tn thig particular case t,h(:,
d be 13117

| : : gely maske
carbonate of soda which would still remain o gh ) ed by the
has been used in America asa m esoil.  Gypsum

®ans of getting rid of ca
of soda in . g rid bon
fs in those wunfertile and unworkable sols f1 rbonate
¢ S0 MoOwn as
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“black alkali”; the two substances interact to form sulphate
of soda and carbonate of lime. It takes, however, a large and
unprofitable amount of gypsum to effect this change, and a
more practical plan is always to use superphosphate as the
Phosphatic manure on such land. The acid of the super-
phosphate will go to neutralise the alkaline carbonate of soda,
and the gypsum which is also present will aid in the desired
Hocculation of the clay particles. Another remedial measure
is a liberal dressing of soot; the particles of carbon have a
beneficial mechanical effect in lightening the texture of the
soil, and at the same time the ammonia salts that are present
in the soot are helpful in flocculating the clay. As a pre-
ventive, undoubtedly the simplest and wisest plan to follow
15 to use on all strong soils, instead of nitrate of soda alone,
& mixture in equal proportions of nitrate of soda and sulphate
of ammonia, especially where considerable quantities of
concentrated nitrogenous manure are required for market-
gardening purposes. Since one of these compounds tends to
produce an acid and the other an alkali in the soil, they
neutralise the effects of each other, and as far as the conditions
depend upon the manuring, such a mixture will not disturb
the reaction of the soil in one direction or the other. More-
over, there is a good deal to be said for the use of such a
Mixture from the point of view of the nutrition of the plant;
of course, the great value of nitrate of soda lies in its immediate
availability, but when too much is put on it may easily form &
Solution that is injuriously strong in certain parts of the soil.
Now the ammonium sulphate mixed with the nitrate of
soda would be to some extent temporarily withdrawn from
Solution by the soil, so that an application of a mixture of
1t with nitrate of soda would result in a less concentrated soil
Solution than would be set up by an equivalent amount of
Ditrate of soda alone. Yet the sulphate of ammonia would
Degin to nitrify very rapidly, and would thus provide food for
the plant as the nitrate of soda was beginning to get exhausted,

No inconveniences arise from making such a mixture; it is
U
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just as effective and active as the nitrate alone, and it sets
up no injurious action, either in the direction of acidity
or alkalinity in the soil, so that large amounts can be used
without detriment either to the tilth or the health of the soil.
There can be little doubt but that the discredit which the
practical farmer sometimes attaches to nitrate of soda as @
stimulant exhausting the soil, even as a ‘ scourge’ as 1t
has been called, is due to its effect upon the tilth, Alshough
nitrate of soda, when used alone, is a one-sided manure that
will greatly aid the plant to remove the available phosphoric
acid and potash from the soil, it still supplies the most
important element of fertility, and cannot exhaust the soil in
any real sense. It gets described as an exhausting manure,
not because it robs the land in any special way, but simply
because it sets up the bad texture of the soil, which so easily
leads to an inferior yield in the following crop.

The list, indeed, of these secondary interactions between
fertiliser and soil, which may have a potent influence on the
value of the fertiliser in practice, is pot ended with the changes
set up by nitrate of soda and sulphate of ammonia; there is
plenty of practical evidence that the effect of applying potash
salts such as kainit, muriate, or sulphate of potash, is not
wholly comprised in the provision of a certain amount of
potash for the nutriment of the crop. It has often been
remarked by those concex:n.ed with field experiments that
oo o Sncrnsing the rorrm sty s
rule, these results may be set dov’vn to thy ll‘educeg m. As 2
error which is inevitable in all field 1;riale-Mge eXperlm.ental
have been some experimenters of the real's } bub 5o convinced

Ity of the effect, that
they have begun to speak of the dePl‘essing effect, of b

upon the crop. Now from th i : pOt&.LS.
: © POt of view of nutrition

alone, such a depregSlng effect is im . )

Possible; in some wa
the effect must he special to the sof , i 0 t Y
unsuspected i ' : » and due to an
p nteraction between soil ang potash fertiliser. A

clue to the sort of action to be looked for may be found
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I the observations which have been recorded in some of
the cases where the use of potash had resulted in a lowered
yield, that the ground remains a little wetter after the applica-
tion of kainit or other potash salts. This apparent wetness
has been set down to the water-absorbing properties of potash
salts, which are chiefly due to the magnesium chloride always
Present in them: but as already indicated with regard to
Ditrate of soda, the small amount of water which is absorbable
by any ordinary manurial dressing would be inappreciable
When diffused through the soil. The wetness suggests
defloceulation, and the appearance of many of the plots’
Teceiving potash at Rothamsted would bear out this view.
On the mangold field in particular the characteristic defloccu-
lation features shown by the plots receiving nitrate of soda,
CSpecially their way of drying with a tough glazed crust on
top, are reproduced on the plots receiving sulphate of potash,
and the worst plot of all is that which receives both of these
fertilisers, Tested by the suspension of a small quantity of
soil in g large bulk of pure water, the opinion is confirmed
that the soil of these potash plots is completely deflocculated.
Anothep practical case has fallen under the observation of
the writep where the application of 8 cwt. per acre of kainit
to a piece of heavy land, which had not long before been limed,
S0 destroyed the texture of the soil that the ploughman knew
at once when he entered upon the plot in question because
of the heavier draught of the plough. Accepting, then,
deflocculation as an explanation of the injurious effects of |
Potash salts upon clay soils, the question that remains is
the origin of the alkali, for alkali it must be that has brought
about the deflocculation, The interaction with the zeolites
Of the soil, by which means potash is normally retained by
the soil, would not give rise to any substance of an alkaline
Nature,

The carbonate of lime in the soil next suggested itself as a
Possible reacting substance, and a series of experiments have
Showed that when weak solutions of potash salts remain in
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contact with carbonate of lime a small quantity of free carbonate
of potash is produced. As the extent of the change that is set
up depends upon the relative quantities of the reacting bodu.as
in the soil, where the carbonate of lime would generally bein

great excess, the proportion of the potash salts converted into
carbonate would be comparatively large.

Moreover, common salt has exactly a similar action, and
this at once provides us with an explanation of the many
unintelligible and often contradictory reports of the action of
salt as a fertiliser. It has variously been reported as enabling
the soil to retain more moisture, as injuring the soil, especially
when the land has been flooded with sea water, as sometimes
increasing but occasionally as diminishing the crop. These
reports coincide with those concerning the action of potash,
and the effect in both cases may be set down to the defloc-
culation brought about by the small trace of carbonate of soda
or potash that is formed by the action of the carbonate of lime
in the soil upon the soluble potash or soda salt.

Deflocculation brought about by potash salts or by common
salt is rarely a matter of much practical importance, but it may
be obviated by using superphosphate as the phosphatic manure
going with the potash salts, and again by applying the latter
fertiliser in the winter. This will give time for the reactions
between fertiliser and soil to be completed, and for some of the
useless by-products like the carbonate of soda to be washed out,
If on arable land, there will also be time for the spring frosts

to restore the texture of the land before the preparation of the
seed bed is taken in hand. No fear need be entertained that
the valuable potash salts will be washed out of the soil. Way’s
and Voelcker's papers show that they are retained ‘I,I.ld Dr B
Dyer, in his examination of the Rothamst g :

ed soils, found that
of the potash annually applied and not utilised by (1o o
very little had been washed y the crop,

ed away, eve _

treatment. y n after fifty years of the
Tt will be noticeq that ALt ‘

8 e eff - .

which have been discygge elects of fertilisers upon soil

d are due to chemicg] changes of a
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zsinf; 2za“éi"?1Y miuo{‘ 'Ol’del", fvhich were overlooked or not
becé, o 6 when fertiliser actions first began to be studied,
e Sug In most CE.LSGS the agent in the process is t-hgt part of
exam -lStzmce which possesses no valu(? as a fertiliser. For
~ample, sulphate of ammonia was considered as a source of
f”tl'Ogen only, the sulphuric acid it contained was entirely
‘gnored and regarded as of no account. Similarly with nitrate
Of soda, the nitrogen is the important part upon which its value
95 a fertiliser depends; the mistake came in supposing that
;I}LZ soda was entirely without effect. The same statc? of affairs
as occurred over and over again in the history of science; the
bro,&d conclusions reached by early generations of investigators,
Which become the staple of the text-books and the dogma of
the lecturg rooms, and in the process always grow cruder and
More hard and fast in statement than is justified by the original
researches, prove eventually to be no more than first approxima-
Yons to the truth. To complete the story, a second, sometimes
Cven g third, term requires to be introduced, the course of
eYem;S in pature being always much more complex than the
tice water-tight statements which our minds like to evolve
Under the guise of laws. These second approximations, which
May become large enough to override the main truth, often
Make themselves evident to the practical man, who delights in
them qg proofs that theory and practice do not square, though
A theory can never be more than a method of explaining and,
In jtg turn, predicting the practice, any want of a,greemel?t
betWeen the two must only mean that the practical man Is
dealing with an imperfect theory.
However, it is the duty of the sc
thay Practical affairs will always be stretching the range of
ACtiong upon which he founded his general statements into
Teglons where they will no longer fit the facts, and by picking
Up the hints of such discrepancies as the practical man can
Often supply, the theory may be founded on a more accurate
asis,

fentific man to recognise
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SUMMARY.

1. The long-continued use of sulphate of ammonia on soils
poor in lime, results in the soils becoming acid. .

2. The acidity is caused by certain micro-fungi in the soil,
which split up the sulphate of ammonia in order to obtain the
ammonia, and thereby set free sulphuric acid.

3. The infertility of such soils is due to the way all the
regular bacterial changes in the soil are suspended by the
acidity ; instead fungi permeate the soil and seize upon the
manure. .

4. The remedy, as may be seen upon the Woburn plots, is
the use of sufficient lime to keep the soil nentral.

5. From the Rothamsted soils carbonate of lime is being
washed out at the rate of 800 to 1000 1b. per acre per annumi,

the losses being increased by the use of sulphate of ammonia,
but lessened by dung or nitrate of soda.

6. Nitrate of soda, when applied to heavy soils in large
quantities, destroys their texture,

7. Some of the nitrate of soda gets converted into carbonate
of soda by the action of plants and bacteria, and carbonate of
soda, by deflocculating the clay particles, destroys the tilth.

8. The best remedies are the use of soot or superphosphate ;
the best preventive is the use of a mixture of nitrate of soda
and sulphate of ammonia instead of either separately,

9.. Soluble potash manures and common salt may also injure
the tilth of heavy soils through the production of a little
soluble alkali by interaction with carbonate of lime in the soil.

The ren}edy is to apply such manures in the winter or in
conjunction with superphosphate.-
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« Supplementary Report of Experiments on the Feeding of Sheep” (by
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«The Valuation of the Manures obtained by the Consumption of Foods for
the Production of Milk” (by J.B. L. and J. H. G,, J.R.4.8., 59, 1898,
103), I&. Mem., Vol. VII,, No. 10.

«“The Growth of Sugar-beet, and the Manufacture of Sugar, in the United
Kingdom” (by J. B. L. and J. H. G., J.E.4.8., 59, 1898, 344), R. Mem.,
Vol. VII., No. 11.

«“The World’s Wheat Supply ” (by J. B. L. and J. H. G., The Times, Dec. 2,
1898), R. Mem., Vol. VII., No. 12.

“ Agricultural, Botanical, and Chemical Results of Experiments on the Mixed
Herbage of Permanent Grass Land, conducted for many years in
succession on the same Land. Part III. The Chemical Results—
Section 1.” (by J. B. L, and J. H. G., Phil. Trans., 192, B, 1900, 139),

R. Mem., Vol. 1I. (4to), No. 3.
X
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« Wheat grown year after year on the same Land, at Rothamsted, England ;
without Manure, with Farmyard Manure, and with various Artificial
Manures” (by J. B. L. and J. H. G., London, 1900).

« Experiments at Rothamsted on the Changes in the Composition of Mangels
during Storage” (by N. H. J. M., JR.4.8., 61, 1900, 57; and 63,
1902, 135).

« The Amounts of Nitrogen as Ammonia and as Nitric Acid, and of Chlorine
in the Rain-water collected at Rothamsted” (by N. H. J. M,, P.CS,

18, 1902, 88).

“The Amounts of Nitrogen as Nitrates, and Chlorine, in the Drainage
through Unecropped and Unmanured Land” (by N. H. J. M,, P.CS,
18, 1902, 89).

«Results of Investigations on the Rothamsted Soils; being the Lectures
delivered under the provisions of the Lawes Agricultural Trust” (by

B. Dyer, U.S. Dept. of Agric., Office of Expt. Stations, Bul. No. 106,
Washington, 1902).

«The Amounts of Nitrogen and Organic Carbon in some Clays and Marls™
(by N. H. J. M., Quart. Jour. Geol. Soc., 69, 1903, 133).

“The Continuous Growth of Mangels for 27 years on the same Land,
Barnfield, Rothamsted ” (by A. D. H., J.R.4.8., 63, 1902, 27).

“The Value of Unexhausted Manures obtainéd by the Consumption of

. Foods by Stock” (by J. A. Voelcker and A. D. H., J.R.4.5., 63,
1902, 76).

“The Manuring of Grass Lands” (by A. D. H,, J.R.4.8., 64, 1903, 76).

“The Mechanical Analysis of Soils and the Composition of the Fractions
resulting thereform” (by A. D. H., 7.C.S., 85, 1904, 950).

“The Effect of the long-continued use of Sodium Nitrate on the Constitution
of the Soil” (by A. D. H., T.C.8., 85, 1904, 964).

“The Comparative Nitrifying Power of Soils” (by S. F. A
1904, 1158). 8 of Soils” (by S. ¥. Ashby, T.C.S., 85,

“The Analysis of the Soil by Means of 2 .
the Plant” (by A. D. H. . .
Science, 1, 1905, 65). (by H., Jour. Agric.
“Note on Calcium Cyanamide” (by A. D. H., Jour. Agric. Science, 1,1905, 146).
“The Effect of Plant Growth and of Manures upon the Soil ; the Retention

f Bases b R
(190;)‘% ¥ the Soil” (by A. D. H. and N. H. J. M., Proc. Roy. Soc.,

“On the Accumulation of Fertilit
: y by Land allowed to run Wild” (b
A. D. H., Jour. dgric. Science, 1, 1905, 241). wn waar oy

PUBLICATIONS BY OTHER INVESTIGATORS, DEALING

WITH MATERIAL FROM ROTHAMSTED
“On the Composition of the W,

t § ey . 2
J. T. Way, J.R.4.8,, 17, 185§:S1;;).Land Drainage and of Rain” (by
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“On the Quantity of Nitric Acid and Ammonia in Rain-water” (by J. T.
Way, J.I.A4.8., 17, 1856, 618).

“On the Productive Powers of Soils in Relation to the Loss of Plant Food by
Drainage” (by A. Voelcker, J.C.S., 24, 1871, 276).

“ Bodenstatik und Bodenanalysen ” (by H. von Liebig, Zeits. landw. Vereines,
Bayern, 1872).

“On the Composition of Waters of Land Drainage” (by A. Voelcker,
J.R.4.8., 85, 1874, 132).

“Sixth Report of the Rivers Pollution Commission, London, 1874 (see
results by Dr E. Frankland, pp. 58-68).

‘“ Notes on the Botany of the Experimental Grass Plots in Rothamsted Park ™
(by W. B. Helmsley, J. Bot., V., 1876).

“The Analytical Determinations of probably available Mineral Plant Food
in Soils” (by B. Dyer, Proc. C.S., 10, 1894, 36; and ZTrans. C.S., 65,
1894, 115).

‘ Manurial Conditions affecting the Malting Quality of English Barley”
(by J. M. H. Munro and E. S. Beaven, J.R.4.5., 68, 1897, 65).

“ Denitrification and Farmyard Manure” (by R. W., J.R.4.S., 68, 1897, 577).

“On the Analysis of Soil as a Guide to its Fertility " (by B. Dyer, Trans.
Highland and Agric. Soc. of Scotland, Fifth Series, 10, 1898, 26).

[ Analyses of Rothamsted Soils”] (by A. Goss and H. Snyder, U.S. Dept.
of Agric., Division of Chem., Bul. No. 51, 1898, 73).

«“Some of the Principles which should Determine Compensation for the
Use of Foods and Manures” (by R. W., Lecture to Newcastle Farmers’
Club, Vinton, London, 1898).

« Various Conditions affecting the Malting Quality of Barley” (by J. M. H.
Munro and E. S. Beaven, J.R.4.S., 61, 1900, 185).

¢« Results of Percolation Experiments at Rothamsted, Sept. 1870 to Aug.__
1899 (by R. H. Scott, Quart. Jour. Roy. Met. Soc., 26, 1900, 139).

¢ The Comparative Value of Nitrate of Sodium and Sulphate of Ammonium
as Manures” (by R. W., J.R.4.8., 61, 1900, 300).

¢« A Chemical Study of the Phosphoric Acid and Potash Contents of the
Wheat Soils of Broadbalk Field, Rothamsted ” (by B. Dyer, Proc. R.S.,
68, 11; Plil. Trans., 194, B, 1901, 235).

«The Determination of Available Plant Food in Soils by the use of Weak
Acid Solvents” (by A. D. Hall and F. J. Plymen, Proc, C.S., 1901 ;
and Trans. C.S., 81, 1902, 117).

«Sur les phosphates du sol solubles & I'eau” (by Th. Schloesing, jun., Compt,
rend., 184, 1902, 1383).

«Tost Fertility: The Production and Loss of Nitrates in the Soil ” (by
R. W., Trans. Highland and Agric. Soc. of Scotland, Fifth Series, 17,
1905, 148).
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OTHER PUBLICATIONS DEALING WITH THE
ROTHAMSTED EXPERIMENTS.

« Versuche iiber Schaffiitterung von John Benunet Lawes. Nach dem Engl.
(J.R.4.8,10, 1) frei bearbeitet” (by E. John, Elden Jahrb., 1L, 2, 1849,
199-242).

« Ueber die Zusammersetzung, den Werth und die Benutzung des stidtischen

Cloakendiingers von J. B. Lawes und Dr J. H. Gilbert” (by J. von
Holtzendorff, Glogau, 1867).

« Rapport sur un mémoire de M. Lawes de Rothamsted, concernant la théorie
minerale des engrais de Liebig” (by Count de Gasparin, 9, 1855,
11., 16-24).

« Mémoires sur quelques-uns des resultants qui resortent des expeériences
faites en Angleterre de 1843 & 1863 par MM. Lawes et Gilbert” (by
C. Jobez, Mem. Soc. Imp. et Centrale d’ Agric. de France, 1867).

« Emploi des eaux d’égout par MM. Lawes et Gilbert” (by H. Mangon, 1869).

« Die Wirkung der Diirre auf ungediingtes Land und die reich mit Mineral-

diinger versehenen Versuchsfelder in Rothamsted ” (by H. von Liebig,
Zeits. landw. Vereines, Bayern, 1871).

“ Wachsthum der Gerste zwanzig Jahre auf demselben Felde von Lawes und
Gilbert” (by H. von Liebig, Wicner landuw. Z1g., 1874).

“The Rothamsted Agricultural Experimental Station” (Gard. Chron., Sept.
22, 1877).

“Rothamsted—Trente Années d’Experiences Agricoles de MM. Lawes et
Gilbert” (by A. Ronna, Paris, 1877).

«“Notes sur Rothamsted” (by
1878-9).

« Qversicht von den Oorsprong, het plan en de Uitkomsten van de veld- ep

andere proeven genomen op de Hoeve en in het Laboratorium van

J. B. Lawes te Rotl o N
Hagne, 1850) othamsted (England) . . . 1879 (by D. Bauduin,

H. Grosjean, dnn. Inst. Nal. Adgron, 38,

«The Farmers of Rothamsted ” (b :

3 y Cathcart, The Country Gentleman’ o

1881, 83-85, 177-181, 289-204, 387-392, 485-488), y Getlemats Mag.

“Die Resultate der hauptsichlichsten Felddiingungs-versuche, von Lawes
’ 1%

und Gilbert in England i
) g gland und ihre Bedeutung fiir die deut -
wirthschaft” (by Dr Paul Behrend, Berlin, 1881). ¢ dentsche Land

¢« Recherches recentes de MM. L py
1886, 161-162), awes et Gilbert” (by J, Barral, Jownal-Barral,

“«Les recherches expérimentale m
_ s sur la co iti i
et des animaux e boucherie Zec Sif Ojlth“ ieswammgaux de la ferm])e
Gilbert” (by L. Gy T Lawe ax .
“The ROt; ¥ te(d‘.( - Grandeau, dnn. Sei. Agron., 1887 ];)) dl\;‘é:t o
ams Expeys i :
a Xperiments on the Growth of W,herlt Bayl . d th
at, Barley, an ne

Mixed Herbage of Gy
rass Land ™
“Le Bl¢ & Rothamsteq” and” (by W. Fream, London, 1888).

Paris, 1882-90).

Agriculture Pratique,
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“Le Bl¢, 'Avoine et 'Orge 4 Rothamsted” (by Eugéne Marchand, Jow.
@' Agriculture Pratique, Paris, 1889-90).

“L’Azote dans la Culture du Blé” (by Eugéne Marchand, Jour. d’ dgriculture
Pratique, Paris, 18907),

“Lessons afforded by the Rothamsted Experiments” (U.S. Dept. of
Agriculture, Expt. Station Record, 7, 1896, 343; also J.R.4.S., 57,
1896, 140).

“Die Rothamsleder Versuche nach dem Stande des Jahres, 1894” (by
K. Bieler, Berlin, 1896).

“Concise Review of Principal Data on Rothamsted Experiments as carried out
by Sir J. B. Lawes and Prof. J. H. Gilbert, based mainly on Prof. W.
Fream’s Book ”’ (by Gustav Kottmann, Sydney, 1897).

“The Rothamsted Experiments and their Practical Lessons for Farmers”
(by C. J. R. Tipper, London, 1897).

“Forsoksverksamheten vid Rothamsted i England ” (by H. von Feilitzen,
Jonkoéping, 1900).

“ Rothamsted—Un Demi-siecle d’Expériences Agronomiques de MM. Lawes
et Gilbext” (by A. Ronna, dnnales de la Science Agronomique frangaise et
élrangére, 2¢ série, 6° année, Paris, 1900).

“ Du Role des Eléments de Cendres dans la Végétation” (by A. Ronna, Jour.
d’ Agricullure Pratique, 25 avril et 2 mai, Paris, 1901).

¢« The Geological Survey in Reference to Agriculture, with Report on the
Soils and Subsoils of the Rothamsted Estate” (by Horace B. Woodward.
Summary of I’rogress of the Geological Survey for 1903, Appendix L.,
1904, 143).

« Culture des plantes racines & Rothamsted ” (by A. Demolon, Jour. &’ dgriculture
Pratique, 1906, New Series, 11), 70¢ année, 1906, 590-592.

“ Fran Rothamsteds forsoksstation” (by W. Weibull, Zidskr. f. Landsm., 1910,
203-208).
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A

Achillea millefolium, 159, 180, 181.
Acid reaction in soils, 44, 157, 168, 219.
Agdell field, 65, 75, 88, 190.
Agrostis vulgaris, 157, 162, 173,
Aira ceespitosa, 138, 141.
Albuminoids in food, 242, 245, 247, 263.
Alopecurus agrestis, 33, 41.
Alopceurus pratensis, 167, 162, 173.
Amides in mangolds, 118,
Ammonia in rain, 3, 18.
Ammonium-salts, compared with nitrate,
44, 59, 60, 76, 82, 87, 107, 131, 157,
161, 1683.
Comparative ripening effect of, 108,
117.
Leave no residue for following year,
52, 226.

Produce acid reaction in soil, 167,

Rapid npitrification of, 225.

In drainage water, 233.

Remove calcium carbonate from the

soil, 167, 238.

Retained near the surface, 76, 107.
Animals, nutrition of, 240.
Anthoxanthum odoratum, 182, 173.
Anthriscus sylvestris, 163, 179.
Arrhenatherum avenaceum, 162, 173.
Artificial manures : secondary action on

soil, 2886,
Autumnal rainfall and soil nitrates, 223.

And wheat crop, 61.
Avena flavescens and pubescens, 167,

178, 175.
Azotobacter chroococeum, 140,

B

Bacillus radicicola in nodules of legu-
minous plants, 11.
827

Bacteria causing loss of nitrogen, 114,
219, 2586,
Nitrification, 218.
Nitrogen fixation, 11, 140, 210,
Barley, composition of, 84, 89.
Conversion into malt, 261,
Experiments on, 70.
Grown continuously, 72.
Grown in rotation, 75, 88, 194,
Importance of phosphoric acid to,
80, 85.
Valuation of crop, 88, 88.
Barn field, 94,
Beans, effect of, on succeeding crops in
rotation, 201.
Experiments on, 184.
Black bent grass, 33, 41.
Black medick, weed common on un-
manured wheat plot, 38, 41.
Bolkhara clover, 141,
Botanical analyses of grass plots, 172,
Of wild vegetation, 138,
Boussingault—feeding experiments, 241,
Nitrification, 217.
Plant nutrition, 8.
Sources of nitrogen of vegetation, 6, 8.
Bran in flour, food value of, 269.
Briza media, 154, 160, 175.
Broadbalk field, 31, 231,
Anpalysis of soils, 27.
Bromus mollis, 163, 177,
Brown, H. T., cytase formed during
malting, 265,
Bushel, weight of barley, 84, 89.
Weight of oats, 93.
Weight of wheat, 55.

C

Caleium carbonate : in Rothamsted

goils, 27, 140,



Calcium carbonate—continred,
Loss from soil, 289,
Removed in drainage waters, 238.
Carbohydrates, in root crops, 96.
Required for fixation of nitrogen, 140.
And fat in animals, 247.
Carbon, accumulation of, in Rothamsted
soils, 139.
In plant, source of, 1.
In Rothamsted soils, 28.
Cellulose dissolved during malting, 265.
Centaurea nigra, 154, 160, 181.
Chalk, effect of, on grass land, 158.
In Rothamsted soils, 28, 140.
Changes in herbage following changes
in manuring of grass land, 168, 170
261.
Chlorine in rain, 19, 21.
In drainage water, 233.
Clay-with-flints, 24.
Clover, accumulation of nitrogen by, 8,
137, 147,

Continuous growth on garden soil, 145,

- Effect of, on succeeding crops, 200,
207.

Experiments on, 141,
Grown in rotation, 194, 200.
Sickness, 133, 148, 194,

Compensation tables for purchased
foods, 257.

Competition of grasses, etc., in meadow,
153, 162, 171,

Composition of, animal carcasses, 250.
Mangold erop, 115,
Rothamsted soil, 27, 145, 214, 222,
Wheat flours, 268,

Condiments in cattle feeding, 258,

Condition of land, 90, 212.

Coatinuous barley, maintenance of yield,
72,

Qats, 92.
Root crops, 95.

‘Wheat, maintenance of yield, 36,
Cytase in malt, 265.

D

Dactylis glomerata, 162, 175.
Denitriﬁcatiou, 115, 210, 219,

Deschampsia ceespitosa, 138, 141.

Diastase in malt, 263.

Diffusion of nitrates in soil, lack of, 228.

Diminishing returns, law of, 46, 102,

Drain gauges, 15, 22, 229.

Drainage water, composition of, 237.
Losses in, 50, 232.

" Nitrates in, 229.

Drains in Broadbalk field, 231.

Drought of 1870, 163.

Dry matter in mangolds, 116.

Dyer, B., analysis of Rotharasted soils,
27, 54.

E

Eansilage, experiments on, 266.
Evaporation of rainfall, 22.

F

Fallow, accumulation of nitrates during,
63, 222.
Effect of, on wheat, 62.
And leguminous crop in rotation, 200,
Farmyard manure, accumulation of, in
soil, 220.
Effect on barley, 77, 85.
Effect on grass land, 166, 165.
Lffect on potatoes, 125.
Effect on wheat, 39, bd.
Losses of nitrogen in making, 256.
Recovery of nitrogen of, 54, 113,
Residues left by, 78, 166.
Value for mangolds, 97, 108,
Fat formed from carbohydrates, 247,
In fattening animals, 250.
Fattening animals, change in composi-
tion of animals during, 252.
Food required by, 248,
Feeding experiments, 240, 258, 264, 267.
Feeding roots on the land, effect of, 206.
Fertility of land, maintenance in equi-
librium, 39, 212, 221.
Festuca ovina, 154, 157, 158, 175.
Fixation of nitrogen, by bacteria, 140,
210,
By leguminous plants, 11, 143, 159,
200,
Experiments on, 6, 8, 13.
Floceulation of clay, 299.
Flour, food value of different grades, 270.
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Leguminous crops—continued,
Grown in rotation, 194.
Injuriously affected by nitrogenous

manures, 198.
Leguminous plants in grass land, 159.
Leontodon hispidus, 154, 160, 181.
Liebig, theory of animal nutrition, 241

Theory of plant nutrition, 2, 14, 33.
Lime, effect of, on grass land, 167.
Little Hoos field, 9.

Lotus corniculatus, 154, 159, 177.

Lucerne, 8, 141
Effect on succeeding crops, 144.

M

Magnesium salts in manure, effect of,
48, 105.

In Soil, 27.

Maintenance of
36. 65, 72, 154, 192,

yield without manure,

Maize for silage, 266. |
Malt as food, 261.

Malting. losses during, 262.
Mangolds, cannot draw upon the nitro-
gen of the air. 99.

Composition of; 115.
Dcpendence on farmyard man

95, 96.

ure, 97.

Grown continuously,

Value of potash for, 115.
Manure value of foods, 254.
of, as used at

Manures, composition
Rothamsted, 34.
Used for wheat plots, 34.

Manurial constituents gained or lost by

the land, 209
Mechavical analysis of Rothamsted soils,
26.
n rotation plots,

Medicago lupulina, o0
198.

Weed on wheat plots, 38
Meteorological observations, 15.
Mill products of wheat, 266
Mineral manures, 5, 8.

Effect of, on barley> 80.

Effect of, on crops in rotation, 196.

Effect of, on grass Jand, 158

Effect of, on Jeguoainous cropss

Effect of, on mangolds, 103

Lfect of, on potatoes, 124.

197.
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Mineral manures—continucd,
Effect of, on Swedes, 120.
Effect of, on wheat, 48.

N

Nijtrate of soda, comparison with ammo-
pium-salts, 44, 59, 60, 76, 82, 87,
107, 131, 157, 161, 163.

Effect on tilth, 296.

Nitrates, distribution in soiland subsoil,
224,

Due to fallowing, 63, 222.

Formed by bacteria, 218.

In drainage waters, 229.

In mangolds, 118.

Lost by drainage, 51, 63, 223.
Nitric acid in rain, 18,
Nitrification, 52, 196, 217, 236.

Of acid soils, 294,

Of ammonium-salts, 225,

Nitrifying organisms,distribution of,221,

Nitrite-forming bacteria, 218.

Nitrogen, accumulated by clover, 147,

Added to the soil by rain, 20.

Effect of, on quality in barley, 89.

Experiments on fixation of, 6, 8, 11,

99.

Gain or loss to the soil, 38, 210.

Gained or lost during feeding, 254.

In barley grain, 84, 89,

In plant, sources of, 3.

In soil, accumulated by wild herbage,
139.

Of manure recovered in crop, 54, 112

Nitrogenous constituents of food, and
fat, 247,
In fattening animals, 250,
And increase, 249,
And work, 245,
Nitrogenous wanures, comparative effect
on barley, 76.
Effect on grass, 161.
Effect on mangolds, 97, 11g,
Effect of successive increments on
yield of wheat, 45,
Effect on wheat, 42,

Injurious effect on leguminous crops,
198,

Injury caunsed by excess of, 102, 126,
162,

Nodules on roots of leguminous plants,
11.
Nutrition of animals, 240.

9)

Oats, experiments on, 92.
Organic matter in rain, 20.

In Rothamsted soils, 28.

In manures, value of, 165.

In soils, effect of, on bacteria, 220.
Oxen, composition of, 250.

P

Partial sterilisation of soil, 274,
Peas, 141.
Percolation of rainfall through bare soil,
22, 61.
Phosphoric acid, function of, 59, 80, 87,
120.
Importance to barley, 80.
Importance to Swedes, 120, 196.
In Rothamsted soils, 29, §4.
Removed from soil by erops, 38, 212,
Removed in drainage waters, 2388.
Value of, in wet seasons, 59, 87.
Pigs, composition of, 252.
Experiments upon, 242.
Plant growth : effect on soil, 301.
Plaptago lanceolata, 160, 181.
Poa pratensis, 162, 176.
Potassium salts, and carbohydrate for-
mation, 56, 117, 195,
Depressing effect, 3086,
Diminishes incidence of fungoid
disease, 103, 165.
Effect of, on grass land, 160, 164, 170
Effect on leguminous plants, 159.
Effect on turnips, 120.

Function of, 58, 59, 87, 105, 117, 125,
129.

In Rothamsted soils, 29, 54, 214. \

In soils, sat free by lime, 168, ‘1

Lost in drainage waters, 238.

Removed from the soil by crops, 38,

212,

Value of, for beans, 134,

Value of, in dry seasons, 59, 87-

Value of, with mangolds, 105, 111-
Potatoes, continuous growth of, 95, 123.
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Ripening, effect of phosphoric acid, 81.
Of mangolds, 106, 112.
Of sugar-beet, 129.

Root crops, fed on the Jand, 207.
Grown continuously, 94.

Roots, habits of roots induced by manur-

ing, 82, 107, 120, 163, 196.

Root to leaf, proportion of, 112, 118,

129.
Rotation, barley grown in, 75, 88, 194.
Beans or clover grown ia, 194, 200,
Experiments on crops grown in, 180.
Removal of manure constituents by
crops grown in, 214.
Wheat grown in, 65, 194,
Rumex acetosa, 158, 159, 181.

Sainfoin, 141.
Salt as manure for mangolds, 105.

Saussure, De, 1.
Schloesing and Miintz on nitrification,
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Effect of, upon wheat, 56.
Sewage, experiments with, 260.
Sheep, breeds, comparative fattening
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Superphosphate, effect on grass land®
160.
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‘Warington on nitrification, 217.
On denitrification, 219.
Way, experiments on sewage, 260.
Weeds, accumulation of, 32, 41, 83.
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154.

‘Weight, per bushel of barley, 84, 89.
‘Wheat, 55.
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And flour, 268.
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80.

Experiments on, 31,
Grown continuously, 36.
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