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PREFACE T O  T H E  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 tho deductions dlsawn in tho first edition have required modification, but no great change has been inade : 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, bytmyself, 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 a t  Rothamsted. The greatest pains are talcen to ensure the reliability of the data, and I cannot help thinking that the application to them of modern statistical rnethods 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. 



PREFACE TO THE FIRST EDITION 
IN mriting this account of the Rothamsted Experiments-the sixty years' worlc of two meu, Lames 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 exterhal demonstrator, describing from the outside, as it were, what seem to be ths chief lcssons conveyed by the experiments which I have now the honour to cond~zct. 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 niight 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 presellt, 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 lrnow 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- 

vii 



... VUI PREFACE 
p,tions often tend to be less accounts of thi? espcrimcnt whole than discussions of such of its l'esll\ts :\s *pan 
the dominant ide,z with which Lawcs and Gilhcrl mere then 
engrossed. The outsider, again, who ha8 auy kuowlctlgc O E  his sllhject cannot fail to bring some ideas of his own which he can find illustrated and elucidated in the work done at ~o t l l a l*s te~*  For here comes the particular distilletion of the ~ o t h a m s t ~ ~  Experiments ; the plots exist to-day as they haw been for last fiftg. years or so, and records of the most astonishi*:: completeness remain of their past histo~y, so that as so011 $9 one looks closely into the material there is hardly any part of the science of the nutrition of the plant, on which it cannot be made to throw light. Indeed only a portion of the story of the Rothamsted Experiments has get been told, for new matter will be discovered in then1 as our ltnowledge grows and fresh lines of investigation are opened up. ~cco~'dingly, in planning this account I have tried to loo11 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. I have endeavoured to summarise under tho head of each crop the mass of information that has already beon published in the long series of Rotha??tsted iMemoirs, and to add other facts and deductions arising out of the experiments which the original investigators had not hitherto been to publish. As the purpose of the book, that is best dealt with by discussing the Purpose of the Rothamsted Experiments them- selves* They are, above alll, attempts to obtain imowledge- to ascertain the conditions under which the plant grows and the soil supplies it with nutriment. And as the attainment of knowledge is the prime object, practical considerations are put on one side in framing the scheme of the experiments. xor example, on one of the Rothamsted fields wheat has been grown for the last sixty years, year after year, on the same plots of 



PREFACE i s  
land witth the same manures. A s  the British farmer never groj's wheat continuously on the same land, and rarely uses any kind of manure for it, the whole experinlent is from one point of' vie\\- llupelcssly unpractical ; indeed many men might con- 
sider tllnt to grow wheat a t  all nowadays is unpractical. But the niln of the experiments is to find out how the wheatplant 
Paws, and the schellle of manuring and management adopted is the most practical method of solving that problem. Esperi- ments which only aim a t  ascertaining how to derive the 
greatest lnonetary return from a given crop, however necessary they  mil^. be, are only of value for a short time and for the 
particular soil and locality where they are carried out. ~ u r i h g  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 mill 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 lmomledge ihat is true everywhere, and to arrive a t  principles of general application, leaving the far~ner himself, 
through llis 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 Rothanlsted 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 habits and requirements which on reflection he can nlake useful under his own conditions. Solmo of tho worlr also that is going on lnay seen1 to deal with Problems little collnected with practice ; So renlote, in fact, that . 



x PREFACE 
they never can have any bearing upon the business of farming. There are, however, many matters in which the a ~ t ~ d  f'nrlner will always have to rely upon the advice o f  scientific experts, and as a rule the unpractical-loolcing expcriments are devised to  settle this or that point on which l,lle suieiltific m ~ n  must have information in order to form a correct judginent for the guidance of the practical man. Agricultural science involves some of the most complex and diEcult 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 quiclrly pass into regions whcre 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 fincl 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 tinle get 

in ~ooch 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 boolc is intended for the agricultural teacher and expert, for whom it will provicle 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 xi 
Thr*ll~llout I ]lare kept the teacher in view, and have ende;rvoure~l to supply him with the summaries and illus- tratiolls ~ ~ h i c h  will bc useful in his class work. of course, in  many respects the book covers the same 
@"ulld as the summary of the Rothamsted Expe~iments dramn UP Gilbert for his lectmcs in America, which were published both by 1 1 1 ~  Unil.ed States Department of Agriculture and by Hifillla~ld and Agricultural Society of Scotland in 1895. r 1 American lectures mere, however, iu the main intended for llendrr wllo was already equipped with a considerable of aglbicultural science; on the one hand, they did not deal with ell the Xotbalnsted moyli, and on the other, they menl into much greater detail than is here attempted. I n  the Ppesent boolc I have endeavoured to make matters plain to the ...-technical reader and to elucidate the subject by 'jagrams and simplified tables, leaving the specialist to consult the original pipelts for fuller information. By the kind permission of Mr R. IVarington and the C O o ~ c i l  of t l ~ e  Royal Society, I have been permitted to reprint Warington's account of Lawes and Gilbert from the Obituary No~ices of tile Royal Society, and this forms the best intro- duction to  the histoly of the Rotharnsted Experiments and the Personality of their founders. I n  the Appendix be found a bibliography of all the "ore importnnt pqjers iswed by L L ~ ~ s  a1ld Gilbert, together ' ~ i t h  others which deal ~ ~ t h a r n s t e d  lnaterial by 

I Pendent invtrstigntors, A list will $SO be found of previous books which have given a genewl account of the experiments* including D~ ~~~~~~7~ little booB ~ubl ished in 18887 which, 
I dealing only lvheat, barley, and grass? has formed for so many readers their introduction and @lid@ to 

nothamsited investigations. Altliough by the terms of tile trust deed no teacl~ing may be dolle at Station, maJT be provided I .  fop persons of asisking in research; these 'Ire 
PPelcomed and are given facilities for carrying out special 



PREFACE 
investigations with the material in vhich the Station is so rich. I n  this book little has been said of the work now in progress ; speaking generally, the old plots as described arc being co~ltinued without essential change, but the currcnt i~lvestigalivns 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 to thank Dr N. H. J, Miller for most of Chapter II., and both hill1 and Mr J. J, Willis for much detailed information and many facts that have never been recorded. Dr EI. 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 cars he has taken over the preparation of the tables and diagrams ; without the help of his knowledge of the past history and his f~~~ili l l l i l iari ty with the records, I shoulcl have found, it i~npossiblo to prepare this account of the Rothamsted Experiments. 
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BIOGRAPHICAL INTRODUCTION"' 

THE manor-house of R,othanisted, situated in the parish of Ilarpenclen, Herts, was the birthplace of John Bennet Lawes, and the Rothamsted farm became, in subsequent years, the scens of the great work of his long life. So far-reaching have becn the results which he achieved, that the name of JRotharn- 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. Jsques Wittewronge came to England from Flanders in 1564, owing to the religious persecution then prevailing. Tlle manor of Rothan~sted 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 11. I n  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 tlie father of the John Bennet Lawes of whom we have to speak, who was born at Rothamsted on December 28, 1814. John Bennet Lawes was an only son. H e  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 H. Warington. 
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xxii BIOGRAPHICAL INTROI)U(I'I1 I( 1 3  
up, He seems to have led the life of n conl~i~l.! 1)()!. " I ) ' \  '"' studies he afterwards described as 11cing " of n { ~ i r i ' ' l ' " " ~  
character," Experiments in chemistry, rn;ltlrk :kt 1lOlni'. . i ' ( ' r l i  "' have been one of his favoaritc uccupat io~iu. 1 \\-as s['llt 
successively to Etoo, and to  Brasellosc Uolhgc, Osf(jrd, n-lki('h he entered in 1832. While at Oxford hc ntbcnde~l som{* of trbp lectures of Dr Daubeng, the professay of ellemistry. EIp left wee. the University without taking a de, In  1834 Mr Lawes entered on the personal rnanagr!rltk1lt of the home f a ~ m  at, Rothan~sted, the11 of d ~ ~ u t  250 acrils ; lie the samc time threw hiinself heartily iuto cl~ernicd investiga- tions. We tells us : " At the age of twent,y I gave an order t o  London firm to fit up a complete laboratory, and I a111 sfmid i t  sadly disturbed the peace of mind of my mother to see one of the best bedrooms in the house fitted up with stoves, retorts, m d  all the apparatus and reagents necessary for c11einicJ research. At the time my attention was vcry much directed to the colnpositioi~ of drugs ; I dmost imew the ~ h a ~ m e c o p ~ i a  by heart, and I was not satisfied until I had rl~ade the ,cquaint- 

ante of the author, Dr A. T. Thomson. The active principle of a number of substances was being fiscoverecl at this time, and, in order to make these substances, 1: sowccl on my f h ~ m  poppies, hemlock, henbane, colcllicurn, belladonna, etc. Some of these are still growing about the place. Dr Tholnson had suggested a process for malring cdomel and corroslive su\,limate by burning quicksilver ill chlorine gas. I undertoolr to carry out the Process on a large scale, and wasted a good deal of time and money on a process which mas, in fact, improve- ment on the process then in use." At this t,ime Dr  Antl~ony Todd Thomson, Professor of Materia Medics at University 
College, London, was his chief inst~uctor 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 Saussu~e, on the nutrition of seem to have first called Mr Law W' attention t o  the relations 
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b r t ~ e c n  chemistry and agriculture. In  1837 he comlnenced esperimenhs in pots wit11 agricultural plants, the manures nlade lise of sopplying various elements of planl food. These experi- 
I ~ ~ I I L S  \\-oilr continncd on a large11 scale in 1838 and 1839. Ypcut ni~il~lal  chailcoal \\-as then a waste product, and lb Lxn-cs \\as aslied by a Loiiclon friend if it could be turned to any use. H e  tllerefore eillployed it as  s ilianure in his pot experiments, and discovered that if previously treated with sulpllu~~ic acid its eGcacy as a manure was greatly increased. i lpatitc and other minorel pllosphates were soon treated in a 
silllililr I I  a d  1 1 ~ ~  " snperphosphate of lime," thus pilcpa~~e(l, was found to be nlost effective as a, manure, especially for turnips. The new supcrpliospl~nte was employed on a large scale for craps on the Itothamsted farm in 1840 and 1841, and the ~*esults were so satisfactory that in 1842 Mr Lawes tool; out a patent for the nianufacture of super- pliospliate. The application of sulph~lric acid to bones had been pract,ised before the date of Bir Lawes' patent ; the novelty of his ~at tcnted illvention consisted in the treatment of lniileral phosplmtes in this manner. The supply of bone available for farmers is but small, but the supply of apatite, coprolite, and of thc ~ r a r i o ~ ~ s  rock phospbstes cliscoverecl in recent years, is almost unlimited. Tliesc mineral pllosphates are usnalIy too insol~zble to have any practical value as manure, but by treat- ment with ai lilnited quantity of sulphuric acid, a mixtnre of monocalcic phospllate, pbosplloric acid, and gypsum is procluced. The plrospllates in this compound are almost entirely soluble in water, and far more efficacious as manure than the plios- 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 mai~ufacture of super- phosphate in Great Britain amounts a t  present to about 1,000,000 tons, wllile the total mal1ufacture in the world is about six times this amount. If Sir J01111 Lawes had dolle 
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nothing more than introduce the rnai~llfi~citlri Of' ~ t . ~ ~ ~ i ~ i ~ i ~ ~ l  manures, he would still rank among the: grmtct  hcllci"i~~~Jll' ' 
t o  agriculture. The life of Sir John Lawes divid(~s at lllis iroinl il,lJo tJ\\*o parts. ISe became from the date of his palcut a cl~iil~licikl manufacturer, carrying on an extensive Lolldun l~nsiniss, alr(j as prosperity increased he embarlied in a vnrietj. of entc:rptises. While, however, obliged to spend two clays of rbrcry wecli in London, his devotion to  agricultural research continur*~l $0 increase, and tlre profits yielded by comrnercc: wc:rc: c ~ ~ l p l ~ j r r d  for the creation and luailltenance of s l u g e  r>spcrin~cnt stnkion at R~t~hamsted. The experiments in the fields liad already, at  the date of his patent, reached a stage at which the continuous services of a trained chemist were urgootly needed. On the recommendation of Dr A. T. Thornson, Mr Lswcs engaged a young chemist who had studied under Liebig-Dr J. $1. Gilbert. Dr Gilbert entered upon his work a t  Eotbal~~sted in June 1843, and continued activoly occupictl in the scientific superintendence of the ag~iculturd experiments during the whole of his long life. For fifty-seven years Lawes and Gilbert wor1.r.ed together on a great variety of agricultural problems; of these labours and their results we shall give a brief account, after cornplsting our sketch of the life of each worker. MT Lawes married, in 1842, Caroline Fountaine, daughter 

of Andrew Fountdne, Esq., of Narfoord Hall, Norfolli, He enjoyed her society for more than fifty years, and her 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 De~onshir~.  . His first factory for the manufact~~re of superphosphate was erected a t  Deptford Creek in 1843. The businass rapidly extended, and in 1857 about 100 acres of land weye -purchased at Barking Creelr, and a larger factory erected, inclucling an 
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" s f c . l ~ s i v ~  [~tiknt for the manufacture of sulphoric acid. In  1866. 'Ir ~ / ~ ~ r c a ~  y~ll-c)~nsatl ihe taylayic and citric acid factory at 

r -I JIillimll. l h f i  purchase mas unwillingly made, but the new ''''~~li n-;ts td i t8u  up .i\-itll ;iccustomed e l l e r g  and enterprise, 
lllan!- f rc~)l lol l~ies  and improvements mere introduced, and the 
f;lcLfjl'J- becnme the lllost important of its Bind in this country. I n  he sol(l the whole of his manure business for d300,OOO ; i'etninetl tIie tnlbtaric and citric acid factory till his death. Lalvt..i bad also a large sugar estate in Queensland : the l o ~ r  plbjcc of sagu and tho lack of cheap lnbodr prevented, in this iustnnce, a commercial success. The inves~igatioils st Rothamsted made rapid progress. I n  I843 rrcre commenced the systematic field experiments on bllrnips and lulleat ; the wheat field has grown wheat without iotern~ission cver since. I n  1817 the field experiments on beans commenced, and in 1848 those on clojrer, and on a four- "tlrse rrotation. I n  1851 the rof;stions of wheat and fallow 

511d whcnt and be:lns were started. I n  1852 the field experi- lnents 011 barley In 1856 those on @'ass land. IU all about 40 acres weye brought under experiment. Of all 
these crops complete cllemical statistics were obtained. Experiments on sheep-feeding with wrious foods comn~cnced in 1848. The whole boclies of ten animals-oxen, slreep, and pigs--of vadous ages and conditions as to fatness, mere analysed between 184.8 and 1850. I n  1850 an extensive series of pig- feeding experiments ~vas made. The estellt of the worB undertaken, its tborougllness, and the practical valLle of the results obtained, gained the admira- tion of both scientific and practical men. A t  a nleeting of 

Hertforclsllire farmers at St Albans, on December 24, 1853, it %s resolved to present Mr Zawes with a testimonial. The circular issued stat;es : It was considerecl that Mr Lawes has for many years been engaged in a series of scientific and disinterested investigations for the improvement of c~griculture 
g0ney8]lJr, wbioh have been carried out to an extent, with an attention to accuracy and detail, and at a cost, ]level. before 
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~ndertaken by any individual, or even l)y 1 ~lillllic i ~ ~ . i  i i  n -  tion." The proposal was soon culsr~rrl, nn(l  1 j i ~ c . n ~ l ~ ( ~  i l : ~ l  i ( ) l l :~l  in its character. The suhsc~iptious reccivrrl n i l l t i l ~ ~ l t r b i l  i t ,  i l i ) ~ ~ " ! .  Zl.160. At Mr La~res' tlesire, the grcatca~~ ~J:LL.I,  t l ~ i s  st1111 
was spent in the erectioil of a, new lnbo~ntur~ .  v 1iic*h ~ - t l ~  opened at a gathering of dis~ingoisllcd n<ricnlillriit; 013 July 19, 1855, the Earl of Cllichester presiding on the o ~ ~ ~ s i o l ~  The speeches made by Mr Lnwes, Dr Gillxrt, :ind otllel.~. lla\'e fortunately been preserved. Mr Lawes, 01, Lhis occasion, pai(l 
a warm tribntd to the worlc donc by i l r  (;i1lll:ri. l & ~ , j t l o ~  tlk(! gift of the laboratory, &Ir Lawes ~eceivcd n bau(lsullle sil~t'l' 
candelabrum, bearing a suitable inscription. I n  later y e u s  tile laboratory mas foulld too small for the preparation siitl storaSe 
of the numerous samples, al~cl aclditiorlal 1,uilclingq  re"'^ erected. Lawes ~vas  elected a Fellow of tllc Royal Society ill 1854, and in 1867 one of the Royal llletlnls was nwar(jetl to  him and Dr Gilbert for their systematic researclles ~11)On agicultural chemistry. Seven papers by Lswes and Gilbert have been published in the Society's P A ~ ~ O S O ~ / L ~ C ( ~ ~  Tru?zsactio?zs, The connection of Mr Lawes with tile Boys1 Agricultural Society was naturally s close one. H e  became a member of the Council in 1848, and was afterwards a vice-president and. trustee. I n  1893 the presidency of ihc Society was ofrered to him, but decliiled on account of his advancing years. I n  tl10 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. I11 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 in repetitions of the experiments at Rothamsted Continuous growth of wheat and barley with known manures, the experilllents in this case being made upon a purely sal~dy soil ; tiiey also included rotation experiments designed 60 test the manurial 



s s v i i  
'''lllii ' )" (';,( I J P  f i b o l l ~ .  Tlrrsc espcloiirlents \\?else conc]uc~ecl on 

"I" L''llct' of j;~(lfo~.li's csl.ttc, and at his expense. 
I ,  ' 'li' (~1.  311. L;tn.cs w i ~ h  tlrc Clle~llicnl Society n~ere  i 1.1~ J) I 'C ;~ I~ IC  2 ~ e ~ l o n l  in 1850, alii was kiectetl t'''' (:~)~1ilci1 i l l  1862. Tllp cliicf pzrt of the cllemical morli i n  Xo t l~n~~~s i . c t l  labolatory mas colnmunicntcd to this 

SO"ir.l!-i ~ ( 1  : L ~ U  11 t t I\-enty-two lcctultcs and papers 11y Lawes 
"I' d(;ilbclst, :~11(1 otllcr Itotllal~lsted ~ o r l i e r s ,  a p p ~ " ~  in  the JO'l.ll;kl ; t  r~l~:t~~S:LCtiOlls. 

i s  I -  2 ijlclnbcll of the 1iojpa1 Coll~lllissioil ' L P ~ o i l l t ~ ( ~  i n  IS57 l cTo  i n ( l l l i l ~ ~  illto hlle best inode of distri- 
bu'inb, tllc scrrnge of lourns, slrrl npplying iit t u  beneficial and P1'ofiL;~bie uses." Two inenlbers of this Cornmissio~i, &rives "" d v a ~ l  c ~ n d u c t e d  for several yetars impolltnnt esperiluents 
O" SC";~ge il~l~igatiltion at Rugby. The investigation dealt with t''c gLrarltjty nllri co~nposition of ~ l l e  grass lbeceiving 'irnrying " ' l '~unls of scltrnge, its value as food for fattening usen and milking c,,,,, inclu(ling tile colllposition of the inilk o~~~ainecl .  efHLlent j\ivaLel.s fibom the injg;~ted fields were also sllnly~ecl. the fopln;Ltion llitwles in large quantities was delnoll- "'ated. TIle final lleport was published iu 1865. aicl of Ro(,harnsted was ugnin sought by the Goyem- '"ellt in 1863, ~h~ oQect in tllis case being to nscel'tain 

tile in;Llting barley resulted in ally increase of its 
as a footl. bullr of barley Was divided 

illto t\vo lots, one of wlvich was malted, ntld the loss in matter asccrhsined ; feeding experiments were tlie11 ulacle, ill tPhi~ll the egech  of a given weight of bayley was colll- Pared with tllat slrowll by the quantity of malt wvhich could ]lave 
produced from it, The trials with oxen, sheep, and pigs 

were made at nothsmsted7 those with milkillg cows 
1tugby. ~l~~ filll was to  Parlinllle~lt in 
While tile folamal 19epo13bs on the Rothamsted investigations "'lo to hlae extent $Ile worlc of DY Gilbert, Mr I.""" S a S  hial~elf an active lvriter on agricultural subjects. 111 middle 
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life he mas a frequent contributor of s1u1r.t iiirpcrs to n ~ i c i l l -  tural newspapers and periodicals, hot11 ISnlish ; ~ n l l  . \ ~ l l ( . ~ . i ~ i t l l  ; be also lectured from time to Limc to agi*icoltural ;n+iocinl.ious. His writings were always mai*lrod by r :  l i t  t l l t iy Were also very practici~l in chamctcr. WIII:n brsillgillg fortvan\ the results of recent scientific enquiries, he uroulll  void as fnl* as possible the use of scierrtific langnagi:, and speali as a fi<irrner 

, to farmers. The fertility of the lancl awl its relation $0 lancllord and tenant, ancl the manure value of foods, wit11 the compensation due to an outgoing tenant for unoshaust~c~.l manures, mere subjects which lie nlalla peculiarly his own. For many years he sent annually to the Pi~~zcrs newspaper, in the ea,rly autumn, an estimate of the quanbity of wheat yielded by the preceding harvest in this co~lntry. This estimate was based on the produce of the stand2~l.d plots in tahe experimental wheat field at Rothamsted; as the produce heye was over or under the average, so it was assumed mould be the geiieral 
produce of the co~u~try. The estimates thus made proved generally to be near the truth. For his great services to  agriculture Mr Lawes was created a baronet by the Queen iu 1882. The degree of LL.D. was conferred on him by the University of Edinburgh in 1877 ; D.C.L. by Oxford in 1893; and Sc.D. by Cambridge in 1894. He received the Legion of l lonour fi'om Napoleon 111. ; he was also a, Chevalier du Mdrite Agricole. He was elected a corresponding member of the Institute of France in 1879. In 1863, he received a Gold Medal from the Russian Government. I n  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 Permanent endowment for their maintenance. He first sl?ol~e of this in his speech the ,  opening of the new laboratory in 1855. In  1872 h, publicly announced that he had set aside af100,Ooo for purpose. BY deeds executed by in ]7ebruarY 1889, 



laborntoiy and experimental fields mere leasecl to Sir John J ~ ~ l > b ~ ~ l i ,  William Wells, Esq., and Sir John Evans, as trustecs. for ninety-nine years at a peppercorli rent. To the saille trustccs 11c covcaan~ed to p t~y  the sum of &100,000, the interest on ~r-llich \\.as to be applied to tile maintenance of agricultural in\-estigations under the tlirection of n Committee of nine persons, of ~vliom four were to be nominated by the Royal . Society, two by the Royal Agricultural Society, one by the Linnean Society, and one by the Cheniical Society, the owner of Rotllaillstecl being always a member of the Committee. The nppointll~e~ll; of new trustees when required mss ves~ed in the Itoyal Society. The Blnnaging Committee weile a t  ouce appointed. They consisted of Sir Jolln Evans, Dr 11~1g.0 - Miillel., Sir Michael Foster, and Sir IV. T. Thiselton Dyer, norninatecl by the Royal Society ; Sir John 13. Thorold, and Charlus Whitehead, Esq., nonlinated by the ltoyal -4gricultural Society ; William Carrathers, Esq., ilominated by the Linnean Society; I'rof. H. E. A r m s ~ o n g ,  nominated by the Chemical 
Society ; with Sir John Bennet Lawes. Under this Committee, with but few alterations in their constitution, the direction of the worli at Rothamsted has since proceeded. The Jubilee of the Eothamsted Experiments was celebrated on July 29, 1893. The organisation of this celebration originated with the Royal Agricultural Society. A t  a ilieetiilg on March 1, presided over by H.R.H. the Prince of Wales, it was resolved : " That some public recognition should he made of the invaluable services rendered to Agriculture by Sir John Lawes and Dr Gilbert," A subscription list was opened, and dith the contributions received a large boulder of Shap granite was erected in froni, of the laboratory, bearing the following inscription :--" To commemorate the completion of Fifty Years of continuous experime~lts (the first of their kind) in agriculture, conducted a t  Eothamsted by Sir John Bennet Lanres and Joseph Henry Gilbert. A.D. M D ~ ~ ~ X C I ~ I . "  A large and distinguislied was held front of the 1~~bo~atol .y on tho afternoon of July 29, the EL. H011. Herbert Gardner, 



M.P., President of the Boar~ l  of ~ \ c r i ~ u l t l ~ r * r ,  p~.~bsi{lv~I. ' I '~I(~ 
Duke of Weslminster, as Pscsirlcnt of the 1:ny:rl -lgi-ic~~llt 111.i11 Society, presented to Sir John Lnwes his pol-trait, llnilll  llil I)!. H. We~1;;0me~, R.A., and to Dr. J. H. Gilbc.rt, a silv(:r ~ a l \ p r b r . .  He also presented co~~glntulalosy atlrlrosscs t u  111,111 1,;11\-(%3 ;llld 
Gilbert from the subscribci~s LO t l ~ e  fund,  eiich adclress 1)oillg signecl l ~ y  R.R.H. the 13rince of ~ V R ~ P S .  The ~xesentnt  ion of n large nurnber df acldresses fmm Eltglish and Folseign Societirs then followed, inclucli~lg one from the Royal Society. Sir John Lamres ancl Dr Gilbert tlieil replied. A few of tlre words spolcen by Sir John Lawcs must 111: q~ lo tp~ l ,  Tjlab afteri~non ire llacl to return  hal lilts to that dist i~lgl~ishc~l allcl 
brilliaut assembly for their ltind congratuiations to hilrlsclf D r  Gilbert upon the work that they had been carrying on €01. the last fifty years. When two people were joined. together in marriage they could not part, bccanse they were bo~xncl together by very solemn ties. But with, regart1 to himself ancl Dr  Gilbert the case was quite different, U r  Gilbert could Imve 
left him, or he could have left Dr Gilbert. Their connection, however, had l a s~ed  for more tban f i f ~ y  years. Wha t  was the cause ? Notlring less than mutual love of the morlc they had beell engaged in. Ho (Sir Jobn) llad deligbtecl in the work from the beginning. Ail the time he could spare in the lllidst of many other and duties he had given to the work. But tvith Dr Gilbert it had been the mrorlr of his life. If it  had not heen for D r  Gilbert's collaboration their investiga- tions would have been in a very different state to what they were then." Shortly after the Jubilee celebration D r  Gilbert received s the honour of knighthood. In  September of the same year the Liebig Silver Medal was a w ~ ~ ~ e d  to Sir John Lawes ant! Sir Henry Gilbert by the curators of the Liebig Foundation of the Royal Bavarian Academy of Sciences. I11 the following year, 1894, the Albert Gold Medal of the Society of Arts mas presented to Lawes and Gilbert by 1I.R.H. the Prince of Wales, "for their joint services to scientific agriculture, a;nd 
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nl~tnl,ly for t,lle resenrcllcs wl~ich, througho~lt a periocl of vmls, Ilnyc 1,een carried on by then1 a t  tlie E~perinlentaI Farm, Rotl~nn~stcrl." So~rietiring 1111lst no\v I J ~  said as to the pel-sonnlity of the rc~n:n.l;nl~le Inan whose life's work nre have attempted to (1esci.ii)e. H e  possessed an extiw-iiely vigol.ous constitution, and when past 85, exhibited but few of the  infirmities of old age. 13s lloliclay was alniays spent in Scotland, and deer s1;nlliing and sallnon fishing were tlieri his chief occupations. A t  l~ome, all. his leisure time was spent on the fhrn~. H e  was a lteol ulserrrol; a ~ ~ l  klierv tlie csperimcntal fielcls better than anyone else. 1 5 s  interest in agricultural problems never tired, Iie was continually finding fresh subjects for inquiry. While gifted with a full share of the scientific imagination, he was thoroughly practicd in his concIusions. His long experience as n farmer, a n d  t he  careful attenlion to economy learnL in business, were of great use to him when hk brought the results of scientific investigation bcfore the agricultural world. I-Ie took n broad, slatesmnn-lilre view of all agLgcultural questions, and loas looked up to by the English farmer as  his safest guidc and his highest authority. Sir. John Lanres selcloln took part in public functions, he was not seen a t  meetings of scientific societies, and tools: no active part in politics ; excepting the hours u~lavoidably spent, on llis London business, he lived as far as possible a coulltry life. It was, however, in no sense a secluded life; his 
corresponclei~ce was very large, and the visitors to the Rothamsted experiments were extrelllely nunlerous and of all nationalities. They found a t  Rothamsted a genial host aild a ready guide to the fields, where the lessons taught by the experilnental crops were described in brief and pithy sentences 
bJ, who lrnew thoroughly the whole history of each plot. sir Jolln Lawes by no means confined his attention to 
science, and business ; he was a man of active 
benevolence. The agricultural khm.rers of Harpelldell found 
in him their best friend. H e  begall to provide allotment 
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gardens in 1852, and hoforc his ~le:lth t l i ~  I I I I I ~ ~ ~ ~ ~ '  l i l t t l  ~ ' ~ b ~ ~ ~ ~ l ~ ~ l  
334. 1' 1857 be built a. club nronl in  the gi~l.dells. \ - ~ r i ( l n s  
co-operatiire scl~ernes were starter1 fur the ~ I . ~ ~ ~ ~ I I V . ~ ~ * ' S  h h i ~ ~ i i t  ; one of these has been immortnlisc(l by Cl~;w\vs I l i ~ ~ k ~ ~ ~ ~ ~ ,  \ v j l \ )  visited the club rooin in April 1359, slid aftcr i~ik~ix c ~111  account of what he ssw in tllc first, uuuhcr  of All thr* Xiill' Round. 'The welfase of his workmen at his vuious factol*it1s was equally considered. He exercised s wide private 1 ) E I ~ ( ~ \ . ( J -  lence, and in his own parish was never appealed t o  in vain for any good work. Sir John Lawes' life was ljroluugcd to au uuusuiLl p ~ ~ ~ i ~ ~ l  ; he lived and worked and taught through two succt~.;-;iv~L generations. His lrealth remained rery good till witllin ~zhont 

c ~ ,  week of his death. H e  died a t  Rothimmsted August 31, 
1900, in his 86th year, and was buried a t  Rnrpenrlen. His only son, Sir Charles Bennet Lawes, who has assumed the achlitional' name of Wittewronge, succeeds to  tile ~ ~ t l l s n ~ s t e c l  estate. 

JOSEPH HENRY GILBERT was born at Hull on Aucrust 1, R 1817. H e  was the second son of the Rev. Joseph Gilbert, EL Congregational Minister, who had previously held tlie position of Professor of Classics al; the Divinity College, llotheyhan~. His mother belonged to a well-known literary family, and under her maiden name of Ann Taylor, was a popular auGboress of poems for children. The family removed in 1825 t o  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, sad afterwards to a school kept by Mr Long at Mansfield. I n  1832, while at scar- borough, he met with a serious gunshot accident, which per- manently deprived him of the sight of one eye, damaged the other ; his yellera1 health sueeyed much from the 
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sLocl;, ailcl it mas sollie years before he was able to resume his strldies. During this interval he in 1838 paid a visit to St l'eteisbul~g. 111 the autumn of 1535 he became a student at  the University of Glasgow ; heltc he devoted net~rly a year to the 
study of :li~illylical chemistry in the laboratory of Prof. Thomas Tllolnsoi~, Materia-i\iIcclic was st~zdiecl rznder Dr  J. Couper, ancl botany under Sir Mr. J. Hoolrer. I3.e came to London in the autumn of 1839, and contil~uecl his stuclies a t  University College, where 1le attended the chemical lectures and practical (:lasses of Prof. T. Grahani, ancl worlrecl for a short time in the 
laboratory of Prof. Al~tlroiry Todd Thornson. H e  also studied natural pbilosoplly unclel. J, Sylvester, anatonly under Dr  Grant, and botany under Lindley a t  Chiswick, and made some progress in the G.erman 1a1.1guage. 111 1840 he went to Germany, and spent a summer session a t  Giessen, in the 1;~fnoratory of Prof, Liebig. 13ere fie tool< the degree of P1l.D. ; two other English students, J. Stenhouse and L. Playfair, after- wards to becon~e celebrated ss chemists, toolr their degrees 
at; the saliic time. On returning to England, Dr  Gilbert renewed his stuclies at  University College, and became class and laboratory assistant to Prof. A. T. Tllollison during the minter ,ind surlirner sessions of 1840-41. I n  1842 he left London and became consulting che~nist to Mr 13urd, a calico- printer in the neighbourhood of Manchester. The turning point of his life soon arrived. &Ir 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 agriculttwal investigations he had colnnienced at Rothamsted, he, on the, recomnienclation of Prof. Thonison, engaged the services of D r  Gilbert, On June 1, 1843, Dr Gilbert entered on his m7ork a t  Iiotharnsted. The coilnection between Lawes ancl Gilbert thus com~nenced continuecl till the death of Sir John Lawes in 1900, a period of fifty-seven years. The rapid clevelop~nent of the agricultural investigations a t  Rothamsted after the year 1843 has been already noticed in tlie 
precetling accoullt of thc life of Sir John Lawes. The value of C 
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the work done mas 1argr:ly due to the unremittctl 1:lbonrs of DI* Gilbert. A t  the opening of the new lirhoratol-y in 1 ~ 5 5 ,  3x1 Lawes said, " I  should be most ungrntrful \\.elB(: 1 t o  omit this opportunity of stating how pn:atly 1 I i t  t u  t l lost i  gentlemeil whose lives are Ocvotecl to the cu~uluct :~n ( l  rn:tlr:lgc.- ment of my experiments. To J h  Gilbert tuore especi;~lly, 1 consider a debt of gratitude is due from myself arlcl from c\:clly agriculturist in Great Britain. It. is not cvcry gcntI(a~nix~l of his attainments who would subject himself to the C ~ P I . ~ C C  of 311 individual, or risk his reputation hy following tJlc pullsuits of ;I sdence which has hardly a recognised existence. For twclvc 

years ouil acquaintance has existed, and I hope twelve years more will find it continuing." The testimony borne by Sir Jolln Lawes to his colleague at the end of fifty years of their jo i~ l t  work has been already quoted in thc preceding account of Sir John Lawes. We must now attempt to give some idea of the special part taken hy Sir Kci~rry Crilhevt. lab<: Rcd\li\ l l)nl~[I j ~ j v t ~ ~ f , i ~ i ~ l  j ~ i / # .  l 'Le two leaders of t,he war\< wcrsc in n,lnrtr~t, ( I~ i1-y consrdt~i~~t~in~l, i 11. i s i ~ u  1.111~~ :in Jit1rll9 j ~ t  ~ t ~ l n l l t * ~  I 
q c - a r J  t j d ~  t t t i ~ ~ t ,  air d411111 l i i l t W t ; ~  ?Vlll!4 !li hbl1lt1. ' l ' l~~ \ ~ l i ~ ~ ~  f t~ r  

IIgll; py l , i , t l irllr)nt.,  f s f  s i t l i t i t r i r lor l  f r ~ l c k  d ~ ~ y  i.u day, B K I ~  tho drafts: of the reporls in prepm%tion, WOro thus ill1 discussed 
I by them together, Sir Jehu. T,awes directed a ~ r ~ c u l t u r d  operq+,ions in the experimental fields ; the execution of the remainder of the work was in the hands of Sir Henry Gilbert, Sir John Laves contributed to the joint work a t bo rou~h  9 knowledge of practical agriculture. His original mind wag stored with facts learnt by keen observation and stucly in the field. A born investigator, he seemed to be continually occupied in the study of agricultural problems. His ,,terpris- ing and spirit impressed its character on the wllole of the ~o thams ted  work. Sir Henry Giilbort supplemented in a remarkable manner the qualities of his chief. ~i~ truiuiug as an analy~ieal cb~mist ,  his acwaintilnce with foreign languages and literature, were natu.turally of great in 



research ~voi~lr. His lrnowledge of colloquial German eilablecl him in after years to dcscribe the results of the Rotllanlsted investigations to many foreign visitors. His special nlental cll:~racteristics also eiuitle~~tiy fitted him for tlre work sub- 
scquently carried out. K c  was both cautious and paillstal~ing to a remarltablc eslcnt, desiring to accumulate a gibeat mass of facts hcfo1.e coming to  any ceihtain conclusion upon them. His irloclc of work was also extremely methodical, and the n~ethocl once atlopted, after full consiclerhation, was continued through inany subsequent years, tlius giving rise to long series of results 
obtaincd in  a pcrf'cctly similar manner. The continuation of the same field experiments for more then fifty years, and the important results which subsequently followed from an esamina- tion of tllc soils so long under definite cultivation, may be cited as ssamples of Gilbert's nlethocl. Ullcler his care, samples of the grain and straw from each experimental plot, in each year were preservecl in the laboratory, and also samples of the ash yicltlctl by each. In  later years, when sanrples of the soils ; I J I ~  

i I 01 o;rcl plot rvcllc ropoatcdly iillceu, large PUI~LIUIIS  01' 
fl;i.ob si~llll?I(' wrrn ~ 1 5 0  I ) I . C S O ~ Y O T I ~  At Ilia (I08tll t l l ~  I I I I I I I ~ U I '  ~f 
- ~ , S T C S ~ , ~ C - . +  < % ~ < , I . S  '1 C < , L  C t h t , ~ ~ ~ t :  7 t , i k . t  C,ZI< , i g t  I . \ I < ,  1 ~ ~ 1 ~ ~ ~ ~  r ~ t c ~ t  J t 1 1 1 9 L  in ~ 1 1 1  
I 1 1 1  1 0 .  1'11tk 111111: ,if iril~illriirlrl rlecorcls prepared ljy the clerlrs a t  the laboratory was corrc- spondingly large. Ho thus laid the foundation of much solid worlr. 'L'ho same characteristics appeared in his reports. Thesu usually co~itainecl a gre:;t built of nmnerical statements, set forth in an orderly manner, with not ~n f~equen t ly  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 a t  it, was tenaciously held, and if attacked was vigorously defendecl. Sir Henry Gilbert was an antagonist who never tired. His controversies with Liebig, on the subject of his mineral theory, antl, in later years, with other German investi- gatJors, on t.ho sowSce of fad, in the anin~ckl budg, will bo wcll re~leinbered by his conteniporar.ies. 



The life work of Sir Hcnlby C:i\l,i&!-l \viI l  {*hicjjy f ' o l l l ~ ( 1  i l l  
t l ~ e  publislled reports of the itutlln~i!-te(l invin-t isnt  inn;. 15 l l i c l l .  at the time of his dentli, had rr;ir:Il(vl i.ihn soln111i.s : t , l ~ ( h  511) )jf31sl 5 of these iuvestigstions i 1 1 :  i \ ~ l i i .  1.1. I this biography. His E O Y ~ ,  I N ~ ~ v c ~ ~ ~ ~ I - ,  f ~ e f l ~ ~ t t ~ j t \ ~  P A I , ~ ~ I H ~ O ( \  \ N R J  ( I I ~ ~ I  the sphere of tho Rotlla~nstcll E s p ~ ~ r i l i ~ i ~ n ~ .  I l r  w:is 311' Lawes' scientific adviser, an(1 as sue11 bc pi:lv~iil a n  nctivc p;ll'L in the trials which tool< plnco in the I.;L\Y Cou~t;  yt\spc':t,ing tlllc alleged infringement of MI* Litwes' ptrtent. llratlc rcpolniS on deposits of pllosph:i,tes at J I U I I ~ ( :  anc! i 1 I (' superintended the experinienis t i  to t ilisllosnl sewage at tile time when Mr L;twes xvas ;I, I ~ I C L ~ ~ ~ C I .  of r,1lc Royal Commission of 1857. Ot,hcr import;tnt undclbtaliing~ will be mentioned presently. Dr Gilbert was mnrriecl ir-1 1850 to E l i ~ ; ~  JJauyie, (1;~~1g11~~1'  of the Rev. G. Lau~tie, His xviii: tlietl in 1853. 130 11-1ttl*ricd 

time, in 1865, Meri;~ Slr,itlr, who sur)viveil hill). Sil' 
Henry Gilbert owed much to his seconcl wife's lmt,ilbing assist- ance. The feeble condition of his eyesight obligecl him ti) ~ c l ~  a good deal on clerical help. Bokh foreign and Eng.lisll p tzp~yS were read to him by Lady Gilbert, while the grcatl+r p8l.t of his - own work was dictated to an amnnnensis. Exis great plnclc and determinahion, with the assistaner, thus rendererl enal,le~l him to accomplish a very large amotlnt of wcrlc notwithst;a13ding the serious difficulties under which he laboLWecl, Sir Henry Gilbert was all active meml,e~ of ,,my scientijic societies, a regular attendant at  theirimeetings, a member of many scientific committees. Tile ~otharnst,ed inVes(;igations undoubtedly gained by the kdxrcourse thus obtdned \ ~ i  th 0 ther investigators, though the time occupied by visits to  Lolldon 

was often considerable. Sir IIenry Gilbert was elected a. Fellow of the Royal Society in 1860. He was the author, with Sir John Lawes, of seven papers in the Philosophical T ~ ~ ~ -  actions. I n  1867 he receivecl, with Sir John L ~ ~ ~ ~ ,  one of the Royal Medals for the work done at ~t~~.~~~~~~~. He served on the Council in 1886-8. Sip Henry ~ i l b ~ ~ ~  joined the 
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Cl~cniizi~l Socicty in 1841, a few weelrs after its formation, becanlc n lncrnber of llle Council in 1856, and a Vice-President in  1868. In  1882 he  as eIected President of tjle Society. 
Sir I l c ~ ~ r y  Gilbert delivc~*cd four lectures before the Society, and was t l ~ c  part author of several other papers. I n  1898 3 
iliemor:lble dinner was given by the Society to six Past- I'residents, all of ~ \ rho~n  11,zd been members of the Society for iilolmc than fifty years : of these Pasl-Presiclents Gilbert was the eldest;. The President concludecl his acldress to him by saying : " The ltothamsted results will be for ever meinorable : they are uniqnc, and characteristic of' the indomitable perseverailce and 
energy of our venerated President, Sir Henry Gilbert." Of the Linnean czucl Bteteorological Societies Sir Henry Gilbert was also a Fellow, and occasionally read papers a t  their meetings. I I e  was also a membel- of the Society of Arts. I-Ie became a inember of the Scientific Corrxnittee of the HorticulLural Society in 1868, and for many years regularly attended its meetings. I n  his suinrner llolidnys the meeting of the British Associa- 
tion for the Advancement of Science mas generally attended ; his attendance comn~enced in 1842, and during many years he scarcely 111issed a meeting, and frequently read a paper describing some of the Rothamstecl results. I n  1880 he was Pres iden~ of the ChemicaI Section, and gave as his address, "A  Slretch of the Progress of Agricultural Chemistry." A 
tour on the Continent generally formed part of the sunliller 
holiday ; agricoltural laboratories and experimental stations were then visited, ancl 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, prepal.atory to the conlmencernent of esperimen ts on this snbjecl at Rothamsted. Three visits were paid to the Uniteci States and Canacla. In  1882 he attended the meeting of the A~nerican Association 
for the Advancement of Science, at Jgontreal, and brought 



hefore them the recent detrmmint~tions of l l i L l ' ~ ) $ ? l ~  i l l  1 1 1 ( '  esper.imental soils at Rothamsted. A tour of n(\alul)' t-lll'ct' lllonths was afterwards made in the TJnitarl Statcs. l3s4 
hs was again st Montreal, at llle ilrcct,illg of thc lhtilisll Associatias, nnd nftc~urards ~.naclc sccoll~l cstensi~c: 10111' 

r 1 t,hrough North America. l h e  last visit was paid in 13:):j- after the celebration of the Xothamstcd jubilce, folm tllc purpose of delivering a course of lectxres on the ~othnlnstct l  experiments, in accurdauce with n provision of Sir John ~Ailwcs' trust deed. Sir Henry Gilbert first atlended t l ~ e  ilgluicl~ltnral Congress held in coiiilectioir with the World's Fair nt Chicago ; here he had a splendid reception, all present rising cheering for some time. To this Exhibition at  Chicago a. l&l'gc collection of diagrams had been sent from Rothamsted, i ~ l ~ l  for these a medal was afterwards i~wardcd. Sir Henry GilherL then gave a course of seven lectures a t  the State ~ ~ r i c u l t u l * d  College at Amherst, Mass., talcing as his sx~bject thc dlicf results relating to the crops ordillarily grown in relation, with ' those relating to the feeding of animals, obtained s t  ~ o t h a m s t e d  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 TSsnsaclions of the IIighblld 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 alhwed by the statute. He delivered during this time over seven$ lectures on the of the Rothamsted investigations ; these lectures he hoped to publish, but the intention has rmnainecl unfulfilled. I n  1885 Dr Gilbert became an Honorary Professor of the Royal Agricultural College at Cirencester, and clelivered an annual lecture during six years ; the lectures were published in 
r 1  the Ag~icslturul ,Studmt$ C~zette.  lhey treat in condensed 

of gome of the subjects previously discusspd %+ r\,rn.,A 
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The transfer of the Eaboratory and experimental fields to the management of a comnnittee czppoint.ecl under Sir John La~ves'  trust deed of IS89 has been alreacly mentioned. After this (late tlie vil~tual direction of the experi~lleuts coiltiuued to ~ ~ e m a i n  in the hancls of Lawes and Gilbert during their joint lives. For tlie 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 publislled, and nlaliing suggestions as to future worlr. This report was printed in 1891 for the use of the co~nrnittee. The celebration of the jubilee of the Rotl~amsted Experi- nlents in 1893 has been already described in the notice of Sir John Lawes, with the numerous honours suhsequently confenecl on both Lawes ancl Gilbert. Dr Gilbert re- ceived ltnightbood frsom t;he Queen on August 11 of that year. Sir Ilenry Gilbert WAS a member of the conlrllittee 

appointed by the Government in 1896 to take evidence - and report on the mnte~*ials used in the manufacture of beer. The committee presented their report to Llle Treasury in 1899. H e  received many I~onomry degrees. The University of Glasgow macle him LL.1). in 1883; Oxfo~d,  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 Mirite Agricole; and an honorary member of many agricul- tural societies at home and abroad. With a life so filled wit11 many labours it need hardly be said that Sir Henry Gilbert was possessed of a robust constitu- tion. He, however, suffered a t  times from over-brainwork, and his frequent excursions abroacl were really needed to maintain a healthy tone. In later years he suffered much a t  tiines from internal pain, the precursor, probably, of his last illness. Tllc death of Sir Johu Lnwes in 1900 was naturally a 



weat shock to him. He was fairly sigo~.ons, l ~ o i s c : ~ ~ : ~ ,  h during the next summel*, l.)ut was t;~l<en sei-iol~sly ill  t l r ~ r i ~ l ~  
a visit to  Scotland, and i*etm.rletl l l o ~ ~ l e  wit11 ~lifI j~. t l l ty.  111 died at JIarpentle~l o n  l l e a ! ~ l l l ) i ~ ~ *  23,  1901, i11 ! , is  ~5111 year. 



CHAPTER I 
THE SOURCES OF THE NITROGEN OF VEGETATION 

To arrive at  a proper understanding of the scheme of the Rothanisted Experiments it is uecessary to reconstruct a little the state of the lrnowledge of agricultural science at  the time they wem begun in 1843. I n  many respects it was a period of considerable activity in matters agricultural ; the whole landed interest mere malting great efforts towards the improve- ment of land and stoclc aud of i~lethods 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 mas being reclaimed by marling and claying. A sign of the times was the establisllrnent of the Royal Agricultwal Society in 1838, a i ~ d  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 niay be formed of the point of' view of the intelligent farmer of that date. The science of the time bad just reached a point which enabled a general theory of the nutrition of both plant and animal to  be formed. I n  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 decon~pose the carbonic acid of the atmos- phere, setting free the oxygen and retaining the carbon, this being the source of the carbon which nlalres up the bulk of the dry matter of plants. A little later De ~aussure,  who published A 
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his Rechel*ches ChiTniques sur la i.;yotatio~a in 1804, confirwcll the above-mentioned discov erics and q ~ n \ .  t 1rcm n collcrcll t shape. He then proceeded to clisc~lss the mineral 01. constituents of plants, made a serici of aiial~sr~s of ~111) ashes of various plants, aud pointed out the inlportanco of tlrrsc substances in the nutrition of tlla plant. Davy, whose lec tn~~rs  on Agricultural Chemistry to the Board of Agricult~u'c were published in 1813, though he did not advance tllc subject much by his own investigations, yet did much s e r v i ~ ~  in presenting to the agricultural public the sciellce that was then available. He  laid l n o r ~  strttss tlian beforbe on the importance of the ash constituents and the use of ma;nures to supply them, but he appears still to have con- sidered that much of the cerbonaceo~xs matter of plants was directly derived from the humus of the soil, that the assimilation of carbon from the atmosphere Qras of minor importance. ~oussingault's memorable work began in 1834, and in 1838 he the result of the enquiries he had been rn$lcing on his farm into the principles underlying the rotation of crops. H e  analysed both the manures applied and the crops from the land, and thus demonstrated statistically that $11" source of the enormous quantities of carbon removed can only be the carbonic acid of the atmosphere not the soil nor the manures applied. I n  1840 appeared Liibig's bmous report to the British Association on " OrgaDic chemistry in ils 

applications to Agriculture and Physiology - 7 7  H ~ ~ ~ ,  builciing upon the foundations laid by De Saussure and by Boussingault (for in this direction Liebig was not an original investigator), and illuminating these facts by the light of his own recent discoveries in organic chemistry, Liebig clreur out a convincing scheme of the nutrition of the plant. Green plants by the aid of sunlight de~ive their whole substance from carbonic acid, water, ammonia present in the atmosphere and by decaying matter in the soil, th "imp10 inorganic salts which are afterwards found in the ash 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; i t  callle 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 freo nitrogen of the atmosphere, but obtained it from tlie nitrogenous compounds in the soil and from the small amount of ammonia which he showed to be present iu ordinary air. 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 aniounts of combined nitrogen, so as to ascertain if the growing plant did assimilate atmospheric nitrogen. While the crop statistics seemed to show in certain eases a considerable 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 Snussure and of Boussingault were adopted by Liebig in his first publication; he considered the source of the nibogen of vegetation was ammonia derived from the decay of the previous generation of plants or brought down from the atmosphere by tho rain. I n  his later editions Liebig so~nowl~at  shifted from this point of view and began to nlinimise 



the importance of any supply of coll~l,inc(l nitrogen "' "" 
plant ; provided that, the soil wcre s 1 mint""' 

removecl by the crop, hc argued that it \ ~ ' ~ l l l ( l  'lc able to grow luxLuiantlg and obtnii~ for itsttlf all L l l~  l ~ i ~ ~ ~ ~ % ( ' ~ ~  
necsssayg. It is difficult now to estimato exactly the: p ~ ~ ~ i ~ i ~ ~ l ~ s  held by colltroversialist~ of more than half a cent.lllsy ;%('y but there can be little doubt that I,if:b.hig 0vel'esti1ll;ltpc' the amount of ammonia mllich could be obtained fl.om tile atmosphere, and that he and his followers, a ~ g n i l ~ g  fi'onl grounds as to the origin of the original s tocl~ of combined nitrogen in the world, werc disposed to bvlicvc that some, if not a)], leafy plallts could assimilate and fix free at,mos@eric nitrogen. Some little time before the publication of Liebig's re- port, Lawes had begun his experiments on a sr-sll scale; as early as 1835 he was making trials in pots a t  Rotb- amsted, ancl these mere Year by year extended to the fields on tbe home farm, until in 1843 the scale had so fitl' in- 

creased that he secured the co-operation of Gilbert and the Rothamsted Experinlents as we now lcnom them began. Curiously enough, at this very time (1842) Dr Daubelly, some of whose lectures had attended a t  Oxford, was writing in the new Journul of the Boyal Al~rieultul.a~ Society about the necessity of sysbematic experiments to ascertain tile value of manures: "I know not how sxperiments well be institu~ed, except it be 03 an e ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~  fitrllm, established for the purpose, and placed under scientific hands Productive of no immediate advantage to ,.be land on they are tried beyond what could be equally well attained by a much inferior expenditure of labour, they are not to be taken up by any private individual who combines practical experience and pecuniary 'esources with the repisi scientific skill ; and even if such a person were to present himself, what 
guarantee can we Offer to the wodd \hat he possesses the requisite qualifications ? " For it should be remembered that 
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this was tlie period of the first introductioil of wl~at  we now call artificial manures; the virtue of bones had long been known, and a t  Liebig's instigation their phosphoric acid was l~eing made soluble by acid, snd dissolved bones were becoming 
an article of commerce. Lawes had followed up Henslow's discovery of coprolites by converting them into mineral snper- 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 substnnces 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 necessary to the crop, but on the whole determined its yield to ,z 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 Eothamsted, as will be evident when the individual fields come to be consitiered, 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 mill 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 a normal vegetation could supply itself with the necessary 
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nibogen from atmospheric sources only. Attempts l l : d  alst) been made to grow plants in artificial medin wit11 n f<lln\\'n supply of nitrogen, which could be compared with the imloul~t~ of nitrogen found later in ihe fully growu plarlt. I:uusriilgault, 
to mho~n the first experiments of this nature wcrc due, so011 found that very elaborate precautions must be talcen to obviate the influx of nitrogen either in dust or as ammonia in  the atmosphere and in the water employed, Lenco in all lkis int experiments the plants were grown in closed cases fed with air from which all snlmonia had been withdrawn by acid, ]$ens- singault7s conclusio~~s nera against the fixation of any i\itikogen, - but they were not accepted universally; in particular, Villc brought forward other similar experiments, in which the plallt showed a distinct gain of combined nitrogen. In  1857 the subject was taken up at Rothamsted, and a most elaborate series of experiments were ca~riecl out by Dr Evsu Pugh, at that time worltiiig in the Rothsmsted laborntory. The experimental plants were grown under glass shades, and every precaution was taken t o  ensure the freecloin 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 bucl~wheat, 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, mercury being used as a lute. 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 than out, thus minimising all danger of llnmashed air leaking in ;  carbonic acid was also introduced as required. Under these rigorous conditions the followillg results were obtained :- 
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TABLE 1 . - S ~ ~ n ~ n ~ a ~ y  of the R c s ~ ~ l t s  Of &'xperi?)lcnts made at Rothamsted to  dctclqrnine n u l ~ e t h e ~  Plants ussi?nz'Zute A.ec fVitroclen. 

/ With no combined Nitrogen supplied beyond that in the Seed sown. -1 
" 

Nitrogen-Grnm. 

Gain or 1 '0~s .  I F  any. 

Rntio of Nitrogcn rocovcred to rd%2~d" 

G m m i n c ~  , 

, 1 Leguminos~ . 1 
Other Plants. 

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 manwe to induce an initial vigorous growth, for many years the whole trend of scientific opinion was against the possibility of the fixation of nitrogen by living plants. 

With combined Nitrogen supplied. 0 

1S58 {  

{ 
lS5' 

( 
1858 

18j7{ 

( G r a m i n e ~  . '1s58 1 
Wheat . Wheat . Barley . Barley . 
Wheat . Barley . Oats . . 
Wheat . Barley . Oats . . g:t:e; , . 
Beans . 
Buckwheat 

Leguminose . - ( 
Other Plants . 

Wheat . Barley . Barley . 
Wheat , Barley . Oats . . 
Wheat . Oats . . . 
Beans . I'm . . 
Buckwheat 

1858 { 
1858 
1858 

0 '00 i2  O'00i2 0'0082 
0'0081 OS005S 0'0056 
0'0078 0.0063 
0'0791 
0.0757 0.0167 
0.0182 

OV0080 0.0056 0'0056 
0.0075 0-0057 0.0063 
0'0078 0.0064 
0.0796 
0.0750 0.0188 
0'0200 

1-16 1'01 1.01 1'25 
0.98 0'94 0.69 
1-02 0'94 0.76 
0'93 0.95 
0.92 
0'9.5 

0'0329 0,0329 0.0326 0.026s 
0.0548 0.0496 0'0312 
0'0268 0'0257 0'0260 
0.0227 0'0712 
0.0111 
0'0308 

-0.0008 +OV0016 +0.0026 
t0 .0003 +O-0001 -0,0007 
-0:bbol 
-0.0005 
+0.0007 -0.0021 
- 0.0018 

0.90 1.29 1.46 
1.04 1-02  0.89 
1 .OO 0.98 
0.99 
1-01 0.89 
0.91 

0.0383 0'0331 OaO32S 0.0337 
0'0536 0'0'1G4 0.0216 
0.0274 0.0242 0.0198 
0'0211 0'0665 
0.0655 
0.0292 

+0'0054 +0'0002 +0.0002 +0'0069 
-0.0012 -0'0032 -0.0096 
+0'0006 -0'0015 -0.0062 
-0.0016 -0.0047 
-0.0056 
- 0.0016 
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There remained, honlever, a nunll~er of (liflilsulL to 

for : &It,lthough labolatory expcrinlent,~ s i ~ t l i l i l ~  t o  ~ ~ I O S C  just described, but resulting in a gain of niiroge~l, ciwltl 111% dis- missed as vitiated by the lllsily l~ossiblc sourt+cis uf CI.I.OI., J C ~  the statistics of the nitrogen collectcil by v:oious clBops could not be explained in any such fashion. It bas slready 1)ccn mentioned that Boussingault made out a balance-slloet, of nitrogen supplied in manure and removed in cro-() during different rotations ; he found that while in a rotstion of wl~eat and failov alone the wheat contained ratlrer less nit,rogcll than was applied as inauure, yet other rotations in which clover was included, and particularly n five years' continuous crok)ping with lucerne, gave a large su~plus of nitrogen removed over that supplied. Similar evidence was accumulated at Rot,ham- sted and was made more cogent by  the andysis of the soils, which showed not o~lly no decrease but an actual gain of nitrogen during the period when the leguminous crop was producing such large quantities of nitrogenous matter above ground. Thus when the various mops were grown con- tinuously with mineral manures* but without any supply of combined nitrogen, the following average amounts of nitrogen per acre were t,aken away :- 

Wheat . . 24 yeers . . . ~ b .  Barley . . 24years , . . 30 years . 24 years, of whit< 2 failow . . Clover . 22 years, 6 crops only . , . 4 5-5 39.8 - ---_XI-__ _ - __ -I -- 

TABLE IT.-Az.eru!/e Removul of Nitrogen per acre by Crops grown continuously wztlz M i n e ~ a l  Jfu7lu~es onlz~. 

l n  a comparison of the alternate wheat and fallow plots with the adjacent plots continually under leguminous plants, - * The term mineral manures will ire used tllroughout for lninturcn of the constituents found in the as11 of plmts, ;.re, p h OPP1 . 1 tes, sulphates and chlorides 
of sodium, potassium, csleiurn and magnesium, but excluding nitrogen in any form. 

- - - - -  
Duratloir of Expclriment. 

--- - -__I - - - -  _-- Sltrogun removed por acro per snnum. - 
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the following comparative figures were obtained after both had beon under similar treatment for many years. 

TAI(I.B IT L--fIrit~.oyc?b i 7 h  C~op UTUZ Soil. Lgumi?zozls Plants conzpa~cd ~t1'ifl~ I,Vl~ec/,t and E'ullow. Boos  PicZcZ. 

Lb. j Lb. Avcrngc Annual Removal of Nitrogen, 8 years (1878-95) .  . . . . . . 12 7 1 
Nitrogen per c e n t  in Surface Sod in 1835 . 0.1021 0.1269 ( 0.1151 0.1219 Nitrogen as Nitric Acid in Soil and Srlbsoil to  the tleptli of 9 feet, lb, per acre. 1885 . 42 17 

111 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 mas cut t l~ ree  times, the otllell portion which h ~ c l  not been sown with clover was again cropped with barley. Determinations of the nitrogen removed in 1873 showecl 151 1b. in the clover crop and 37 lb. per acre in the barley crop respectively. I n  the following year (1874) barley was again sown over the whole area, but the barley crop which followecl clover took away nearly twice as much nitrogen as that which followed barley, although this ]lad cont,ainecl 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 IV. (p. lo), where all the results are summarised. In yet nilother 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. A t  starting, the soil was analysed ; the surface 9 incl l~s  colltained on ail average 2657 lb. per acre of nitrogen, while of nitrogen as nitric acid the soil only con- 
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tsined 25.7 lb. per acre domn to a depth of 6 feet. -1s " 
result of the three yeaxs' cropping with bnrl~?- arld do\-l'r, md then with clover only, an average amount of 310.5 lb. of 

TABLE IV.-Nit?-otqci~ ( I ~ ' ~ ' ~ u I L  /llaf~tr! /rg C/U~.C,' f ! : * i i l ) .  Liltlc ~ Z ~ J O S  E'i~:lrl, -- -_I-____ _I__-- - - 
I r ' 3  , r '  c f  l S l * T l > J " *  1 Year, otc. - 

I t  \ 1 , ' I .  
--- - - - 

~ h i ! i  . . . . , . . . [ ,  , :  ~ ' l t , i t . r ,  1.81 l B T 4 .  . . . . . . . Barley, :$!jej U x r i q  , 1 1 I I 
nitrogen was removed, yet the soil contained, on au:rlysi~ at the end of the experiment, 2832 ib, of nitrogen per acre in  top 9 inches, or a gain of 175 ib. per acre in the tllree ).mys ; malting a total, wit11 the crop removed, of nearly 500 lb. of nitrogen per acre to be accounted for. Experiments lilre these, cou~jletl with tho long experience of practical farmers* of the beneficial effects of the growtll of clover and other leguminous plants on the succcecling croJ?s in a rotation, led many men to  think that there still ixigllt be fixation of nitrogen by legurninous plants, in spite of the apparent exclusion of any such hypothesis by PuglIys experi- ments at Rothamsted. Voelclrer, in Englancl, when disctzssin," the power of a clover crop to ac~umulate nitroge~~, expressec1 the opinion that the aitmospl~ere furnishes nitrogenous food to  that plant ; in France it was mdntained by Ville Berthdot also brought evidence to show that the soil itself,'by the aid of microscopic vegetation, assimilated some free nitrogen, - - * Vergil, Georgics I., 73 :- 

"Aut ibi fiava seres, mutato sidere, farra Unde prius laetum siliqua quassante legumen Aut tenuis foetus viaiae, tristisque lupini Sustuieris fragiles ealamos, sylvamque sonn,lten,.l~ 
r r  01; under a changed star, you will the " SOW the golden wheat, whence earlier you took away the bean, hxrmiant with quivering pod, ur the of the slender vetch, and the fragile stalks and rustling grove of the bitter lupin." 



Lawes and Gilbert tllelnselves mere disposed to loolc to the subsoil as  the source of this excessive an~ount  of nitrogen, and were conducting experiments to ascertain whether the widely ranging roots of the leguminous plants, in virbtue of their highly 
acid sap, did not possess some special power of attacking the clorrnant nitrogenous compounds in the subsoil, when the clcml.ing up of tlle wl~olo subject c;llrlc with the publicatioll, in 1886, OF tlte ~~esc~:~t*r;l~rs o f  T I ~ l l ~ % i c ~ ~ l  : t n t l  Wilf':~ r-(11. ' l 1 I ~ i ~ ~ w ~  illveal.ig:r~oi~s found tlrst when plants were grown ill  sand and 
We1.e fed with nutrient solutions, the Gramine~e, the Crrrciferze, Cllcnopodiacee, the Pulyguucie, grew allllost proportivllitlly to the amoont of combined nitrogen supplied ; and, if this were absent, nitrogen starvation set in as soon as the nitrogen of the seed was exhausted. With tlle Leguminosze? however, a plant mas observed somctilnes to recover from the stage of nitrogen starvation and begin a luxurious growth which lasted until maturity, though no combined nitrogen was supplied. I11 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. Fm7ther experinleuts 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 matcry 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. Tlle renewed growth and the assiinilatioii of nitrogen were always found to be attendant upon the production of nodules on the roots. The nodoles Were fou~ld to be full of bacteria, to which the name of Bacillus radicicolu has been given ; they could only be pro- duced by previous infection, either by a11 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 a t  the ~neeting of the Naturfoforscher Vwsammlung st Hail0 Hellliego1 arid Wilfarth read their 
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papel., and on his return to Bnglnn(l ~ q l ~ r i m c n t s  'sC'C ilnmedjatEly begun a t  Rothamstccl t o  chC'~k their yesnlts. A sel-ies of small pits were 1,uil~ up of slntc ~1313s out r9f doors, and these were filled wiill citl~cr soil or n-asllctl salrd i ~ l l ~  then sow.* pith 11arious icguwi~lous pl:mts, which were aftriy- wards inoculated oy not as clesii*erl. Tbe growth W ~ S  cut ;I\'';'Y for the determination of dry rnnttcr produced and the nitrogen 

conected ; the roots were washed out fi.0m the 
or for the examination of the (levelopment of tll? no(lnles A more dgorous set of experiments were cilrried in 
glazed stoneware pots in the glasshuusc, a d  sorrle of the results obtaiued arc set out in Tnl~le 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 s a d  or soil used, in the extract employed for inoculation, or in few cases in the manure, is compsrcd gi th  that recovered in soil or the plant, The first horizontal line for each plant shows the results ob1;ained when tllere was no inoculation and the plant gleuT with silnply tho store of nitrogen present in the seed and what i t  could obtain from the soil : the second and third lines show the results af inoculation, both r;ec:d alr(l soil being otherwise similar; the fourth line shows the result when the seeds were sown in ordinary soil. It is ne~dless 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 'lader of field c u l t ~ 0  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 bee* carried out, had prevented any fixation of nitrogen by excluding all possibility of inoculation, The of the increased stock nitrogen "tained with leguminous crops, which, as instanced above, had hitherto been so diEcult of explanation, at once became 
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apparent, and the long controversy as to the sources of nitrogen in  vegetation was thus closed by a vindication of both scllools of opinion. 

Lawes and Gilbert we1-e ~0I"eCt in mai1ltaining th at the ordinary green plant has no power of fixing i ~ i t ~ ~ ~ g e ~ ,  b"t whole class of legu ,inous plants form an  exception 
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when mown under ordinary Rcld conditions, for then they . A  become collectors of atmosplreric nitmgeo in ~ i r t t l v  of tllc nodule bacteria wit11 which they :Ire associatecl. 

"Agricultural Chemistry, cspccially i l l  relation to tllo R.lincrii1 ?.llc-~r! of Baron Liebig." J.R.A.lY., 12 (1831), 1. I?. ilic~l~., Vol. I. ,  So.  3 -  '<On the Sources of the Nitrogen ot' V c p t n t i o n . "  PIzil. TT~JLV., 161 ( ~ ~ ~ l > ~  431. R, iwm~r., Vol. I. ( ~ C O ) ,  No. 1. Icon the Sources of the Nitrogen of Vcgc tn t ion ,"  Jolr~.. C:ltetit. hbc., l0 (IS@), 100. n. nilcnt., Vol. I I I . ,  No. 1. "Sketch of the Progress of Agric~~lturill  Cllc.mi\try." itcIl. I\rit. ASSII. for 18SO. n. fila~l., Vol. V., 13. "On the Present PosiLion of the Question of thc Soulces of Nitsogcn of vcge- tntion." Phil. f i n n . r . ,  180, I3 (1S89), 1. R. MClJl. ,  \Tnl. 1. (.gto), So. 9 .  "Results of Esperi~nents  i ~ t  13othnmslccl on the Question of tile Fisnf;iol' of Free Nitrogen." rlgriclril~wnl I S . t ~ [ d ~ , t l ~ ~ '  Ga,yel,c, Net\. Series,  6 j  1890-91. R. .Me?~l., Vol. VII., N ~ .  1. 



CHAPTER I1 
3IETEOROLOGICAL OBSERVATIONS 

THE rainfall has been measured at Rothamsted since February 1853 in n 5-inch funnel gauge aud in a rectangular gauge (7  feet 3.12 inches by 6 feet), having an area of one-tliousandth acre. 
I n  addition to these gauges, an 8-inch Board of Trade gauge has been employed since January 1881. The ground on which tho gauges are situated is 420 feet above the sea-level; it adjoins the Barn Field (continuous root crops), and is at s slightly lower level than the Broadbalk and. EIoos fields. The amount of water percolating ihrough bare soil has been n~easured since 1870 by means of three drain-gauges, each .having an area of one-thousandth acre. These were construc~ecl by underinining the soil a t  the desired depths-20, 40, aod 60 inches respectively-and inserting perforated iron Plates to support soil. When this was completed, trenches were cut round the bloclrs of soil, and these were then isolated by means of brick and cement walls. The external mil was then returned. The percolating water falls on to "nc funnels, from which it passes to the measuring cylinders. Barometric and temperature records have been kept since l873, and since July 1891 daily observations of the bright sun- shine have been made by means of a Campbell-Stokes recordel: The average yearly rainfall as measclred at nothamsted cluing the last sixty years, 1853-1912, is 28.34 inches. This is higher tllan the average in Hertfordshire (26.29). AS regards years of 
16 

.1 ', 6 .  



the records sllow five years in which tlle riiinfiill \rv:ls Icss t l m  21 inches-the lowest was 18.56 in 1364- - alrrl 1h1.w years in which it was more than 35 inclirs-tl~e lligliest rcco~*(le(l 1)~illg 38.69 inches in 1903. More prolonger1 pc.rioda of w e t  occ:urrc(l in 1875 and 1876, and in 1879 and ;880, rvhcu 69-34 alld 70.0 inches fell in two consecutive yeas.  The ninr:-ycnr prrio[l, 1883 inclusive, mas an exceptionally wet on(,, moll 
\ I ~ r n  

Fro. 1. -Rainfall : Average of 60 years (1853-1912). Sunshine: Average of 20 years (1802, 1893, and 1895-1912). Mean Temperature : Average of  35 years (1878-1912). 
individual year giving a b l l  of more tilan 30 inches, and 
averaging 33.54 inches over the nine years. ~ ~ c e ~ t i o n a l  ~e r iods  of drought extending over two years are less frequent, and the lowest averages of two consec~~tive years are 21.7 in 
1863 and 1864, 22.1 in 1901 and 1902, and 23.2 in 1870 and 1871. The longest consecuti~a period of years showing average rainfall was the five years 1867-1871, *hen the falls ranged from 21.3 to 26-9 inches, and averaged over five vears 24'84 inches. J In  Fig. 1 curves are set tout showillg the average rainfall, 



RAINFALL AND SUNSHINE RECORDS 17 
mean temperatnre, and clrwatior? of suuslline from month to 1?1011tLl. The greatest average rainfall (see Table VI.) is in October, 3-18 inches, followed by 2.58 in Wovember, while in December a11d Jsnua1.y the amounts decline to 2-47 and 2-34 inches respectively. From February to August inclusive there is a gradual rise from 1.81 to 2-69 inches, but i t  declines to 2.37 incl~es in Septembel,. 

! 1inl11rnlI. Briglit Su~~sl i inc .  Tn~upcrnturo. 
Avcrngo, 60 ycnrs A\sorngo, 20 years Average, 35 yeers (lS69.1012). (lS92, lSQ3, nud lS05-1012). (1978-1012). 1 Rainy Dnya. ( T o h l  hour, or more. Fall. I Actual. 

The average number of rainy days (with 0.01 inch or more) does not vary very much ; the greatest is, like the rainfall, in Ocbober, and the lowest in June. The total nnmber of 

-- 
January .  . February . Nnrch . . April . . May . . June  . . July . . Atrgust . . September . October . . November . December . Wlrole gear  
P 

rainy days in an average year amounts to less than 50 per cent. The maximum amount of sunshine occurs in July (217.9 hours, or 45 per cent.). There is a slight decrease in August followed by a very rapid decrease until November. The minimum (42.5 hours, or 18 per cent.) is reached in December, after which there is a continuorrs increase until the maximum in J1lly. As regards percentages of possible sunshine, the highest 
(45 per cent.) occurs in July, which is closely followed by August with 44 per cent., and September and May with 42 per cent., and April and June with 41 per cent. Of the remaining B 

---- - I-- ____II_C____ I l ~ c l ~ c a .  2.34 So.  16 17 1 :;:;I 1.81 1.92 1'84 2-19 2'45 2'50 3.69 2.37 3-19 2.58 2'47 - 28-84 

52 1 4  14 13 13 / 12 13 1 4  13 18 16 17 - 
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. 
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42-5 IS I 16 1 51 - -  

26 31 41 42 4 1  45 44 

___-_ 

42 1 27 92 32 25 80 

19 26 27 29 2'1 30 30 

42.0 44'1 33.7 48.3 37.0 54.2 42.5 ( 60.6 48.4 66.2 61.8 69.8 51-3 / 68'5 

84 91 93 91 96 95 
23 19 62 36.5 

36.9 38'4 41.0 46.6 51.0 51.3 60'8 59.9 47'4 63'9 41.5 / 55.3 55'7 48.4 



months, March and Octoher (31 and 32 per cent.) b u e  the highest, and January and December thc lowest pcrcentogcs (21 and 18) of possible sunshine. ID the whole y car mr havc an average amount of 1592 hours, or not much inore than s t l l i d  of the actual sunshine above the level of the clouds. 
Tl2e Amounts of Nit~ogcn as Ammoniu, crnd Nit7*crtcs, CllZo~~ilfi', and Su@hzsr.ic Acid, in the Bnin-aoate~ at IZothnn~strd. 

A t  the time of the cornmencement of the ~ o t h a m s t e d  Experiments very little was known as to the cz~nouuts of caul- bined nitrogen and other substances prescnt in rain-~vater. The presence of ammonia, both in the atmosphere and in rain-water, was well Bnown, but, owing to the imperfections of the methods of analysis then svsilable, somewllat exaggei*atec1 ideas prevailed as  t o  the amount. Licbig considered that the atmosphere vas  able to  furnish the average crop with sufficient ammonia for its development, hence followed his celebrated "mineral " theory that to add ta  tlkc soil the  ash constituents of a crop would be a sufficient manuring. As this opinion of Liebig's was strongly contested by the Rothamsted investi- gators it was necessary t o  make aCCurate measures of the combined nitrogen brought by the rain. The earliest analyses of Rothamstecl rain were made i n  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 acid uninterruptedly fro& September 1886 till December 1916, for the first few months by Schloesing's method, and subsequently by Williamsy copper couple method. 



COMBINED NITROGEN I N  RAIN 19 
T o  addition to the analyses of monthly samples of rain, a 

lalge number of single samples have been analysed at Rotbamsted, as well as about eighty sanlples by the  late Sir E. Fran lilancl, 
TABLE VII.-iVil?*oycn and Chlorine in Bolhnlnstcd Rain. Monthly Aucrages, 1 5  years (1889- 1903). 

Nltrogan. Chlorine. 

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 deterniinatio~ls both of ammonia and nitrates are available. I n  Table VII. will be found the average lnonthly rainfall for the period in question, the amount of nitrogen as ammonia and a s  nitrate (or nitrite), also the chlorine, ali expressed both as parts per million and as lb. per acre. Other colullins show the relative proportions ~f the two combiilations of nitrogen. Reference to the table will show that the average amount 
Of nitropen in the two forms is 3.97 ib. per acre per aonum, - - u "- 

j(. See Sixth Beport of the Rivers Poht ion Commission, 1874. 



and that most of the nitrogen is in the form i.,f : ~ I I ~ I I I O I I ~ ; ~ .  the nitric nitrogen representing only tlrrcc-tcntks OF tllc \\-hdc. The rnon1;hly variations show little regularity citlrcr in the total nitrogen or in the relation of alillllo~ia l ~ ; L ~ l ~ ~ .  It is, however, of interest to note that in  thr: pcll~iotl ,Ipril to September, during which the rainfall is less tllsll half t,lli: t l ) l d  for the year, the rain co~ltains more nitrogen tlmn in tlic* six months, October to March, and that the amount. of nitric nitrogen is nearly the same ill both periods, t]le c x ~ c s s  in the warmer periods being mainly cine to ammonia. When we compare Libe yearly arnuullts of ilitrogeu in the rain, the variations are not found to be ylsc;rt,, and seem to have little if any yelation to the rainfall. The highest result corresponds with the highest rainfall (4.84 111. in 1003) ; but the minimum result (3.30 lb.) was obtained iu 18907 when the rainfall arrlountecl to 24-78 inches, With one of the lovest rainfalls of the period, however (20.967 inches in 1902), we get nearly the maximum amount of nitrogen, riz., 4.673 It must be borne in mind that the nitrogen in the forms of ammonia and nitrates does not represent the whole alno~lnt supplied to  the soil. li'ranlrland's results showed that rain contains besides the nitrogen in these forms a certain amount of organic nitrogen, equal lo about one-third of the nitrogen as ammonia and nitrates. 60 that wc may con sic^^ that the average sl~nual rainfall a t  Rothamstecl contains 3-97 plus 1.3 or about 5 1b. of total nitrogen per acre. The amount of chlorine in the monthly samples of yain has been determined at Rothamsted since 1877. The average amount over the whole year is 2.46 per million. The amount is in the July rain (1.09 per million), and the 
maximum (4.17 per million) in the January rain. The amount falls and rises in the intermediate months c;onsiderable regularity, the only break occurlving in the March rain, which coiltains more chlorine than the falling in Febrllary- The total chlorine is equivalent to 25.3 ib, of common salt per acre per annurn. of this amount, 17.0 ib. 



ClHLORIDES I N  RAIN 21 
is contllibuted by the rain falling from October to March, and 1-est (8.3 lh.) by the spring and summer rains (April to September). This difference is all the more striking as 
"he i.ainbl1 of bl~e two six-lnonthly pejtiods is almost the same. Tbe yearly nlnounts of chlorine per sere vary consideTably, 

' the variations depend more on the distribution of the ~ainfal l  during the year than on the total fall. . 

TJIBLE VII I.-Comparison of J f a ~ i m u m  and Jfi7~inzum I>).ecipitation of Rain and CI~lo?.ine. 

I~tclics. Lb. per acre. Dlaxinlurn Hainfail (1903) , I 8S.69 1 1 9 9 9  I hl inimu~n %infa11 (1598) . 20.49 16.33 

No recent determinations of sulphuric acid in rain-water have bee11 made at Rothamsted, bu& summary o f  the results obtained in 1881-7 is given here to complete the record. 
e. Reference to the Table (IX.) mill show that the rain contains on the average 2.57 per million of sulphuric acid 

TABLE I Y . - - - S ~ ~ ~ ~ Z L T ~ C  Acid and Ch1o1.i~ in Rain-tuater collected at 

(as SO,), and that  the total annual amount per acre is 17'41 lb. The most noteworthy result is the close agreement the amounts furnished by the summer and winter 

RotT~amsted. 

'ai14 especially in view of the great variations in the chlol-ine. I n  conclusion, it may be pointed out that the rain falling 
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at Rothamsted contributes to thc soil enough clllorine . ~ n ( l  sulphuric acid to meet the requirements of ~ n t ~ s t  crops. 
Propo?*tion of Roir&ll pe1*colcbti7y throlrgh 1'(~1*o Nd. 
Alongside tho large rain gauge, three percolation ox* (lririn gauges were constructed in 1870. Portions of the undistullbc~l soil, each one-thousandth of an acre in area, were isolntetl from the surrounding soil by digging trenches and h t ~ i l d i n ~  brick and cement wdls round the blocks of soil thus rxpos~'1 The blocks were then undermined, and eveutudly cil~ritld upon bars and plates of iron perforated t o  ellable the percolat- ing water to find its way into thc collecting funnel beneath* Thus in the end three bloclrs of undisturbed soil we1-B 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. 

Percolation tllrough Dificrenco ~vaporoted 8011. - -- -- (or Retained by Soil) - 
1 Average for each Month, 42 years (1871 to 1912). 

January. . . , February . . . March . . , , . . . . . . June . . . . July . . . August . . . . September , . . October. . November . - . December . . . 
Mean Total per year . - Results for Maximum and Minimum hinfau. - --- Maximum (1903) . 23.48 24.28 Minimum (1898) . 16.21 16,OQ 14'46 I '7.32 123':,", ) 7-69 I 12.59 1 12-80 

Inches. 2.09 1.97 2.03 1'82 2.11 2 62 2.46 2.85 2.17 3.29 2.83 2-71 
28.75 

Inches. 1.71 1-32 0.99 0'49 0.43 0.67 0'63 0.68 0.78 1'92 2.13 2.14 13.89 

Iucbcs. 1.99 1.46 1.16 0'56 0.55 0.71 0.66 0.70 0.73 1.87 2'18 2.35 - - -  14.91 

Inches. 1.91 1.42 1.09 0'53 0.49 0.68 0.60 0.64 0.88 1.75 2'07 2.25 18-93 

Inohes, 0.88 0.65 1-04 1-39 1.88 1.85 1-83 2.17 1-39 1.37 0.70 0.67 14.94 

Inches. 0.10 0'52 0.87 1-20 1.56 1-81 1-80 2.15 1.44 1-42 0-65 0.36 13.85 

InclrcE. 0.18 0.56 0.94 1.69 1.82 1.84 1.86 2.31 1.49 1-54  0.76 0.54 
_____A- 16'32 



PROPORTION OF RAINFALL 
It  mill be seen that; the three different thicltnesses of soil yield practically the same results, it being di£Ecult to account for small but constant differences which occm On the average, half the annual rainfall percolates through the gauges, and about one-half is evapolated. 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 t o  the crop. Again, as communication between the subsoil and the soil of the gauges is cut of$ all capillary movements of water, both dowowards during rain and back %gain dwing periods of drought, are stopped a,i a certain point, tllus affecting both percolation and evaporation by ~r~known a m o u ~  ts. 

<r the Amounts of and Methods of Estimating Ammonia and Nitric Acid in  Rain-rvater." Rep. Brit. Assn., 1834. B. &.fern,, Vol. I., No. 6. 
CC Effects of the Drought of 1870 on some of the Experimental Crops at  Hotl~nmsted." J.R.A.S, 32 (1811), 91. R. iTIe~?l., Val. I ~ L ,  No, 11. ?l On Itainfall, Evaporation, and Percol&tim." A.oc hzd. Civ. Eng., 46 (1876). 

t r  18. lV1e7)2., Vol. V., No. 5. Our. Climate our Wjleat Crops." J.R.A.S., 41 (1880), 173. R. ~Mejn., 
CC Val. V., No. 11. On the Arnourlt and Composition of tile Rain and Drainage Waters." J.R.A.S., 
rr 42 (1881), 241 and 31 1 ; 43 (1882), 1. 2% ilfe~n., Vol. V., NO. 18. 

New Determinntiolls of Ammonict, Cltlorine, and Sulplluric Acid in the Hain- 
r r .  water." J.R.,4,&', 44 (18831, 313. E. &!ertz., Vol. V., No. 21. rlle A r n ~ u n t  of Nitric Acid i n  the Rain-water a t  Rothamsted." 
IC Che7n. SOC., 66 (ISSg), 537. Observations on ltninfa1l, Percojstiolh, 2nd Evaporation st Rothamsted." 

( C  Proc. hsl .  Cia. j'Jzg,, 106 (1891). n. Jfe??~., V O ~ .  VII., NO. 2. 
Amounts of Nitrogen as Ammonja and as Nitric Acid and of Chlorine in the Hain-water coIlected ~ ~ t f i ~ ~ s t e d , "  N. H. J. Miller. F'roc. Cheqn. 

rr Soc., 18 (1902), 88-89, J, &kc. Sei. (1905), Vol. L, 280-303. 
The Amount and Composition tile Drnir~sge t l~rough Unmanured 

Uncropped Land, Barnfield, ~ ~ t b a m s t e d . "  N. H. .f. Miller. J. dgtic- 
rr Sci, (19U6), Val. I., Part 4, 378-399. The Cornposition of Rainwater coljccted in t he  Hebrides and leeland." N. H. J. Miller. J. Scogis/i ~ekeorob&c@~ SUC. (19131, Val. XVI., No* 

3 and 141-168. ''Note on  ;m Apparent secular Change in the ~othnmsted ~ r a i n - ~ a u b e s - ' '  E. J. R~~ssc l l .  J. Agric. ~ci. (1907)~ VoI- 11.2 Part 1, 28-34. 



TEE COhlPOXITION 01c THE RUTM~lhISTEB SOIL 
THE Bothamsted soil was described by Lawes in the fillst papel' he contributed to the Journal of. the Boyat Agrieuitu~rrl Soclew in 1847, as follorvs :--"The soil upon which my cxperimel1ts were tried consists of rather s heavy loam resting upon cbal1'? capable of producing good wheat when well manured; not sufficiently heavy for beans, but too heavy for good t~unips barley. The average produce of w l~es t  in the neighbourhood is said to be less than 22 bnshels per acre, wlreat 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 II. B. Woodward, F.R.S. : "The geology of the Botharnsted 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-Bints, 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 Lams hgricul- tural Trust are entirely on the mixed deposit of clay-with- flints, etc." <' The challc, which is extensively ' piped,' appears heye and 

there in irregular pinnacles near the surfaCa, ~t is usually lined with stiff red or dark brown clay-with-flints, the joints in 24 



ORIGIN O F  lIOTI-TAA$STED SOIL 25 
t''e 'lay, alld also the flints, being blackened by manganese '. Oxide. nI;lssf.n of this stiR c]ay-mith-ffints form the subsoil in elscmhere ligllt sands or red loamy sands with or " i t l lou~ bl;icli N i t r t  pebbles, or nlnsses of pebbles alone, form 1 

imnlediate subsoil ; again) grqr or mottled clay or loam with occasional pebbles or free from stones, or with a gravelly Pocliet Ile1.e and there, extends for some distance, iinmediately !'e"eath the soil. These accurnulstions occur in irregular JUxta~osition owing to the piped surface of the chalk, and in pQces tllel'c is s kind of marl formed on ihe slopes by the Neiltl~elsed rubbly cl1aIb . mixed with earth." 
i i Covering these subsoils there is a soil of grey fliuty or loam, 10 inches or more in thickness, and varying in I charactel' according to the numbel of stones in i t ;  in some rough and unworn Bints prevail, elsewhere there is an admixhue of pebbles ; and over some areas the soil G O D S ~ S ~ ~  of I 1 O a m  wit11 conlparntively few stones. I n  all cases, excepting '" the chalk slopes in tile valley bottom, the soil is to be 4 

I'egapcled as a heavy mixed soil, for the subsoil is in the main " heavy clay ; mere it ]lot -&'or the fact that the chalk here and there approaches very near to the surface of the higher grounds, t h e  land mould be wetter after rain than is the These underground pinnacles o f  chalk and the pockets 
Of sand and gare l ,  as ~umbwel ls  for the surface draioage. j) 

the irreguldty of the subsdl, the 'gficlllturaI character the soil is fairly Uniform all Over the estate ; some fields wor~c rather more heavily than others, and th , proportion of stones lying on the surface varies somewhat' these differences comparatively unimportant. The Passes into the subsoil Tvithout any sharp line of distinction, "Qd tho distribution of flints in th@ subsoil is very irregulaq b''illile the solid is at depths varying "" 12 feet, 
f Tile f ~ / / ~ ~ ~ i ~ ~ ~  Table (XI,) sbosr tilo mean results obtained "'  eight per cltbic foot and the weight per acre of' 



26 COMPOSITION OF BOT tI.\>ISl'ED Sc )TI. 
and fine earth for successive layers 9 inches tJrick, down t o  depth of 3 feet,, on each of the chi(:f ~:sperirnc~ntnl ficliis :- - 

T'AuI,~ XI. 

I -4rrcrngc lVciglit-s of Finc Dry Soil pcr :,;re. 
I --- --- - -  - I I Lb. fi'iyst 9 inches . 2,5;9,000 2,593.000 2 , R  %q,OQ0 2,?21,0(~0 Srrond 9 inches . 2,592,000 2,721,000 2, i  iY,OflO 2,1;?:(,4)0f) 1 I Third 9 inches . ?,Sl.i,00O 2,801,000 2,G.!:l,i)00 1 2,G;jl ,o\)O I i Fourth 9 inches . 2,886,000 3,048,000 2,1 t'1?,0110 j . , %  

Average Weights of Stoncs per ncre. I 
I Weight per cubic foot of Fine Dry Soil and Stoncs. I 

First 9 inches . Second 9 inches . rhird 9 inches . Fourth 9 inches . 

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

First 9 inches , Second 9 inches . Third 9 inches , Fourth 9 inches . 

TABLE XI1.-Mechanical Analysis 04 Rolhumted Soils. 

837.000 1 iG9.000 1 t; : 1;,000 480,000 530,000 .t:;1r.000 365,ooq i 41 5,000 307.000 477,000 . . . 270.000 I 498,000 ' 443,000 213,000 164,000 

First 9 inches. / Second 1 Third 1 9 i ~ ~ c h o n .  9 incllQs 
I _ C  

181.000 346,000 238,000 170,000 

I Hoos 1 "2;;- 1 ??inid. 1 balk. 

0.1 '9 93 '0 92.7 93 '7 
94'1 92.9 93.9 92.7 95'8 93.4 98.5 

2'0 0.5 6 '8 6.9 2.5 15.8 15'2 

tion, efc. . . . . . Hygroscopic Moisture . . . 
----- ---- 

consists essentially of a heavy loam containing little coarse sand 

07 -5  89.6 88.6 80-4  
94 *G 98 -0 93.9 . . . 



CHEMICAL ANALYSES 27 
or grit, but a considerable anlount of fine sand and silt and a large body of clay. I n  consequence, the soil has to be w-orked with care, becoming very sticky and drying to impracticable 
clods if moved when wet. I t  L'runs together" if heavy rain falls after a tilth has been established, and then dries with a hard, unkindly surface, these difficulties being much exaggerated on the plots which have been farmed for a long time without supply of organic matter in the manures. The chemical analysis of the Rothamsted soils differs very nluch 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 foilowing 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 :- 

TABLE YIII. 
First 9 inctres. Second 9 inches. Third 9 ir~chos. 

Soil drlod n t  100" C. Plot 2. Plot 8. Plot 2. 
Fnrrnynrd Un- Farrnynrd rnnnurctl. 1 afauure. manured. Irinnure. 

Loss on Ignition . . Containing Carbon . Containing Nitrogen . Soda* . . . , Potash *. . . . Potash, sol~lble in 1 per cent. Citric Acid . , Magnesia* . . . Lime* . . . . AluminaC . . . Oxide of Iron " . . Phosphoric Acid * . . 
, Phosphoric Acid, soluble in 1 per cent. Citric Acid Sulphuric Acid + . . Carbonic Acid+ . . Undissolved Matter * . 

Por co~l t .  4 '20 0.888 0.099 0.058 0.274 
0.0032 0.360 2.456 4'486 3,400 0.114 
0.0078 0.048 1-300 83.700 

Por cont. 6 '76 2'230 0'221 0'138 0'430 
0-0384 0,320 2.665 4'805 3'600 0'215 
0.0560 0.055 1,400 80-800 

Per cant. 4-61 0-565 0.073 0.090 0'446 
0-0060 0.420 0.460 7 '407 5 '200 0.113 
0.0045 0'041 0.050 81.480 

Por cent. 
0'748 0.077 0.132 0'624 
0-0276 0'310 0.61 8 6'829 4'800 0*111 
0'0094 0'041 0'200 82.620 

Por cent. ... 0-492 0.066 0.111 0'661 
0.0128 0.420 0'504 10.477 6-400 0'083 
0.0034 0 '031 0'050 70 -120 

I 
I-% I I I 

* Determined in the solutioll obtained by treating the ignited soil with stroug Hydrochloric ~kcra. t Determined in the unignited soil. * 
The most notable feature in the Rothanlsted soil is the amount of calcium carbonate in the surface layer; snalyses of 



the earliest samples available (1856) show more than 5 Per cent. in the surface soil of Eroadbalk field. This amo~ln t  is 
always being reduced by tbc aclion of the rain ~ ~ i ~ s h i n g  it as calcium bicarbonate ; it is still rlloro mpitlly ilctluoed by thf' action of many of the manures applied, psrticulnlvly b?' the ammonium salts, so that st the present time therc is only allout 3 per cent. present on any of the plots. In other fields less is to  be found, practically none at all in the soil of some pal'ts of Agdell and of tile Park. The subsoil below the depth of inches also contains little or no calcium carbonate, and this fact together with ihe va~ying proportion in ~ l ~ e  surface soil indicate that the original soil was almost devoid of cdcium carbonate, and that the quantity still found in the surface soi1 has all been applied artificidly. We read, indeed, tbaL the chief form of manuring known to EIertfordsl~ire farme1.s crh the the eighteenth century consisted in digging pits thou, clay soil until the chalk mas reached, extracting challc and spreading it over the lsnd, and all of the ltothsmsted fields ' show a depression or " dell" from which the chalk had thus been formerly obtained. Arthur Young, the elder, in his Gena~al View of the Agricula~e of H&s, 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 dalk now present in thc arable soil is visible in small grains varying in size from that of a pea downwards, additional evidence of i t s  extraneous origin. But the amounts so added t o  the soil are enormous: if we aswrne that, the wastage in the past had been at all comparable to that going on during the last half-century on the unmanared plot, then ~roadballc field must have begun the nineteenth century with something like 100 tons of chalk per. acre in its surface soil. The proportion of organic matter, carboll and nitrogen, present in the various soils is very variable and 
011 the character of the manuring and oultivabion. 



POTASH AND PHOSPHORIC ACID 29 As be seen later, Continuous cropping without manure l'educes Such materials in the soil to a lon. ebb, below whicl' Llley do not fall a])pineci,zbly in succeeding ; the crop 
Dl'o'l11ction bccoll~es very nearly stationary ~~~~1 is accornpitnied 
by a velQy slnall ~sec~uction in the original stoclr of and nitrogel', even if there are ]lot cornpensating influences at rvorli maintaillillg the sLore at a constant lorn level, Similarly, l ~ h e n  vely large amounts of organic matter are added cveT 

year as rvlier~ plots are continuously dunged, after a time there is buk l i l l l o  ilrcre;bse irl the plboportio~~s of carbon and nitrogen PJ'csel~t ill tile soil, because the bacterial agencies which 
Senelsa.te carbon and nitrogen of a gaseous nature 

so stimulntecl by the abundant food-supply as to lieep Pace with the  ailnun1 aclditions. Of Lhe other important constituents of plant food the soil nu abundant stock of potash;  a complete mineral an"lysis, in wilich the Broadbalk soil mas completely broken UP by hydlofluoric acid, as I I I U C ~  as 2-26 pel cent. of 
potash, quite four tinles the amount that can be extracted by long digestion hydrochloric acid. Though this vast stock 
Of pOtasll is in the dormant, i t  sI0wlJ' becomes available 
for crops througll weathering ag3ncies which are brought 
into ~ 1 ~ 9  by cultivation. 

111 phosphoric acid the soil is by no means so ricll ; the U"milnulaed plots contaill llow rather less than 0'1 Per cent., 
t'le highest lilllit reached on some of the very lleavily 
Plots being about 0.25 per ; under ordinary ffarll~ing 
Conditions, howevel: the soil shows no particular need of 
PhOsplloric acid, as d o  many clay sOils. Magnesia is fail.ly nbui,dant in the Rotbarnsted ; in 
the subsoil, indeed it is present in  most the same proportions 
5S  the lime, it is holy in the artificially chalked surface 

the  rario of lime to magnesia is a high One. 
s o d i ~  is present in sillall qna"tities, partly combined with 

chlorine as common derived from rain, and pfirbly in the 
I double silicates of tbe clay. 



30 COMPOSITION OF BOTHABISTED SOIL 
I n  general, it may be said that the itr,tb;tlllst ctl soil presents no striking peculiarities, either chemical or physici\l+ 

"Determinations of Nitrogen in the Soils of some of tlje ~ s ~ e t r i r n e l l l a l  Fields at Rothamsted, and the bearing of the results on the quc%fion of the  sources of the Nitrogen of our Crops." rimericnn Associntioll for t h e  Advancement of Science-Montreal, A u g u ~ l ,  1553. 22. nlcv'. ,  Vol. V., No. 19. "On Some Points in t h e  Composition of Soils ; with Results illustratinF the Sources of the Fertilily of Mnnitolm Prairie Soils." FnI1 P31)er~ Trans. C/ian. Sot., 47 (1885), 380. 12. Ililetn,, Vol:VI., No. 4. "On the Present I'ositio~ of the Questiull of the Sources tile S i t rogen  of Vegetation, etc. etc." I'llil. ITmns., 190, B (1889), 1. 12. P l c ~ ~ ~ . ,  Val I. (dto), No. 2. "On the Analytical Determination of Probably AvailalJle ' Minerni ' Food in Soils," by B. Dyer, D.bc. Ilichris. Cllcm. Sot., 66 (1894), 115, "Results of Xnvestjgntions on the Rotllarnsted Soils, etc., etc.," by '. Dyer, D.Sc. Bulletin No. 106, OfFice of Experiment Stations, UeS. Departmen1 of Agriculture, 1902.' "A Chemical Study of the Phosphoric Acid and Polash Colltents of the Wheat Soils of Broadballi I:ield, Hutl~ng~sted," by 1%. Dyer, D.Se I'hij. ?huts., 194, B (1 Y01), 235. "The Determinations of Available l'lant Food in Soils by the use of wenk Acid Solvents," by A. D. Mall, and IF. J. Plymen. Zi.atts. Cficw. S0c.t 81 (1902), 117. "'The Geologicd Survey in Reference tn Agriculture; with Report on the Soils and Subsoils of the Rothamsted Estate," by Horace woodwal'dt F.R.S. Summary of Progress of the Geological Survey for l9O3, Appendix I. (1904), 143. "The Mechanical Analysis of Soils and the Composition of the Fractions therefrom)" by A. D. Hall. Trccn.~. Che?,~, Sot., 86 (1904)~ 950. "The l?iffect of the long-continued use of Sodium Nit~ate on t h e  Constitu- tion of the Soil," by A. D. Hall. Truns. CIwm. Soc., 85 (1904). 964. 



CHAPTER I V  
EXPERIMENTS UPON WHEAT 

I. The Conti~luous Growth of Wheat, Broadbalk Field : if. hlaintennnce 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. 11. Wheat after Fallow and in Rotation. III. Trials of Varieties of Wheat. Practical Conclusions and References, 

THE experiments on the continuous growth of wheat mere begun in the Broadbalk field in 1843, 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 contirluous 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 351 yards long by about 7 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 : llianure was last applied to the turnips in 1839, and two white 81 



crops mere talcen irnrnc~liatclj I to  first ~ ' ~ ~ ' ~ ~ ~ i -  
lnental crop of wheat sourn in  tlie aulllnln o f  ls43, 50 tllai tI1(' land was in low condition fro111 an agricllihniaal pl)illt of yic\y ;It the beginning of the trials. This is $so s l i u u ~  lq -  t llc f;u.l t 11;~t the first expelbimental crop in 1~4~ls1nountetl to o ~ i l y  15 busllvls per acre on the unmanured plot, although the wheat crop ~ - : l ~  generally much above the average in  illat year. The soil of the Broadball: field consists of n stiff gyeyisll loam containing an al~uudancc of flints ; the subsoil is of similar character, rather stiffer and redder in colour-" llle clay- with-flints " of the geologist. Tho cl~alli lies below aL n vari:lble depth, rarely less than 8 or 10 fcet, thus providing 600'1 natural drainage. I n  addition, each plot has a tile drain running down the centre of the plot a t  a depth of 2 to 28 feet, the mout11s of all the drains being led into a hriclc trench, wllcre the water draining from each plot can be separately collecte'-l for analysis. The field. cannot be described as inore tha~i  fair avel'agc wheat land, nor do the analyses shorn any special resellvc 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 01' 6 inches deep ; the mineral and other autumn-sown rnanufes are sown and harrowed in, after which the seed is drilled. Tile followi& varieties of seed have beell used : Old Red Lammas, five Years, 1843-4 to 1847-8 ; Red Cluster, four y cays, 1848-9 to 1851-2 ; Red Xostock, twenty-nine years, 185.2-3 to 1880-1 ; Club or Square Heacl (Red), eighteen years, 1881-2 t o  1893-9 ; and Square Etead's Master (Red), in 1899-1900 and since. The chief difficulty experienced in growing wheat con- tinuously k that of keeping the land clean ; not only does the crop OCCUPY the ground for the greater part of the year7 and so leave little opportunity for cleaning operations, but the weeds habit of growth is favolned by the crop telld to  from year to year. Thus in spite of hand- 



GENERAL SCHEME 
hoeings, some weeds, like the "Black Bent" grass, Alopeeurzrs a3)*e.sti.s, are lrept under with the greatest difficulty. The general scheme of the experiments in the Broadbalk field llas been to test the manurial requirements of wheat by growing it continuously wit11 various combinations of manures 
repeated year after year on the same plots. A t  the outset of the experiments i t  should be remembered that little mas then known as to the nlanurial requirements of any crop. Liebig had just stirred the agricultwal 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 f~~ r t l r e r  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 manm.e-pl~osphoric acid, potash, soda, and magnesia-are variously combined with nitrogenous manures, so as to ascertain the part enell 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 mi th the same mineral manure containing all the elements present in the as11 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 a t  which the manures are - 

applied, whether any of the residues are carried forward to 
another year, The lollg duration of the experiment serves to eliminate many of tlie sources of error in field experiments, such as initial variations in the colldition of the soil of various plots due to previous manuring, irregular at tacl~s of i ~ s e c t  and other pests, and variations due to seasons which may favour somemanllresantlnot others. Aisobygraduallyexhausting ' the soil of constituellts, the contilluity brings to light 

I C 



EXPERIMENTS U130S' L'VHEArl' 
the function of any element of mz~~~ur ia l  plant fi~orl in u u-tr!' that is not possible in tlie first fern years of an experimcllt, because of the large reserves of all plant foods colitaincc~ in  ordinary soil. Table XIV. shows 111e nature anel quantities of the innnures applied each year to the plots. The mineral manures (by miuerals is understood at iloLhamsted the pl~ospho~*ic aci& potash, magnesia, sods, and other constituents left as ash ~ l l ~ ~  the plant is burnt, but not any maoure containing nitrogen) are sown before the seed in the autumn, the rape cnlte and tlic farmyard manure, and a portion of the amulolliulll-sill~~ are also supplied in the autumn before seeding, but the nitrate of soda and the greater part of the ammonium-sslts are put on as  top-dressings in the spring. 

TABLE YTV.-B~perimcnts o n  TVl~ccct, Broar~hallc Field. Jfa?~?b?.i,>~g ?f ~ I L G  Plotspe?. acre per a,iwzum, 1852 and s ince .  

NoLes on the Mannlres. 

Plot. I-- I 2 3 5 6 7 8 9 10 11 12 1 3  14  15 
10 1 7  18 19 1- 

The ammonium-salts consists of a mixture of ecjorl parts of sulphate and 
muriate of arnlnonia ; 200 lb. supply 43 lb. of nitrogen, to the  illnoullt contained in 215 lb. n i t ~ a t e  of soda, or 1889 lb. of rape cake. The super- 

SItr .w~~:tiu~rs hlnrtures. 31i11ornl % ~ n l ~ u ~ 0 9 ~  - --. . - -- 

Abbroviated Description of Nanuring. 

Farmyard Manure . Unmanured . . . . . . . . . . . . . . . . .  Minerals . . Single ~mmoniurn-sai ts  and  Minerals Double do. do. Treble do. do. Single Nitrate ancl Minerals Double Ammonium-salts alone n o .  and Superphosphate. 130. do. and Sulph. Soda Do. do. and Sulph. Potash Do. do. and Sulph. Mag. Double Amm.-salts in autumn, and Minerals . . Double Nitrate and  ine era is I Mineralsalone, or Doubie Amrn.-salts { J alone, in alternate years . . Rape Cake alone . , . 

TOIIS. 14 
. . . . . . . . . . . .  

. . . . . .  . . . . . . . . . . .  

. . . . . . . . . . .  . . . . . . .  
,,. 

- -  
Lb. 

. . .  . . . . . . . . .  . . . . . . .  
. . . . . . . . .  . . . . .  , . . . . , .  . . . . . . . . .  
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AVERAGE PRODUCE OF PLOTS 35 
phospI13.te contains 37 per cent. phosphate made soluble, or 66 Ib. of soluble ~ ~ h o s p h o r i c  acid. On Plots 9, 15, 16, and 19 certain changes in  the  manuring have been ~nade  during the progress of the experiments, ~vhicli are  set out in detail in 
the  " Menioranda" for 1901. 

Produce by M i ~ ~ o r a l s .  t Produco by Ammonium-salts. 

Table XV. shows the average production of grain and straw for the whole period of sixty-one gears, for the last ten years, and for the single year 1911. 
\ TABLE xV.-zxperiments on FVZeut, Broadballc field. P r o d w e  of G7.uin and f i t7.a~ per acre. Average over 61 years (1852-1912) ; and over 10 years (2903-1 912) ; also Produce in 1911. 

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 XVI. shows the average prodtlction of certain of the plots for the six successive ten-year periods from 1852 to 1911. ~%lt l rou~h ten-year periods are not long ellough entirely to , 
remove the effect of season, yet the table enables one to jttdge whether tho fertility of the plots has increased or diini~lished under the treatment they receive. 

- 
Plot. 

- 
2 8 5 6 7 8 D 10 11 12 1 3  14 16 16 17 18 19 

i 

--I 

Abbrovlntod Descr11)tion of Manuring. 
m L. 25 gE $2 2 %  m u  $ 

C W ~ .  34.8 10'3 12.1 21.4 32.9 41.1 
, ,  18'4 22'3 28'0 31.5 28'0 29'7 ... 13.0 29.5 25.7 

Drossad G m ~ n .  Straw. 
'II 0 " .  
8% 2.. 

m a w R 
o& Gs 2 ,  ~3 g- .t * 

C I V ~ .  38.2 9.3 11.9 20.7 32.3 42'1 28.7 16'7 20'2 26.2 33'1 24'1 29'0 39'1 12'4 29.7 24.8 

B U S ~ .  35.2 
14.8 17'2 25.6 36.4 29.9 22.8 20.1 27'0 29.7 24'1 24'1 40'4 13.8 21.3 28.6 
- 

3 2 = 3 & -- cwt. 36.9 9.8 12.8 17.9 27.6 35.7 29.0 17'2 15'2 20'6 27'4 18'9 22.3 42'4 11'7 24.6 24'7 

(D 
d 0 " .  o S  
g 

B U S ~  32.8 1 2 ~ 6 1 0 ' 0 1 2 . 5  12.5 19'0 27'9 33.8 26'0 16.3 17'1 24.6 28.1 22'0 26'4 30'2 12'9 27.6 22.8 

1 ~ ~ 8 1 1  Farmyard Planure . . . . . . i35.2 Unmanured. . . . . . . . hlinerals , . . . . . . . 14.5 Single Amnlonium-salts and Minerals . . 23.2 Double do. do. , . . 32.1 Treble do. do. . . . 36.6 Single Nitrate and Minerals . . . . 1 . Double A~nruonium-salts alone . . . . 20'0 Do. and Superphosphate . . . 22.9 

. 2 2 z- 1 z-  

DO. do. and Si~lph. Soda . Do. do. and Sulph. Potash . DO. do. and Sulpl~. Mag. . Double Amn1.-salts i t ]  autumn, and  Minerals . 

rn ---- 

29.1 31.0 28.8 29'9 Double Nitrate and Minerals . . . I ... hlinerals alone, or Double Ammonium-salts *I 14'9 alone. in alternate yea's . . . . 1 1  29.9 Rape Calce alorie . . . . . i . I 25'4 



TABLE XVI.-Eq~rimcnts rn Wheat, Britndballi PLIII, 4 Pia'l"'" of Gr& wad S~?*GZU per acrc the$istt 8 ge,,r,$ ( I  8-44-14 l), ~ { t i r i  ocsi* s~~ccess ivc  10-year p e ~ i o d s  (1852-1911) inclz~szr't.~,. -- 
*,. v c ;er 

Abbrovintcd D03criptl0n of blanuros. 

A. Mainte,zmes of the yield under Co?ztinuous Wheat g~owin.9 on the same kund. 
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 is unmanured ; Plot 2, which receives farm- yard manure every year;  Plots 6 and 7, which receive & complete artificial manure containing varying quantities of nitrogen ; and Plot 10, which receives nitrogen only. Considering the unmanured plot first, it be see11 that while there is evidence of a small decline in for the 

Dressed Grain. 

Straw. - - - 
v ,  . v cwt. cirt. c ~ t .  ~ \ \ t -  2 Farmyard M p u r e  . .  26.6 33.91 :14.0 28-0 34.8 38.7 40'9 3 Unmanured . 1 8.5 8.5 0.1 9.6 5 6 7 8 10 11 12 13 14 

Minerals . . .  Single Ammonium-salts and Minerals. Double [lo. clo. . . . . .  Treble do. do. . . . . .  DoubIe Ammonium-salts alone . . .  Do. and Superphosphate Do. do. and Sulph. ~ o b a  Do. do. and Sulph. Potash Do. do. and Sulph. Mag 

. . . .  
25'7 . . . .  . . .  . . . .  . . .  

17.1' 26.3 36.4 40.6 24'5 28.2 3.1.2 34.4 35-0 

9.7 17.7 28.7 36.6 15-2 21-3 25.0 27.6 28-3 

12.6 22.8 34.3 43.2 21.9 24.5 30-5 33-4 30.7 

9.9 20.5 34.1 42.5 15.8 20-8 23-3 31-9 28.6 

11% "-0 31.1 41.7 1G.3 13.3 24.0 23.6 23.4 

12.4 22.4 35'4 45'5 18'0 fl.7 28'0 35-8 26'3 - 



FLUCTUATIONS O F  YIELD 
first cigllteeii years, yet the crop has been practically constant 
dul.ing the last thirty years. The fluctuations during this period 

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 1872-81, a period of notoriously bad seasons ; then folloved a considerable recovery in the next decade, which has been maintained for the last twenty years. But all the evidence seems to point to the fact that this plot, which has been without manure of - any description since 1839, has reached a stationary con- dition, and that the average crop of twelve and a half bushels fop the last fifty yeuys will in f ~ ~ t u r e  dilninisll VCVJ s lo~ ly ,  if at  



38 EXPERIRqENTS UPON IVX-TIEAT 
all. I t  bas been already pointed out that the Rirllrnmstecl soil is by no means exceptionally rich, how tllcn w n  tliin cnnt inned production of crop without manure l,e account#pcl for?  It is estimated that the average crop 011 this plot 113s ~ C I ~ ~ U V C ( ~  ;~lk(lllt 17 ib. of nitrogen, 9 lb. of phosplloric acid, and 14 ib. of potash per acre per annum. I n  the drainage wnber there is also a further loss of nitrogen, which has been estimated at lo lb. per acre per anuum ; some nitrogen is also remove(1 i n  meeds. Pe? contrn, the rain brings about 5 lb. of nitrogen en"]' year, and the seed supplies pcrhnps 2 lb., thus leaving :L ]lett annual loss of nitrogen of at least 20 ib. per acre. 'She analyses of the soil taken in 1865, 1881, and 1893, show tllat there is a steady diminu~ion in the amount of combined nitrogen present in the soil ; but sincc in 1893 the proporbion present was 0.099, or rather r n o x  than 2500 lb. per acre in tlhF top 9 inches of soil, t l le~e is still an  enormous resel'\-c ~ n -  touched. There rnny also hc hitherto nnrecognised gairls of nitrogen from the atmosphere. For exaalple, the xlaclr Medick is a common weej  on this plot, and like other leg~l- rninous plants fixes some nitrogen from the atmosphere, part of which will he 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 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. A s  regards potash and phosphoric acid, there can be no exterllal sources of recovery, but the reserves are very great, amounting in 1893 t o  about 3000 lb. of phosphoric acid and as much as 50,000 Ib. 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 2 there has been a yearly dressing of 14 tons of manure, and though the composition of the dung is 

so far yayiable that it is impossible to say exactly what 



INCREASED FERTILITY OF DUNGED PLOT 39 
quantity of plant food llas been supplied, the annual applica- tiou is estimated to contain about 200 lb. of nitrogen, 78 ib. of pllosphoric acid, and 235 lb. of potash ; whereas the average crop llns only ilemoved about 52 lb. of nitrogen, 27 lb. of phospllo~ic acid, and 53 lb, of potash per acre: There should be an accumulstion of fertility on this plot, and an examination of the curve sho~vs 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 inanifest during the eighties and nineties, on the whole a period of dry seasons, ~vhen  the moisture retained by the accumulation of liumus from the dung also had its effect. Tlze 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 sliovv that enormous reserves of plant food have been accumulated in the soil of this plot, the 

I amount of nitrogen in the surface soil being more than double 
1 that of the unmanurecl plot, the phosphoric acid being also almost doobled, 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 a t  Rotllamsted that even in fifty years i t  would be inlpossible to crop them entirely out, if a course of growing corn without further ~narluring were now entered on. 

Reerding  no^ Plots 6 and 7, receiving artificial 1llanLCes which S ~ P P ~ Y  nitrogen, potash, and phosphoric acid, but no 
1 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, ar?d shows 110 evidence of a decline in fertility. The manure on this plot supplies 86 1b. of nitrogen per acre, whereus tile average crop has taken anray not more than 50 lb. The phosphoric acid and potash supplied are also in excess of the requirements of the crop. On Plot 6 only 43 lb. of nitrogen per acre are supplied, little nlore than the 



40 EXPErLIMENTS UPON WHZiifT' 
amount removed in the crop. If wc consitlcr t h ~  u t h e ~ .  S D ~ ~ P C C S  of loss of nitrogen to the soil, surll as tJlrtl removal of u.t-'cfl% drainage, etc., it becomes clear tlrst t , h ~  43 111. of nitrogen in the manure a-e not suficicnt to repair ~ 1 ~ 1  ; i o ~ ~ u a l  witll- drawals o f  nitrogen. Conssq~lently wr: should ospect sollll! diminution of fertility on this plot, and nnalyscs of tllc soil seem to show that it is slowly losing nitrosen. The cllrve expressing the crop on Plot 6 is very similar to that of the unmanured plot, indicating a considersblc fall in fertility during the first twenty years, and a cornpa~utively constant position for the last twenty years. Thus this plot like tho ~mmanured plot seems to have rencl~ecl a position of corn- parative stability, when thc annual withdrawal o f  nitrogen by crop and drainage, etc., is almost balanced hy the additions from all soarces, so that ~ l l e  fertility of the land is decli~ling very slowly, if at all. l'hough no material to for*1 humus has been supplied to Plots 6 ~IIC\ 7 ,  and analysis shows that the soil is gradually being deprived of its origind stock, yet the wheat crop so far seems to be unaffected by the loss of this important constituent of the soil. Plot 10 has received an annual dressing o f  nitrogen only, in the shape of 400 lb, of ammonium-aaltts since the earliest date of the experiments. It will be cvident from the curve showing the crop production that, despite this long-continued use of a manure supplying but one element of p l a ~ ~ t  nutrition, the crop 

has been wonderfully maintained. Wheress 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 unrnanured plot being taken as the skndard in either case. The curve, bow- ever, shows that the production on this Plot 10 has declined, but f o r  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 to mature, and is extremely liable to rust. We thus see that it is possible to grow a cereal crop like 



WHEAT GROWN CONTINUOUSLY 
w' l ra~ Year after year 011 the same land for a t  least sixty years mitLol-lt any decline in the productiveness of the soil; provided a p ~ l ' o ~ r i a t e  manme be supplied to replace the nitrogen, ~ ~ l O l l o r i c  acid, and polash removed by the crops, There is 

Ilo evidence in fact that the wheat gives a smaller yield when a long succession of previous wheat crops than when 
t @'own in rotation, although the vigour of the plant does not lo be so great. The real difficolty, however, in con- tinuous corn-growing is to lreep the land clean ; certain weeds are favoured by the wheat and tend to accumulate, so that the 

call only be maintained clean by an excessive expenditure in repeated hand-Iloeing. Notwithstanding all the labour that is put on the plots, the " Black Bent " grass, Alopecurus ugrsstis, has from time to time become so troublesome t l ~ a t  special measures have had to be taken to eradicate it and to restore the plots to a reasonable degree of cleanliness. Now little t h e  wheat plant is able to survive when in colnpetition wit11 weeds, may be seen from a portion of the Broadbalk fielcl where the wheat crop in 1882 was allowed to stand and shed its seed, the soil not being cultivated in any way. I n  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 reappeased since. The fundanlental importance of cultivation and tile suppression of meeds is further to be seen in the returns from the continuously un~nanured plot. This piece of land at the beginning of the experiments Was not 0111~ in poor agricultural condition but had been under arable cultivation for at least two or three centuries, and was therefore far removed frorn the condition of virgin soil with its accumulation of fertility, and yet by cultivation alone it has been able to grow 
fop 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 fort7 years. ; m y  reason to expect that this crop cannoG be maintained in the fi~tor.e, pro- vided that the cultivation and cleaning of the land be cont,inncd 

B. Efect of hTit~*ogoiirzrs ~t lc i~  TLI*~JP. It will be remelubered that one of the maill ol~jects in  starting the Rothamsted Experiments mas to ascertain the value of nitrogenous manures, and iest the truth of ~ ieb ig ' s  opinions that the crop could obtain a sufticiency of nitrogen from the atmosphere provided the ash constituents weye supplied. Plots 5, 6, 7, and 8 all receivc the gallle cllessings uf mineral manures, i .e . ,  phosphoric acid, potash, awl soda, in greater quantities tlran are removed in the crops. P lo t  5 receives no nitrogen, Plots 6, 7, and 8 receive incivensinX quantities of ammonium-salts, supplying 43 lb. of nitrogen.per acre on Plot 6, double that quantity on Plot 7, and treble the quantity on Plot 8. [An average crop of 30 bushels of gmin, allc1 28 cwt. of straw, will remove ahaut 50 lb. of nitrogen per acl'e.1 The diagram Fig. 3 shows the crops on these plots over period from 1852 to 1902. Table XV. givcs the figures to 1912.'" Plot 5, which receives the minerals but no nitrogen, grows very little more than the continuously unmanured plot ; i t s  average over the whole period is only 14.9 bushels, as against 13.1 without manure of any description. The other three plots yield crops which increase with each addition of nitfogen ; the grain increases from 24 bushels with 43 lb. of nitrogen, to 33 bushels with 86 ib. of nitrogen, and to 37 bushels with 129 lb. of nitrogen ; the straw is even more atrected by a free supply of nitrogen, rising from 214 cwt. to 33 and 41 cwt. as the nitrogen is doubled and trebled. - It is thus seen that the whe& crop is very specially dependent upon the supply of nitrogen in the manure. With nitrogen alone (q., ammonium-salts alone OD Plot 10, nitrate of soda alone on part of Plot 9, a1ld rape cake alone on Plot 19), even over a long period of years, the crop - * For the sake of clearness the figures in the dingram (1562-1902) are quoted. The digerences between these figures anil +Irnse in TxI,lr XV. are 



TOUS B I A P J U ~ ~ ~  43 R~:P~{c:T ()F N I T R O G E ~  . , to grown by minerals is consillcr;ll>lc, ;mil much s~pe"0' lvitllc )U tf nit,rogc\n. a dcei'POOted plant md possessin" Theat is well able to compnratively long lW'ioc1 of 
t"al ~ r c d ~ , - ~  Perbcrc 7000 I b - ----.-.-. --- .- 

6000 -- 



search the soil for mineral plant foo(1; hcnct: ~vllcn groIv\-ll under ordinary farm conditions in rotatioil, it is rarely nccc-;sal\* to supply it with any but nitrogenous manurc:j. As i t  is ;~lsl) q o w n  during the cooler season of the ye:kr ant\ wit.h w r y  li~lll: b cultivation of' tlle gi;ouncl, the natural nitrif\.ilJg prol.e.isi:s arc slow, hence  he specid need for an csternd suplllr of uitragcn in the shape of manure. Plots 9 and 16 receive nitrate of so(la and mineral rnanlures, so that P lo t  9 has the same manuring as Plot 6, and Plot  16 as Plot 7, except that the arnrn~nlurn-s~lts on plot,s 6 all11 7' are replaced by cquivale~it a~nouuts of nitrate of soda. manuring of Plots 9 and 16 has however been changed during the progress of tile experiments, so that they are only comparable with 6 ancl 7 since 1885. Talting the averages from 1893 to  1902 as set out in the (ling~.i~m Fig. 4, it will ba seen that nitrate of soda is a more effec~ive source of nitx.ogen than the ammonium-salts ; the single application yields 16 Per cent. more grain and 26 per cclkt, more straw tila11 the coyre- spending amount of amnionium-salts : the double application? however, yields practicaliy the same amount of grain sncl only about 1 cwt. more straw. This superioriby of nitrate of soda for wheat is no doubt partly due to the fact that i t  remains soluble, thus diffusing deep into the soil ancl greater range of roots, whereas tbe ammonium-salts are . retained near the snrface. 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 grid barley plots on the Royal Agricultural ~ociety 's  farm at Woburn, are not apparent a t  Rotharnsted, 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 2+ per cent. of carbonate of lime. It should be noticed that the increase of crop for each application of nitrogen is not proportioual to the extra nitrogen supplied, but that each successive addition gives a smaller 
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i3eturn in the crop. 
8.1, bushels more th of nitrogen on Plot 

Thus Plot  6 with 43 1b. of nitrogen gives a n  P l o t  5 with no nitrogen, another 43 Ib. 7 produce a further increase of 8.9 bushels, 
Totn) Producr , per Acre  6000 Ib.- 

m straw per A&?. lb. Gram per Acre,  l b 
FIG. 4,-Con~parison of Nitrate of Soda and Amniorliurn-salts on Wheat. 10 years (1893-1902). All Plots recelve Minerals alike. 

Whereas the next; addition of 43 lb. of nitrogen only produces an increase of 4'2 bushels. During the first 13 years of the experiment one of the plots received stj]l filrther addition of nitrogen, making 172 lb. in all. The Table JXVII,) sljows the yield of grain alrd stranr of 



the plots receiving successive increments of nitrogen (luring this period. It will be seen that she last 13 lb. of n i t r c p n  had practically no effect upon tlre alllount of grain produced 2nd but little upon the straw. 
TABLE XVI1.-Experi~nc~~ts m TF?heat, B~~adbn77r Ficld. Averages ovey 13 ~ C C L ~ S  (1852-1864.). 

These results illustrate very clearly what is ltnown as the 
I I law of diminishing ibcturns," i.~., that each increment in the 

Plot. 

*- 

5 6 7 8 16 - 

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 cl'oP ceases to pay for the manure or labour expended on it, is sooner reached with low than with high prices for the crop* ECence high farming (intensive cultivation and liberal expendi- ture on manure) is oldy justified. in times of high and is no remedy for low ones. The diagram Fig. 5 shows s comparison between the returns from these plots, (1) with corn a t  24s. a quarter and straw at 20s. a ton, and (2) when corn is 32s. and straw a t  30s. 

- -  
Drci+*l O n i n .  htrqw. I -- -_^___ 

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 ib. of ammonium-sdts. I t  will be seen that with the lower prices the crop ceases to be before the tllird addition of manure is made ; tile secolld addition is the 

pr,, ' 
Bfnnurcs per acro r p I r c  d,Ic,, fur r.ncsIi I .Id ,,,,,,,,I 

--- ---- 
it',:. I 18 Ib. S. j i l  Yanilrp, """ 111 JInliUrO. I - - - _ _ I - - - - -  
Buah. Uuuli. [ C w t .  Gir t .  Minerals alone . . . . , . . 18.3 1 16.6 ... DO. and 43 Ib. N. as An~monium-salts 25.8 / 10.3 , 27.1 10.5 Do. and 80 1h. do. do. 37 -1 8.; 35.1 11.0 Do. and 120 11). do. do. 1 .3  42.7 '1.6 Do. and 172 Ib. do. do. 0.5 1 4 6 . 6  3'9 - - - - - - - -- - 
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most profitable, the extra 30s. for manure has produced an iucreased return of 36s. 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 

Yield. Bushels o r  C w t .  Returns & Cost,  Shillings. 

6.-Relation between Cost. of Production aud Returns with varying quantities of Manure. 
of 30s.f and tho  fourth ,zpplication only produces ;m increase of crop worth 8s. 

C. Efect of &fins?*ul co72stilue?zts. 
The series of plots 7, 10, 1 ,  2 ,  13, and 14 all receive the same amount of nitrogen--86 ib., in form of 400 lb. of smmoniurn-salts per acre-but differ in regard to their mineral manuring, Plot 10 receives notliing beyond the 
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nitrogen, Plot 11 has superphosl~hi~tc 1 ,  1 12, 1 %  and 14 receive a further ;~ddition of sulphatv nt' soda, sulplrate of potash, or sulphate of lrlaylcsia - r ~ ~ p r c t i ~ e l y ,  three of which are combiilcd to f ~ l ~ u ~  a ctrlllll1otc ~t~il~vl*al manure on Plot 7. It should bc. ~ y ; m c l ~ ~ l ~ ~ l n ~ ~ ~ l  tllat, S O ( I ~ ~ ,  magnesia, and potash are always found in the ash of plnlns, and at the time the esnerimcnts were started litt,je was l<no\\'n I about the part they played in the nutrition of the plant. rIll(1 

Bushels 

FIG. 6 --Production of Wheat with varying Mineral Manures. All Plots receive eclually 86 lb. N. as Ammonium-salts. Averages over 10-year periods (1852-1911). 
dthough we know to-day that for practical puyposes potash alone of the three need be supplied in a manure, we are still uncertain what is the function of the other two, wliioh being present in every plant can hardly be without some action Fig. 6 shows the crops upon these plots in successive ten- yearly periods. It will be seen that Plot 11, receiving super- phospllate, has always given a better crop tlran plot 10, without it. This superi~l'ity was more marlred in the early years of the experiment, when the  reserves of etc., were 



EXHAUSTION OF-.POTASH . -  49.' 
abundant in the soil, and when in consequence the nitrogen ancl phosphoric acid together had practically the effect of a complete rnanmec. Latterly, as the potash has become ex- hausted by tlie continual cropping, the yield wit11 nitrogen and phosphoric acid has been but little superior to that produced by nitrogen alone. Similarly, in the earlier years of the experi- nleut the crop on Plots  12 and 14, where soda and magnesia are  ntlded to the superphospl~ate and ammoniuin-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 wl lye  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 givi~lg per- manently a higher yield than the magnesia. Plot  7, which differs only from Plot 13 in receiving magnesia and soda in sddition lo the potash, pliosphoric acid, and nitrogen applied to  13, kave until recently a, somewhat higher mop. This is not due to any specific efTect of magnesia and soda, because Plot 13 does not show any progressive decline as compared with Plot 7, although its soil must be beconling 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 coiistituents necessary to the crop. I 

D. Retention o f  fMccnu?~es by the Soil. 
I t  has already been stated that, as rz rule, 100 lb. 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 lb, of ammonium-salts is applied in the autumn, D 
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otherwise the manuring is identical with thnt  of Plot  7. The crop, however, on Plot 1.5 is on the nvcrngc helo\\- that of P lo t  7, showing thnt some loss talcus place when the ammonium-salts are applied before the plant is nljlc to  u~ilisc them. Although the ammonium-salts are sol~lble in w-atcr 

fie- 7 . - ~ o s s  of Nitrogen as Nitrates in the Drainage Water, lb. per acre. Comparison of" Plot 7 mnnured with Ammonium-salts in the spring, and Plot 16 in the autumn. 
they are caught by the soil and held very near to  the surface, 
SO that the loss does not a~ise by the wasl~ing out of the ammonium-salts themselves. They are, however, rapidly con- verted into nitrates when the land is warm and moist, especially 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 was11 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 co~npared with Plot 7 ; whereas in 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 take 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 surnmer and winter respectively, between the spring sowing of manures in 1879 and the corresponding date in 1881. Table XVIII. shows that the drop in yield due to the autumn application is very small in dry minters but becomes considerably more serious in wet nri~lters. 

TABLE XVIII.--Com2?arison of Spri%.q and Autumn D~esSin,$V of Ammonium-salts in Wet and D r y  Seasons respectively. 

Plots 17 and 18 further illustrate the fate of ammonium- salts. These plots receive the dressing of Plot 7 - 400 lh.' 

- 

ammonium-salts and complete minerals-but the ammonium- salts and the minerals are applied in alternate years to the tflro 

+ years of low wllltal l a~nfa l l  were lSS% 1690 IS91,1693,1598,1901, 1902,1903, 1905,1906 1909. + 'J'lle yeala of high wintor rnlofall were 1~9i,180~,1506,18~~, 1807, 1890, 1000, 1907,1908, 19lb, 1911, 

Rainfall of preceding Autumn and Wlnter 

Grn111, busllels per acre. - I Ammonlun'- salts nppl~ed. 

Totol Produco, lbs. per acre. 

(October- 

- 

Difference ~n favour or 
Dresslug. Sprlng Ammonium- salts ap~lllod. I 

Mean of 11 yrs. of low winter rainfall * . Mean of 11 yrs. of high winter rainfall . Mean for whole period of 60 years (1852 to  1911) . . 

Difference in favour of Sprtng Dressing. 

11'73 
16'73 

13.9 
P 

5631 
4932 

5305 

5829 
6004 
5843 

+I98 
+. 1072 

i-638 

f 3'4 
f21 .7  

f 1 0 . 1  
-- 

31'8 
27.5 

30'5 
--- 

32'5 
32.6 

32.7 - 

+0"i' 
i-5.0 

4-2.2 - 

+ 2.2 
+18.1 

+ 7.2 
.- 



plots. Thus in 1910 Plot 17 ~(~ceiverl arnmonimu-salts 11° and Plot 18 the minerals without the nmmoni~ll l l-  and the treatment was reversed in 1909 and again in 1811. I t  will he seen from the diagi1nur, Fig. 8, tliclt tllc ~ 1 0 t  which in any year is receiviug minerals mitliout nitrof('l1 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 15.3 bushels of grain, as compared with 14.9 bushels on P l o t  5 which received mil~erals without any nitrogen every year since 1853. On the Rothamsted soil, then, we may conclude t,llat tlie effect of sulphate of anrinonia applied to a cereal crop is confined to the season of its application. I n  the seasons when the ammonium-salts are applied the crop is hut little short of that on Plot 7, where minerals are used every year with the smne amount of ttmmonium-salts, thus showing that the previous mineral manuring is carried forwud and lras an effect in seasons beyond the year of its application. Muclr 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 mado of the water flowing from the drains beneath the  adbal ball'   heat plots, We kal'n that not only may readily nitrifying ~ ~ ~ a n u r e s  suffer great losses. through nitrates follming and being mashed out when a crop does not occupy the ground, but that the same causes lead to continuous loss of nitrogen from dl 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 t o  nitrification, i.e., warmth, moisture, aeration, and stining of the soil. Thus analyses of the soil show that, despite the fact that mwh larger 
m ~ o u n t s  of nitrogen aTe applied to Plots 7 to 18 than are re- moved in the crop, the soil is not geltillg any ,Iicher in nitrogen ; anrl P V P ~  nn Pln+o i, ,,,I -10 _ _ - .  . - .-,. ,,.,, ;I, ,$ 
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nitrogen are used, the accumulation of nitrogen is far less than - t l ~ e  difference between the nitrogen applied and that removed woulcl indicate. 

Total Produce per Acre 
sooo I b. 

ot 5 7 15 17 18 Minerals Minerals Minerals Minerals only. +86 1b.N. +86 1b.N. +861b.N. 86 1b.N. Spring. Autumn. for Pravious after Minerah only Crop. in Previous Year. ~iraw per Anre. I b. - =train per A c r e ,  l b. 
8,-Comparative Effects on Wheat of Ammoilium-salts applied at different times. Averages for 51 years (1852-1902). Plots 7 and 1 5 , 2 6  years only (2878-1902). 

Periodical detel.minations of nitrogen in soil and crop 
enable us to draw up an estimate of the nitrogen per acre supplied in the manube and recovered ill the crop over a fifty- 
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year period, 1844-1893, together with tile nitrogen contained in the soil at .the close of that period for the unmanurerl I'lnt 3, and Plot 2ieceiving farmyard manure. Tbe top 9 inches of soil only are considered, because the aualyscs do nut iudit;itc 
that any appreciable amount of  organic matter has found its way into the subsoil. The results show that of about 10,000 ih. of nitrogen supplied as dung during the whole period, only nbont 2600 lb. Irs\Te been recovered in the wop, or about 26 per cent., ancl th.at although the nitrogen present iu the soil at the end of the period has been doubled, the escess over the maTlured plot is only 2580 ib. per acre; so that there is still 5670 lb. which has been supplied in the manure, but is unaccounted for eitller in the crop removed or in the accumulation in the soil : ---- 

Some of this has no doubt been washed away as nitrate into the drains and the subsoil water, some has been ren~oved in the weeds, but much must have been lost by the conversion, through bacterial action, of nitrogenous con~pounds 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 ia 

-- - - 
Nitrogo11 in Soil, 

-- - - - -  

0.0992 0'2207 

Plot. 

-1 

:Z 2 

Manuring. 

Unmanured . . Farmyard Manure . 
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applied to the land before there is any crop immediately able 

/,.--t to utilise it. i .  a;" d3 31- 2- d E. C/~c~racte?- uf the C~*op ns cg~eted by Manuq*ing and Season. 
Table XIX. 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 
TABLE XIX.- Whcat, BroadbaZk Reh? .  Avevel~~gcs ove~. 14 years (1589-1902). 

Abbravlatod Description of Mauures. 

--- Oa autl L, 1804 and sinco. t Avorogo for 7 years (1693, '94, '06, '97, '96, 1000, nod 1002). 

arising only a t  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 lilce that of 1902. These effects may easily overpower the differences directiy due to the manuring and visible in normal seasons. The farmyard manure plot, No. 2, 
. has given on the average the best ~ n i n ,  showing the highest weight per busllel and the highest price in the valuatio~~, but there are several years in which the corn from this plot a, very low pl;lce in the series. Plot 10, ilgain, 



receiving ammoniu~n-salts only, shows almost the lonest weight per bushel and the lorvest price. I n  Some )'ears9 however, the highest valuation lias been ]jut on the corn fro111 this plot. I t  is important to notice t,lli~,t tho  co~ltilluously unmanured plot, with its si~lall yield, get produces grains of corn which are almost up to tlie average in size, ~veiglit pel bushel, and value from a. comluercial point of view. The plant, when starved, diminishes the nunrber hut no t  the quality of seed; even the proportion of "tail" corn is not above tile average on this plot. Tlie proportion of corn to stllan is highest on this plot, as tlkuugll starvntiun lbesulted in con- centrating the higllest possible proportion of material on the reprocluctive parts of the plant. The plot receiving minerals only differs very little from the unmanured plot, but each successive aclclition of nitl'ogen on Plots 6, 7, and 8, the weight per bushel, the size of the grain, and the value somewhat tlirninisl~ ; a t  the stLlne tiore Lhe 
proportion of straw to corn is muell increased. The effcct of a given quantity of nitrogen in the directions thus i~~dics ted  seems to be intensified when it is applied as nitrate instead of ammonia. Turning to the Plots 7, 10, 11, 12, 23, and 14, which receive the same amount of nitrogen but vary in their mineral manures, we get the highest weight per bushel, thc largest gritins, 
the greatest value on Plots 7 and 13, where potash is ; on these plots also the proportion of straw is at a facts which depend upon the function of potash in the formation of carbohydrates-starch in tho grain, and wooQ-fibre in the straw. The soda and magnesia applied to plots 12 and 14 have rendered some of the potash of the soil available, and the quality of the grain is better than on Plots 10 and 11. P lo t  11, receiving nitrogen and phosphoric acid, produces distinctly worse grain than Plot 10, showing by fay the smallest grains, (the lowest weight per bushel and value, and tile highest proportion of " tail " corn ; agaili demonstrating how the ~ontinued use. of phosphoric acid and ammonia has depleted 





the potash in the soil of this plot. Tllc plot i~ecei~ing yard manure gives corn of aboot the same size and ~rcightp per bushel, and also the same proportion of corn to straw, 8s Plot  7, which receives a medium stuw.int of uulult~nirnli-sall~s. Turning now to  the intiue~lce of seasoil 01) the n~hcu t  crop. Table XX. shows the yield of both grain and stralv, the weight per basliel, and the proportion of gmin to  stmw, ill 
1579, a typical met year, and in  1803, an exceptionally dry one ; the corresponding averages for the whole sixty-one years being put alongside for comparison. Taljlc XXI, sllows the monthly rainfall for the s~~rno  periocls, during the lrarvest-yeas from 1st September to  the following August 31s~.  

TABLE XX1.-IZainfall at Xothamsted (Lcrge Gauge). Corn- puriso~t of u we$ and a dry hrlruest-year with the avobagc over 60 years (1852-3 l o  1911-12). - - ---- 
--- 

September. . . October . , . November. . . 
April . . . May . , . June . . , . J u l y  . . . . August . . . - --- - 

It will be seen that for the crop of 1879 there was a 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 fm 
the corresppnding periods of the h a r ~ e s t - ~ e a  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 oue-thiitd 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 61-52 ib. against 55.0 11 the dry year the manures had compara- tively little effect, the crops on all the plots being brought nearer to  a ulliform level; in the met year, on the contrary, the differences due to manuring mere lnucll accentuated. The plot receiving farnlyard manme 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 rvas rather belter than they were in this respect. I n  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 met 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 ammo~liuln-salts, though 011 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 96 and 10, which receive nitrogen only, show that in a wet season the plnllt has very little power of obtainiog 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 dificult, to obtain. I n  a wet season when the maturity of the plant is retarded, the ripening effect of phosp~loric acid will bo exceptionally beneficial. I n  the dry season the lowest returns come from Plots 10 and 11 (with- out potash), and the potash on Plots 7 and 13 has an exceptionslly marked effect, showing that under conditions of drougllt the plant specially responds to an abundance of potash in the manure. Probably the explanation is that a free supply of potash prolongs the growth of the plant? 
that in the of potash the ripellillg action of the 
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phosphoric acid colnes inlo play prurn;lh~rcl\* ~ ~ ~ 1 ' "  development at a very early rlate, since it is acting in  tllc same 'direction as the heat and dry  ncss of t;he sci~sun.  The indication of tllc 1879 aluj 1903 rclurlls, tlrat tlllc: superiority of nitrate of sutla over ammoniom-salts is lllorc m=~rlied in s wet than in a dry season, is confirmell by a f~ r t l l ( ' r  examination of the records over a seyils of years, Talcin3 the  thirty years 1873-1902 and divirling them into two #r()11P5 according as the rainfall is above or helow the average, ;~n( l  then comparing the yields of' the iwo plots, wllilall i.cccivc c y ~ a l  a-nounts of nitrogen, but one as nitratc of sods alld llle a~hel '  as ammonium-salts, we find that in the dry sensons the yield from ammonium-salts is 86.6 per cent. of tile f1'(~lL1 
nitrate of soda. I n  the group of wet seasons, however, the  yield from ammoniom-salts is only 78.8 per cent. of that givel' 
by nitrate of socla, as s h o ~ v n  in Talsle XXII. Thus wet 
seasons are on the whole inore fnvouyable to nitlpste of soda than t o  ammoniu111-salts. Presumably in the very met 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. 

One of the most critical periods in determining the yield of wheat aPrJears to he the winter inonths ; if the wheat be sown in-October or early November-it spends the next three or four 

TABLE XY1I.-B~oodfiallc Wheat. Ciomywlison of the q,ield of ~ 7 . c ~ ~ ~ ~ ' '  Gmin  with N i t~*ogev ,  as Am7nolaiurn-salts or fitrate of ,Sda; i ? ~  S C C L S ~ ~ ~ ~  v~hen the Rainfall was below o?, above the merep, 30 yeells (I 873-1902,! 

14 Seasons below average Rainfall . 16 Seasons above average Rainfau . 
\ 

Rainfall. 

Inches. 24.23 33.13 

d 
RntlO of ylcld by ~ m . - s n l t $  to tliat o f  Nit.  Sodn = 100. - 
86.0 78 '8 

Drcsled G r n ~ n  pcr acrc. 

Plot Qa. Nitrato Soda. o 
B ~ u h o l ~ .  30% 32.1 

Plots 6 onfl 7. Ammonium- salts. 
Gusl~els.  2G 3 25 ' 3  



EFFECT O F  WINTER EAINFALL ti* 
uronths almost wholly in  developing its system of roots. Shoulcl the weather be wet and the soil in a saturated condition the root-sjrstem will be restricted, both because of'the deficient aerat io~l  and because the roots need not exteud far in order to 
obtain tlie water necessary for its growth. From the indifferent development of roots ~vhich thus results, the plant seems never able to recover, so that  a wet winter is almost invariably followed by a poor wheat crop a t  harvest. This fact is illus- trated by Table X X I I I . ,  in which a comparison is made between the average rvlieat crop on three of the plots (6, 7, aud 8) following the ten wettiest and the ten driest winters respectively during the period 1852-1902, as measured by the rainfall in the four months Bovember to  February inclusive. 

Rainfall, November to February iuclrlsive . Inches 13-01 Average Crop per acre, Plots 6, 7, and S . Bushels - - p- - I I I Comparison of Winters with more or Iess than the average percolation (1870-1 to  1908-4). I 
_-___I-- ---- 

gauge), Nov. to Feb. . Inches 9.43 5.02 per acre, Plots 2, 6, and 7 .  . Bushels 2G .S 31 '5 --- ---- . . The ten dry winters with an average rainfall of 5.79 inches were followed by an average wheat crop of 34.9 bushels per acre on the plots selected for The ten wet winters with a corresponding rainfall of 13 inches were followed by an average wheat crop on the same plots of only 26.2 bushels. Making the comparison in another way and dividing the thirty-four seasons 1870-1904 into two groups according to whather the p ~ ~ ~ ~ o l s ~ i o n  durillg the winter munths, Novc~llber 
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to February, was above or below the avcrsgc, we obtain similar result. I n  fifteen seasons with a l o i ~   inter. percol:~ti(ln averaging 5.02 inches, there mss an average crop 011 the selected plots of 31.5 bushels per acre ; in tile uthvr oinetccD seasons of high percolatio~l, 9-43 inchos, the average crop on the same plot was only 26.8 busllcls. Although of course t l ~  weather later in the season has a great effect in determining the wheat crop, it is yet evident that thc most critical perio(1 of its growth lies in the first four months, when the foundation of roots is  being laid. 

011 the whole, it will be sew that the great diff'ererlccs of manuring to which the Itothamsted plots have been subject for SO long a period have a much glBeater effect on the gross amount of crop than on the qnality of the grain. Space does not aclmit of a discussion of thc  detailed analyses of the cl'oPs? but they show similar results in regard to the compsmtive stability of the nature of the grain. Fluctuations in the  amount of the crop due t o  season or manuring are reflected to a mwh  smaller degree in the colnposition of the grain ; the compositio~ of the straw, however, shows wider variations, induced by the differences in the manure appliecl. 
I~[.--TVHEAT AFTER FALLOW, A N D  I N  ROTATION. 

Since the year 1856 two half-acre plots in the 1300s field have been cropped in alternate years with wheat without xmnure ; every year one uf the plots is in wheat while the other is being fallowed, so that the wheat crop always succeeds a 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 Broadbsllr, which 

is continuously cropped without manure. It will be seen that the produce of wheat after fallow is coogiderably higher than when it is grown continuously, 16.0 against 13.2 bushels per acre ; but if reckoned as produce over the whole area, half in crop and half fallow, the whole acre grows mnch less both of grain and 



EFFECT O F  FALLOWING 6 3 
straw than where the crop is grown year after year on the same land. A given area of land mould 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 fallowiug may to some degree be attributed to the greater 
TABLE XXIV.- Wheal ailhout Ma;nu?.e.-Grom continuously (B~oadballc Field), and in alle~nation with Fallow (Eoos Field). Average Produce per acre, 57 yeam (1556-1912). 

n'llent cvcr Year. I W l ~ o a t  a f te r  Fnllo~v. (Urond bnl k Fiord, P l o t  3.) (500s  Field, P lo t  0.) -- - - - - - -- - 
Drcssed Grnin.  Straw. 1 Dressed O n m .  1 S t m ~ .  

freedom from meeds, but in the main i t  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 acration 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 mashed out by heavy autumnal rains. That the auturnnaI rainfall is the great factor in determinillg 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 tool< place during the autumn previous to each crop. The percolation througll 60 inches of bare soil for the four months September to December inclusive, as measured by the drain gauge, amounted on the average to 6'45 inches for the seasons 1870-1901. I( 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 failow plots for the harvest following the given percolation, we shall the average results shown in Tablo XXV. and illustrated in the diagram Fig. 9. 

5usl1els. Cwt. Busl~ols.  1 9-8 1 16.0 Cwt. 13.7 1 
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binfal l  (Sept. to Dec. inc l~~s ive)  . . . . . In.  **?:  l : ; ~ ~ ; ~ ;  I -- -- - Percolation through 60 in, of Soil(Scpt to Ucc. inclusive) In.  I - -- Total Produce Wheat after Wheat) . . . . Lb. I ~ & l o  Total Produce \Wheat. after Fallow) . . . . Lb. 2713 Increase clue to Fallowing . . . . . . Lb. 93*! Percentage increase due to Fallowing . . . . 51 '> 
Taliing ~ h e  seasolls of small rainfall, avel-aging 8.88 inches for the four months September to December inclusive, the 

Small Rainfall and Pereolat;on Large Rainfall and Percolation. CROP 3000 1 b. 

Wheat after Wheat - Ib .  per Acre. Sept.to Dec. Wheatafter w allow - Ib. perAcre. - Increase d u e  t o  Fal lowing 
'Je-Effect of Wet or Dry Autumns on continuous wheat, and Wheet alternated with Fallow, 



WHEAT GROWN IN ROTATION 6 5 
percolation was only' 4 inches, and the total produce on the wheat after fallow plot was 2743 lb. as against 1810 lb. on the continuous wheat plot, or a gain of 933 Ib. due to 

I fallowing. 
I For the met autumns, however, with an average rainfall of 
I 13.66 inches and a percoIation of 8.92 inches, the wheat after fallow yielded 1757 lb. against 1627 lb. on the continuous wheat plot, or a gain of 130 lb. only due to fallowing. I t  will be seen that the bare fallow increased the wheat crop coming after it by nearly 52 per cent. when a comparatively dry autumil succeeded the bllow, but the increase was less than 8 per cent, when. there mas much rain and percolation after the sunzmer fallow. It is interesting to compare these two plots, both without manure, with the continuollsly unrnanured plot in the Agdell field, which comes into wheat oncs every fo l~r  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.-- W'heat grown, without Hawre at Roitlznmsted. (1)  Grown contirlz~oztsly ; (2) In alternation with Pallow ; (3) In Pour-course rotation. Average for the 15 pea?.$ (1855, '59, '63, '67, '71, '75, '79, '83, '87, '91, '95, '99, 1903, 1907, and 1911). I Dressed Grain per acre. I I Contir~~rous Nl~ent. I Nhent nftor Fallow. rota ti or^ Whaat. (Drondbalk, Plot 8.) (Hoos Field, Plot 0.) (Agdell Fleld, Plots 21-22.*) 1 
I I * Now called Plot 5. 

Bushela. 

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 26'9 E 

Buslrols Bushels. 17.2 1 26.9 



buslrels per acre, as against 17.3 i,usht.ls for n- l i t~nt~ after f;kll() l$+ and 11.8 hushels for cont.inuous \vllr:nt. It is difficult to explain tliis sopcrioriry of' tlil: 11-1lc:~t gro\\-ll 
residues in the land in the one case than in t l l t b  u~l lF1~,  t.11t. lallcl is equally clean and has similarly n:[:cived a sunlrixer fallo~ri1l:r before the wheat crop. I n  tlle case of the rntatiorl plot, Ilo~\.t:vcl', the particular stratum of soil usually occupied hy tlie ~vl lca t  roots is only drawn up011 once in four years, t]re intermediale crop being the much shallower-rooted 1)a~le-j 

I n  the eleven years 1871-1881, trii~ls mere made of abouL twenty varieties of wheat under tire ordinary conditions of 

-------- 
J f C n n '  

4;" 44'2 43"l 
42'3 41'3 4Oe4 40.1 39.6 39.6 30'5 30'0 28.6 38'1 37'9 37.8 
37'8 
37'3 36.6 
36'5 
36'2 34.8 
34.3 
39.1 

Rivet (Red) . . White Chaff (Red) . ClubWheat(Rer1) Golden Drop ( ~ e d j ,  fiallett's . Bole's P r o l i f i c ( ~ e d ) .  Hardcastle (White) . Red Rostocli . . Red Langham . . Bristol Iied . . Red Wonder . ~ e d  chaff ( ~ h k e )  . 
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44.0 47'1 
... 

46.5 

Browick(Red) . . Casey's White . . Red Nursery . Woolly Ear  (white) . Burwell (Old Red Lammas) Golden Rough 'chaff (Red) . ~ h u b b  w i e a t ( k o d ) .  Original Red (Hal- lett's) Victoria ~ h i t e ' ( ~ a i -  lett's) . White chiddarn Hunter's White ( ~ a l :  lett's) . . . 
lMean - 

35.3 29.9 34.1 31.2 
31.1 
33.0 28.4 
30'0 
33.8 

1372. - -  ... ... 45.8 
40.8 42.8 46.6 ... 43.8 44.4 43'8 37.0 

1878. 
48.1 40'6 47.5 
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VARIETY TRIALS 67 
farming, the wheats being grown in a different field each year. Table XXVIIn. shows the results obtained iu bushels per acre each year, and Table XXVIIB. the same results reduced each year to the common ratio of the average 
TABLE XYVIIB. - Yuricties of EIf~eat g~ow'tb ut Botl~un~sted, 1571-1881. Jfcun P~od'2ccc of all t7~e zlayietics each yea?. taken us 100. 

crop talcen as 100. The final order represents the mean of these last figures, and sbows 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 wheat occupies from year to year that variety tests require a good many repetitions before great trust can be placed in their results. I n  the present case five wheats stand out as considerably heavier croppers than the others on the strong ~ ~ t h a m s t e d  land-Eivet, White Chaff (Xed), Club, 

Rivet(Red) White Chaff (Red) , Club W h c a t ( ~ e d )  . Goldcn Drop (Iicd), I-IallcI t's . Bole's P r o l i f i i ( ~ t d ) ,  Red Langllam . . Red Wontier . . Gristol Rcd . Hal-dcastle (white) Red Rostoclc . . Red Nursery . . Growicl; (Iled . fiurmcll Old ~ e c i  L a n u n d  . \ V o o l l y l < a r ( ~ ~ i t t ) ,  Casey's \Vhite . , Red Chaff (White Golden itoagh $Irk (Red) . Cllubb ~ h k a t  ( ~ e d ) .  Victoria TV11it.e (Hal- lett's) Hunter's ~ i ~ l l i t e ' ( ~ a < -  . . .  lett's) Original Red (I-Ial- . .  lett's) , . 
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EXPERIMENTS UPOX WHEAT 
Golden Drop, and Bole's Prolific. Of these, Rivet is perhaps the 
oldest English wheat remaining in ct~lt~ivation, know11 every where for its heavy yields on strong land, its coarse straw, the inferior quality of its grain, and its beasdcd character. Wbitc Cllilff 
(Red) appears to be the wheat now grown as Square I-Iend7s Master, Teverson, etc., just as Club wheat is the original for111 of the wheat now generally lcnown 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 i s  no longer grown as such, but may represent the wheat now known as Pilgrim's Prolific and Red Giant, not uncommon in the Soutll Midlands. 

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 niainly nitro- genous, and nitrate of soda generally answsrs better for wheat 
than sulphate of ammonia. After a wet autumn and winter a top-dressing of nitrate of soda, 1 to I$ cwt. per acre, will he 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 owt. per acre of nitrate 
of soda should be applied in February. Only on the lightest sandy and gravelly soils will any return be &tained for the use of kainit and other potash salts with wheat. 
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ESPl;'.R131ENTS 1-PON BARLEY 
I. The Continuous Growth of Harley up011 tile same Land, Hoos 1;icld : A .  Mai~~ tenance  of Yieltl unrfcr the Colitin~lous C;rc)wllj of 13ar lc~  On  the same L;tritl. I3. Effect of Nitrogenous hlanures. C. Effect of Mineral Manures. D. Character of t h e  Crop as :~ffecked by 3lnnul.ing. 11. Barley grown in Rotation-Agdell Field. Practical Conclusions and Iteferences. 

THE experiments on the continuous growth of barley well@ begun in the Hoos field in 1852. The arrangement of the plots and the manures applied to each plot have practicall~ 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 Eroadbalk wheat field, the soil is very similar. The following varieties of seed have been sown :-chevalier, twenty-nine years, 1852-1880 ; Archer's Stiff Straw, ten yeays, 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 a week or a fortnight before seeding. The plots do not run the whole length of this field, as in Broadbalk. Instead, tbere are four longitudinal strips receiving different of the mineral manures ; these are all crossed by o u r  breadths 
receivi~~g different nitrogenous manures. The min era1 manuring bn the strips is as follows :-(I) none ; (2) phosphoric acid only, 70 



no potash or alkali salts; (3) potash, magnesia, and soda, no phosphoric acid ; and (4) complete mineral manure, supplying 
both pl~ospllo~ic acid and the allialine salts. Each of these is combined with the four different cross-dressings of nitrogenous manures-Series 0 no nitrogen, Series A. ammonium-salts, Series Ad nitrate of soda, and Series C rape cake. Theree are other plots, one of which has received farmyard manure each year, and a second which received farmyard manure for the first twenty yea1.s but has since been unrnanmed. Table XXVIII. shows the nature and quantity of the 

TABLE XXV1II.-Eqc~iments on Barley, B o o s  Field. Manuring of the Plots per ncrcper an?zzLm, 1852 n~td since. 

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 avemge production during each fo the 
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72 EXPERIMENTS UPOS T",I\IC LEY 
TABLE XXK.-.h'xpe7.imcnts on Barlt::j, fin,; J'ic[d. P~.orjltl.t. i!i arcfin and S ~ ~ C L Z I I  per acl-e. ~ Z I P T C I ~ & ~  0 2 : ~ ~  60 ~ C D T . F  (18:L)-191 I), ~tnd  0Z.cr 10 years (1902-1.911). Also P,roclz~re i i ~  191 1. 

Utislt IIII,EI. I I I I % I , ,  Cat. 1 0 No Minenls and no Nitrogen . . , 1 12.1 9.3  4.0 S S , ~  2 0 u erfiosplw.te on"!, &. . , , I"; 17.8 I "2 3 0 A,/& solts only. do. . . . 1 ~ 5 - ~ : I Q . ~  I.S $3 4 0 Complete Minerals, do. . , . 19.7 / 15.9 / 5.0 11.1 12'4 1 A Ammonium-salts alone . . , . 25.5 13.8 14.7 '13.0  1 la'' 2 A Su erphosphate and Ammonium-salts 10.3 22.0 1 1 W3 11" 3 A ~ l & a l i  Salts and do. 11-8 16.9 16.6  11'1 4 A Complete Minerals and do. 28.6 28.0 / 26.3 92'9 
1 AA Nitrate of Soda alone, . . 21-3 )23.0,1f3.2 31.8 I 
2 AA 5 u  erphosphote ond ~ i t r n &  of 3 AA ~IRal i  Salts nod do. 4 AA Complete Minerals and do. 
AAS I As Plot 1 AA and Silicate of Sods . 52*82 28.0 19.7 1g. j '  'AAS 1 AS Plot 2 Ah do. do. (2*3*1 37.2 26.0 28.0' 3 AAS AS Plot 3 A h  do, do. 35*2* 29.0 17.8 21.7' 4 AAS 1 As Plot 4 A A  do. do. 43.8' 140.4 27.5 27.7. 1 C b p e  Cake alone . . . 38'3 33-4 27-4 22.1 2 C Superphosphate and dare c a k e  . . 40.5 35-4 28.2 23.6 8 C Alkali Salts and do. , . 36.9 33'1 21-6 22-3 4 C Complete MineraIs and do. . . 40.5 38.2 25-7 24.6 
7-1 Unmanured (after dung 20 years, 1852-71) 24-81 18.9 0.6 14.8.). 7-2 Farmyard Manure . . . . . 47.1 44.3 23.0 29.0 --- / * AVBrllg~ 48 Years (18134-1911). i AvcrZ%go, 41 gears ( lS i2- l$ l l ) .  

A. Muinttmance of Yisld unde~. the Continuous G~owth of Barley on the scme Land. 
One of the plots, 1 0, has been without manure since the beginning of the experiments. Under the con tinuoils barley - growing the decline in production has been much more marked than 04 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 continuonsly unmanured 



YIELD I N  SUCCESSIVE DECADES 
TABLE YXX.-Experiments on Barley, Hoos Field. Average Produce per acre of Dressed Grain and Straw over successive 10-year pc~iods, from 1852-191 1 inclusive. 
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wheat plot. The more limitecl root-range of tlir p1:1111 l \ . ~ ~ ~ l l d  
bring about a complete cxllaustion of t,llra n\-;ii]:ki , l ~  soil i ~ l l l c b  sooner with barley than with wheat, but, there is (:\-i[lt$l~cc t l l i l b  the decline in the yield of these l~s r l t :~  ploti i s  t , ~  SOHW 
.GRAIN Bushels per Acre 

FIG. 10.-Yield of Barley during successive 10-year periods (1852-1 911). 
Plot 7-2.--Farmyard Manure. Mots 4 A, AA, and C.-Each receive Complete Minerals9 + N. as Amm.-salts, Nitrate Soda, or  Rape Calce. Plot 1 0.-unmanured. 
due to a run of less favourable seasons. Both the continuousl~ dunged plot, which must be gaining fertility, the plots which receive heavy complete dressings of nlallures showed a similar decline in the average produotion from 1862 to  1902 though for the last ten years the yield on the latter 



COMPARISON WHEN GROWN M ROTATION 75 
plots has gone up, as may be seen from diagram Fig. 10, which slioms the average yield of grain on the unmaumed plot, on the (lunged plot, and the mean of the three plots completely w n u r e d  with artificial manures. The decline in the production of the dunged plot is the least marked, although considerable. Again, tlle Agdell field, which comes into barley every four years, has shorvll a decline in its yield of barley during the last fift,y 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. shcns the total produce from the unmanured and two of the coillpletely 

TABLE S X X  I.-Bnrley, gwwn continuously, 2500s Fzcld, and jfozc?+-cozirse yotalion, Agdell Piold. Comp~~ison of the Total A~o~lucc (G?-ni./~ and Stmzo) pc?. acre i 7 ~  the  9ens.s 1853, '57, '61, '65, '60, '73,  '77, '81, '85, '89, '93, '97, 1901, '05, '09, n?cd '13. 

manured plots in the Hoes field for the years when barley was grown in the rotation field, for which field the crops on the llnmanured and the most highly mnnared plot ale also given. It will be seen that the barley crop grown in rotation on the plot that is highly manured (a complete ulanure is put on for the preceding Swede crop, which is ret,urlled to  the land) showed lllltil 1901 the same decline in yield 8s the Crop oolnpletely g~~owing barley Olltifiuo~sly, 
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76 EXPERIMENTS U P O S  BARILBY 
the average production over tllc wlrolc period ;~n(l in ,iuccessirc twenty-year periods being very similar. This scems to shorn that the decline in production on the mclnurctl plots in tllc later pelSiods in the l loos  field is tlllr? t,o scikson, and lrot to the fact that barley has been grown 0" the same land. The unrnanured plot, however, under con- tinuous barley showed a much greater progressive dc:clino than the corresponding unrnanured plot growing harloy il' rotation, where the land is praclically fallowed in alternate seasons. Although rstlier ditferc!r~t, results have been obhibillc'l during the last four years giveu in the taLle, the figures on the whole point to the probability that unrnanured land wjl1 become unable to grow barley continuously a t  a much earlier date than will he the case with  wheal, so cornparstivel~ restricted is the range of the barley roots. 

B. ..&$kt qr Nit~*ogenous M U T L U I * ~ ~ .  The effect of nitrogenous manures upon the barley crop is best seen by comparing the yields of the various Plots 4, all of which receive the same mineral manures ; the diagram ;s Fig  l1 shows this comparison in a graphic form. Plot 4 0, receiving no nitrogen, has only given an average crop of 20.4 bushels pel' acre, and this has been more tlian doubled by the application of 43 lb. 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, or 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 close t o  the surface ; 
the c01nparative1y shallow-rooted habit of barley its growth 

'L Figures up to 1911 are given in Table XXIX. : they are very similar. 



WITH VARIOUS NITROGENOUS MANURES 77 
during the m7armer portion of the year when nitrification is active, renders such a surface accumulation of nitrogen as l'eadily available to the plant as the nitrate of soda itself. On the con~pletely manured plots the rape cake, 4 (3, is 

- Plot 

Grain Acre,  lb.  Straw per Acre.ib 
FIG. 11.-Yield of Barley (Groin and Straw) with different sources of Nitrogen, Averages for 51 years, 1852-1902, The figures in the labels indiate 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 42.1 bushels of grain. This small deficiency has not diminished in the later years, which seems to indicate the njirogen colapounds of rape cake are almost wholly 'tilisable by the crop to which they are applied. At any rate, 



no  l a ~ g e  amount of resid~lr: s l o ~ ~ l y  i , r c o ~ l l i ~ i ~  i 1 is l t3f ' f# in the soil, as in the case of fal.n?j?;lr.ri nln1lur.c.. The plot 1-eceiving f;~rmyni-d nl;rllmc, 7-2, g i y v i  n Iligll('r 
this case is very high, being c:stimated at llr.sl.lv five ~ ~ I I I ( : S  3 5  much as on ally of t;he other plots. One  of the pelomanent Ijarley plots (Plot 7 )  receivr'tl 14 t('nS of fal-myarc1 manure per acre ei~cll year for t ~ v ~ n t ) -  years in succession, viz., f ~ o m  1852 to 1871. It thcI7 divided illto two plots, one of which, 7 - 2 ,  11;~s i-c:c.viyctl n u  ~lral l ln~c of allS' kind since ; the otller, 7-2, continued to yet its nnnu:ll dressing of 14 tons of dung. ARer the discorltinuance of tlre dmg,  the barley crop on that half of  he plot nat,vlrally began to  fall off7 but only slowly, and even now, after forty-seven cropping without manure, the etl'ect of tlke icsiducs left by the previous twenty years' application of dung is still to  be seen a yield that is double the crop obtained fr.oln the co1ltilluo~sl3' unmannred plot. Table * XXXII. shows the total produce 
TABLE XXX1I.-Total Pmduce pe?. acre of Bayley Plots, showing ~ c s i d u ~ ~ l  3''cts oJ Dung. 

Dung for. 'LO y u i r i ,  Rclatinic lo Prorluco of Plot 7.2, 1 1852 cont~ouously. rcckoncd ns 100. 

--- _ I - -  / Lb. I Lb. I Lb. Lb. -+ [:XI, 1852-187; 5933 1 2454 1 +- 100 41 

Mean, 1877-1881 ,, 1882-1886 ,, 1887-1891 ,, 18921896 ,, 1897-1901 ,, 1902-1906 ,, 1907-1911 



RESIDUAL EFFECT OF F A R M Y A B D  MANURE 79 
oblained from the three plots in question for the first forty years that  elapsetl since the dung on Plot 7-1 was discontinued, 

IC ! l  

Dung to  1871.then Unmanured. 

FIG. 12.-Barley. ~ ~ t ~ l  produce, showing residual effect of Dung and no Manure in relation to the Dung PIot=100. 
'he first five years are given singly, after that five years are grouped into one period and t11e mean result  give^. I n  order to e l i ~ ~ ~ i ~ ~ t ~  the of seasons, the crop results have all 
been reduced to the common of the On the 



continuously dunged plot, 7-2, which llns v;nicci \-cr!- little during the periocl. Diagram 12 expresses thcsc results iu for~n for 
thirty years, and shows t l ~ t ,  tl~ougli tho clop grown with lhc residues of dung is continually falling, it will only reacIl the level of that on the continuously unrnanured plot after a long. time. 

C. Efkt of Mineq.al Mu~zu~*es. 
The Rothamsted barley field affords a more tborougll ser'ies of comparisons of the effect of the varivus mineral rnttnorcs 1b:~n does the wheat field, for in  conjunction wit,h each of the nitro- genous manures we get plots receiving no minerals (I), pllos- phoric acid alone (2) potash and the other alkaline salts, but no phosphoric acid (3) ; and the complete mineral manure, con- taining both phosphoric acid ancl the alkaline salts (4). I n  the absence of nitrogen the mineral manures have but little effect, though they produce s much greater increase of crop over that of the unrnanured plot with barley than with wheat* Ammonium-salts ancl nitrate of soda used alone are not so effective as with wheat, but the rape cake used without minerals gives almost as big a crop as when supplenlented with a complete mineral manure. Of course rape cake is not a purely nitrogenous manure, but itself supplies about 24 ib. of phosphoric acid and 17 ib. of potash per acre per annum. The diagram " Fig. 13 shows in a graphic form the 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 Qn comparing Plots 3 and 4, which only differ from one another in the omission of phosphoric acid on plots 3. It will be seen that Plots 3 give but little more mop than Plots 

1, which receive nitrogen alone-only 31.6 bushels per acre against 31.07 taking the average of the three series, A, AA, &nd C---but that a very marked increase to 41e6 bushels per acre is ---- -- -\ - ' Figures to l g l l  are given in Table XXIX. : they are very similar to those in the  diagram. 



IikIPORTANCE O F  PHOSPHORIC ACID 81 
found on Plots 4 for the addition of phosphoric acid. The strsm shows just as marlied an increase of crop brought about 

Nitrogen N i t r o g e n  Ni-trogen Nitrogen, only. and a n d  Phosphoric  Acid P h o s p h o r i c  Potash, a n d  A c i d .  P o t a s h .  
Grain  per Acre,lb. R Straw per Acre,  16. 

F~,. 13.-Effect of Mineral Manures on the yield of Barley (Grain and Straw). Mean of Series A, AA, and C. 61 years (1852-1902). 
by phosphoric acid as does the grain, rising from 19.5 cwt. to  25.6 cwt, per acre. In  the field the most striking effect is F 



seen in the hastened maturity brought x h ~ u t  11y tlla pl~osl) l l~ric  acid. Not only are Plots 2 and 4, ~vlricll i*t~~.i.ive p l l ~ ~ ~ i ) l ~ o r i c  acid, in the ear long before Plots 3 and. ( to  1i:ss ~ ~ x t c n t )  
Plots 1, but they will have b c g c ~ ~ ~  t,u yelloIv Ilarvcst Plots 3 still show only upright f; r i ~ ~ n  . ears. Comparing Plots 2 and 4, mc see tllat a manure supplying phosphoric acid and nitrogen is almost as cffectire as a complete manure containing also potash and the other alkaline s;klts, There is a great increase of crop caused by tile supclpll~spllaLe and nitrogen on Plots 2, over the nitrogen nlonc: on Plebs and very little further iucrease for the furtller addition of i ~ " t ~ s l l  
and other alkaline salts on Plots 4. wlleYc t h  nitrogenous InanUre is nitrate of sods or rape cake, the omission of tbO 

potash on Plots 2 compared with Plots 4, receiving a complete manure, shows no effect, whether we make the comparison over the whole period or for successive ten -year 
With ammonium-salts, however, as the source of nitrogen the omission of potash does eventually diminish the crop ; fa' 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 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 there is no similar falling-off in the yield of the corresponding plot receiving nitrate of soda, is partly due to the greater root-nln@ illduced by the solubl@ nitrate, and partly to the effect of the soda base of this sdt in rendering available to the plant the potash reserves of the soil+. 

TABLE XXXII1.-Eatio of yield of B a d a y  (Gain) w i l h o ~ t  P o t a h  fu yictd with Potash, f or sllceessive 10-year pel-iods, An~mo~aiam-salts nrbd flit'''" of Soda being the ~espec t i ve  solbrces of ~Vitrogcy2. - -- - _--- ---- - - - _ _ 
1872.51. -- - 

98.8 

I . I.,i?.TI. I 
--I___ - - -  

15hZ.oi. 
Ratio of 2 A to 4 A, Ammonium- I 

sal ts . , 98.9 104-3 Ratio of  2 A.A to'4 A'A, N'itrate of Soda . . . . 
77'3 90.2 

100.2 
77.1 

101'6 99.5 / 105.7 101.4 
I / 



QUALITY O F  CROP 83 
Table XXXIII. shows very clearly how the omission of potash begins to tell upon Plot 2 A, manured with arnmonium- salts and superpbosphate, after the first thirty years, whereas on the corresponding Plot 4 AA, receiving nitrate of soda and superphosphate, the omission of potasll 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 Pl,ot 4 (with potash), cluing 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, superphosphate and potash) up t o  the end of the sixth decade. Potash plays a less important part than phosphoric acid in the inannuring 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 tlle 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 s, supply of mineral manures than is wheat, a free supply of phosphoric acid in particular being essential to its proper clevelopment. 

Table XXXIV. shows some of the characteristics.of the barley crop dming the fourteen years 1889-1902 compared with the average inarlret valuations put upon the samples by Mr Bew, of Cambridge, who examined them from year to J-ear. The current market price prevailing at the time iof the \,aluation is taken as 100, and the vdne p ~ t  on each sample is calculated on that basis. The first thing that becombs 



apparent on inspecting the table is that it is ilnl,i,s-iiblu i g l '~~J \ '  high-class barley by simply stnrvitlg t,llr plant. T t l  [YI( - I I  oi' t l l ~  
series it 1 1  be see11 that thc bnrlcy s i n  till i~igh(>sb average value, the best weight ~ C I ~  11udlc1, ~ l l c  l a q c i  gr~~ills ,  and the smallest proportion of tail corn, is t h ; ~ t  gl1,,~\.n un 'Plots 4, where a complete mnnlne containing both nit.rogcn allcl minerals is supplied. It does not, however, follorv tlint 

TABLE XXX1V.-Xxpc~ivienls OIL Barley, Does Field. P('r,~-lii-?aie?*$ *i Qrbality. Avcrngcs 0vc.r 14 yca7.s (1889-1902). 
Abbruviatcil Dcscriptlon of bInnurus. 

* Based on averngc samples OE 24 yenrx ( 1 ~ 7 2 . 1 ~ 9 5 ) .  Seo BInnurial Conditions nlrocljilr& tho ~ s n l t l ~ g  Quality of Enylisll Barloy," by Munro 8 Beaven, J. R. ~ g .  sot., 1907. 
kind of manure will improve the quality of the barley. g a i n  from the plot receiving farmyard manure every y@ar, despite the high weight per bushel, and the bold berry indicated by the high weight of 100 grains, has yet s value considerabl~ 
l~elow the average. Again, the use of nitrogen alone on Plot 1 A or 1 gives the lowest weight per bushel and the lowest valuation of the whole series. It has already been seen that 



EFFECT O F  SEASON UPON QUALITY 85 
the yield of the barley crop is very dependent on the supply of minerals, especially of phosphoric acid, and the tablo now ul~clel. collsideration shows that the same effect extends to the qllslity of the crop. The use of supel~phospl-ate on Plots 2 as compareii with Plots 1 gives a better proportion of grain to shaw,  s higher weight per bushel, and a greatly increased val~le;  similarly, the omissioll of superphosphate on Plots 3 as compared with Plots 4 results in a deterioration of all the qualities malting for value in the barley. Comparing the barley from Plots 3 and Plots 1, in the absence of super- 

phospl~nte the potash salts on Plots 3 do not effect m.-ich improveinent, though their presence on Plots 4 as conlpsred with Plots 2 results in an improved quality. The presence of pot;ash in the manwe increases the straw moye than the grain. I n  all the series it will bs seen that Plots 3 aud 4, receiving potash, give a lower proportion of grain to straw than do Plots 1 ancl 2, without potash. If ive compare the series together, the r q e  cake gives better barleys than either ammonium-salts or r~itrate of soda 
but the sample which on the average is the best is that grown with the full minerals arid ammonium-salts. Table XXSV. gives a compsrison 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 amoclnt 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 55.7 ib. in the dry year 1893 as against 52.5 lb. in the wet year 1894. In  the 

dry year the plot receiving farmyard manure had s very great advantage, 3rd grew 25 per cent. more than the other completely manured plots ; whereas in the met season when it gave about its aver$gs crop, several others gave allllost as  much, and it was actually excelled by tho plot receiving nitrate of soda and 
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EFFECT O F  SEASON UPON QUALITY 87 
minerals. A s  was noticed in the case of the wheat crop, nitrate of soda answered better than ammonium-salts in the met year, giving on Plot 4 AA 45 bushels of grain and 33.4 cwt. of straw against 41'4 bushels of grain and 26.8 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- saIts give a better crop than the nitrate of soda are wetter throughout than those in which the nitrate of soda is the more ekctive source of nitrogen. A wet March seems to be the 

most hurtful to tlie 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 ease of the wheat. I n  the wet season the crop is very dependent upin supplies of minerals in the manure, and especially on an abundance of phosphoric acid. I n  1894 the addition of phosphoric acid raised the yield from 10'4 bushels per acre on Plot 1 A to  34.9 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. I n  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 add may also be seen in the way it increases the weight per bushel of the grain in w wet season, whereas in a dry season it has little or no effect. I n  the clry 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 &out 70 per cent. of the straw. Ta]<ing the results as  a whole, i t  is Seen that Season has a lnuch greater effect in bringing about changes in the composi- 



tion of the barley grain than v ; in  t l i t s  I ~ ~ : ~ I ~ ~ ~ ~ ' ' ' ' ~ $  but that the best bai~ley will bc jir(r\rr[l \v\.il]l :L f i l i t *  i ~ n t  ~ l o t .  Iilrg" amount of nitrogenous manurc i . o l ~ l l ~ i l l p i  j jVil 1 :  - I I ~ ) [ ) / Y  phosphoric acid i11 s u ~ l o  \my 01. o t l ~ r .  . ' tsl It does not appear possible to esi;~l)Iisll any sucll crlt'(' periods for the rainfall in relntioll to  the: yl.oirtli of b:ll'lc)' "" could Ise done for wheat. The Table (SXXVI.)  shows fifty-three lx~r ley  cl'op fr.oll > t l  1852 to  1901, taking tho average of tho , 111211"~' plots divided into five groups ; ~ c c ~ l n d i ~ ~ ~  lo llleir yittlrl of gwi1'~ 

together with the  mean rainfall for each of the five mo ntbs 
drning which growth is proceeding. No very definite relatione ship is observable, though a general tendency will be seeD to get the heaviest average yield when the eafiier months of 
growth (March to May) are dry, also the lightest average Y ield when the later months of growth (June and July) a' c: tile driest. 

It has already been stated that the production of barley in the rotation field shows much the same decline on the mallured plots as it does on the completely manured p 3 . o ~ ~  in the 00s field, and the fall has continued instead of baing revel*sed "' in the case of the co~ltinuous barley plebs. For selected plots on the rotation field, Table XXXV''. gives the production of grain and straw and certain particulars 

Produce per Acrr. Avcragi: IJF Plot? 7-2, 4 6 ,  'I A J ,  art11 4 0. 

--- - -  ---- - - 
~ t . ~ l ~ l i \ ~ l ,  

- 
Gmtn. -- 

B u s l ~ e l ~ .  50 2 43.4 38.6 34.8 27 .T 

- 
Strzv.. 

Cwt. 20.2 25.5 21.6 22.5 18.1 

TbA 3I trr 11, ,\)?I 11, 113Y. - I i X I I C I I ~ ~  :. 5.010 5-Ssl 5.343 1 G.090 6 .(IS3 I - 

- - -- i I 31nr~11. I 3 .  I J u l j .  - 
l n c i ~ c ~ ,  1 '412 1.909 1.938 2.002 1.590 

I I I - --- - -___- 
lrlc11~9. laG49 1.803 1.609 1'6~10 2.080 

Jncltes. 1,111  . 1 I .  1'049 2.122 1.996 2.018 2.807 

0 2.967 2.709 2.801 2 . i O O  1 3.074 2.:$86 I 2.6GG 



QUALITY OF BARLEY GEOWN I N  ROTATION 89 
as  to  cloality, taking an average of the five courses from 1585 to 1901. The fist. plot has been n~holly uumanured, and all the clBops in the rotation are  removed from the land; the average production is, however, higher tllsn 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 ~ernoved and sitice no ~litrogen has been supplied, . 

TLcsa plots l ~ n v c  beon difl'erontly numbered ~ i n c o  1004. Tho present numbors nro: Plot 5 (uumanured-fallow); P l o t  8 (minarals-fallow) ; Plot  4 (minornb-clorrer). A11 roots a re  now cartod. 
they take away .y certain quantity of nitrogen, and therefore exhaust the soil on this plot of its nitrogen to a much greater extent than 011 P lo t  1, mrhicil grows a very small root-crop; hence a smaller barley crop follows the roots on Plot 2. The 
mi~lerals in facl; do not increase the procluction of the barley to 
an  extent which will coillpeilsate 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 
is a still greater supply of nitrogen, for not only is a. leguminous crop grown, but also the root-crop preceding the clover is returned to tlie land. On Plot 5 the barley finds the lllaxilnulll alnount of nitrogen ; liere clover is grown, alld 



t i  i ~ l ( 1  root-crop receives n nitl.ngcsrlr~u5 tlrrtssing Of l-fil)p ammonium-salts ; all this n i t ~ ~ l g a n  is J 1 "" 
in the root-crop ~vhich prc~ct~tlis t.111: I~;rrlily. 11 ~~i~~ I'' ' "'"" 
that on these five plots the ginoatl~ of' 11;11nley is pr , krt io1);ll I ,o to the amount of nitrogen which 1n;Ly 1 ~ :  ~ r q ) l ~ ~ ~ * ~ ' ' ~  ' I).  available ; all except Plot, I rcrci~.o be;~vy ~ ~ l i n ( \ l . h l  drci*lllll' j , )  tllc containing both phosplloric ncid and potash, ~ ( - ' i  ,\bl6 absence of nitrogen thcse inincmls o n  Plot 2 . t o  raise the crop above, nor even i ~ p  to  tht: Ilbrcl of tllc lI.l~ol~Y unmanured Plot, I. The weight per busllel increases with i.;lch addition of $t;ra\V 7 nitrogen ; up to a certain point the p~oportion of graill and the weight of 1000 grains also incrcases, ~ , ~ t  on Plot 5? with the highest nitrogen, these characters begin o r  a 

decline. The percentage of nitrogen in tEle barleys inc"ea ses 
with the supply in the soil, but only bccomcs at ;dl d-)uVe t he  
average with tlre highest .tsam~~b kom plot 5. The ~ ~ l u r t t i o l '  ccrteifl rises with the supply of nitrogen in the soil up to  fyolll point, but shows a slight decline for the last sanll)le Plot 5.  el' Summarising these results, we see that a good 1 l ~ e i 6 ~ ~ ~  a bushel and a large berry cannot be obtained witbout sufficient supply of nitrogen in the soil, but a certttia oil point has been reached further excess of nitrogen in t,.og~n results in coarseness and an excessive proportioll of nl of in the grain, deteriorating the qu~ality. A fair SUPP~J' phosphates i s  also necessary to ensure early and colnP let6 maturation. I n  the Agdell field, Plot  4 represents the best soil conditions to obtain high quality in the barley ; 011 plot 5 
this optimum point has been passed, and the land has becope too rich in nitrogen compounds, erior The barley grown in rotation is on the whole mu& sup of to that grown continuously, mainly because its suP1' ly nitrogen is derived from the nitllification of r esid@s 
in the soil, i.e., from \yhat a farmer would f i  conditioll~ and 
not from nitrogenous manure directly applied. 



P R A C T I C A L  CONCLUSIONS 

I. The barley crop is far illore dependent than wheat upon a supply of manure, and will require manuring when it is grown as s second white-straw crop, except on land iu very good condition. After roots which have beell wholly or partially fed on the land, or after a clover ley, t l~ere  is already sufficient, and often too much, nitrogenous matter in the land., 2. The artificial manure used in the first case sllould 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 qudity.  The Quantity used should not be more than 16 cwt. per acre. nape cake up to 5 cwt. per acre is aiso a good source of nitrogen for the barley crop. 3. Barley is  particularly dependent on a free supply of phosphoric acid, 3 cwt. of superphosphate per acre may be profitably used on most soils, especially where the climate is wet. Even with barley after roots superphosphate is valuable, hastening the ripening and making the sample more uniform. 4. A n  artificial supply of potash is rarely lilrely to be wanted, except on dry sands and gravels and in dry seasons. 

"On the Growth of Badey by different Manures continuously on the same Land; and on the position of the Crop in Rotation." Jaw. Ag. Soc,, 18 (1 657), 454. Rothn~rzsterl Mevzoirs, Vol. I., No. 11. 
r r  Report of Experiments on the Growth of Barley for Twenty Years in successioll on the same Land." Jozcr. ROJ, Ag. Soc., 34 (1873), 89 and 275. Rothanuted Me?noirs, Vol. III., No. 13. "On the more frequent (irowth of Barley on Heavy Land"-Farmers' Club, Feb. 1875. Rolha?nsledl~emoil.s,ed e n ,  VoI. V., No. I .  ((Results of Experiments at  Rothamsted on the Growth of Barley for Inore t ha r l  Thirty Years in succession on t h e  same Land." ~ ~ r i m l l f ~ r a l  

.S/?lrlen/s' Gazelle, New Series, Vol. III., Part 1, 1586. Rotha~~lsted 
iW&loirs, VO~. VI., No. 8. "Manurial Conditions affecting the Malting Quality of Englirll Barley," by 
J. M, H.  Munro and E. S. Beaven. Joar. ROJ. dg. Soc., 68 (1897), 65. "Various Conditions &ffeeting the Malting Quality of Barley," by J. M. H. M~~~~ E, S. Benven, Juzcr. Roy. Ag Sot., 61 (1900), 185. 



~*~Sf'Eftlhlili\;TS jii OATS 
Experiments upon 0;lts grown rorltinllouaiy up011 tlrc s:rrnc I * : ~ J ~ ' ' >  Cicescroft. Ficld. 

E X P C R I ~ ~ E N T ~  upon oats on very similnt. lines to the trials wheat and barley were begun in 1869 in the ~ e e s c l o f c  fie'd' ""' mere on a smaller scale, as only six plots, each one-eight11 acre, after set out. These experiments ~ v c r e ,  however, abandoned ten years: the Geesc~ofi field, dtliongll it shorvs on 1' hy " ~ 0 '  1400s analysis a lighter texture than either ~ r o s d b a l k  Or t 0 fields, yet always lies comparatively wet, and appears of suffer more than any  other field from the con~inuec~ nitrate of soda, probably because the chalking to which the in tllis other fields havc heen subjected has not bee11 ca~ried out  field. As the experiments ran into the cycle of met se , 2 5 0 ~ 3 ~  from 1873 onwards, it became almost impossible to  worl' tbo land, the experiment was abandoned after 1878. The average results set out in Table XXXVIII. are for tb$ 
first five Years only of the experiment. 

aside the deterioration of the texture of the land, 
which may be taken as an accident independent of the * ature rofl* of the crop, there is no evidence that oats callnot be colltinuousl~ on the same land-the tenth crop 0" ~nmanured  plot, for example, was larger than any other siUGO the first. The manorial requirements of the oats are also very similar to t h o s ~  of the other cereal crops, resembling barley perhaps more than wheat. The crop shows some respons e to 
minerals only, but the chief increase of crop comes *itb 

92 



OATS GROWN CONTINUOUSLY 9 3 
applications of nitrogen. Even alloming for the deterioration of soil texture ml~ich so ~nuch affected the nitrate of soda plots, ammonium-salts aIjpear to be the . better source of nitrogen. 
TABLX X X X V I I L - O a t s ,  Geescroft Picld. Auerct,gc Pfoclzcce per awe, 5 yean (186 9-1873). Description of Oats-Hack Turta~iun. 

For the manuring of oats in practice the recommendations set out for barley may be followed, except that the quantities 

Plot. 

1 2 3 4 6 t3 o 

there given may be somewhat increased for oats. 

* Equal pnrts of Sulphnta and Afurinb Ammonia of Commerce. 

-~ - 

hlnnurcs por ncro. 
Ihlilicml. I Nitrogenous. 

3 
I 

Produco per acre. 

tb. ... 200 ... 200 ... 200 

6 E! E 

Cwt. 10.4 13.4 2s.5 41.1 27.5 85.0 1 

Grniir. 

Lb. ... 100 ... 100 ... 100 

>; L1 .- 
d s 

Bush. 19.9 24.5 47.0 '9.0 1 57-5 

- a ?.5 - .. LC - .; Pa &i 
Lb. 33.8 35.0 35.9 37.0 35.5 35.5 

Lb. ... 100 ... 100 ... 
Cwt. 

550 
-.-- 

------------. 
Lb. 

100 3.6 

Lb. 

... - 

... ... ... . , . 550 

... 3.5 ... 3.5 ... 
... ... 400 400 ... 



I. Experiments upon 3Inr1golds, 13:isn ITield, 18'76-19 11  : A. Effect of Nitrogenous hli~nures. B. Effect of hlinernl Mnnurcs. C. Comparison of 6 i t r a t c  of Soda alld ~rnrnonium-ia l tc  flF sol'l'CcS (" Nitrogen. ukecl in Co"' 0. Effect of Nitsogcnous and Nirteral ;Manures wll(:ll junction w i t h  Dung. E. Proportion of Root to I,t.uf. i l l  F. Proportion of the N i t r o ~ e r t  recovered in Crop to tha t  Manure. G.  T h e  Compositio~l of the  llangold Crop as affected by ~8~~'~"'' P~.actical Conclusions, 11. Experiments upon Turnips, Barn Field, 1843-70. Practical Conclusions. 111. Experiments on the Conti~\uous Growth of Potatoes on the snnle Hoos Field, 1878-1901. Practical Conclusions. 1V. Experiments On the Growt l~  of Sugar-Beet, Barn Field : 
11. First Series, 1511-75, B. Second Series, 1898-1901. Practical Conclusions. References. 

As the original design of the Rothamsted ESP of embraced all the crops of the farm, so essential a a English farming as the root-crops naturally Occupied &p 81' of prominent place; indeed we find that the second I? experimental results issued from Rothan-sted in 1847 dede flay with turnip cult~I'e. 1,) 1843, accordingly, the Barn field on set aside for experiments on turnips, t l ~ e  trials being Norfolk white turnips for six seasons 1843-1848, folloMre f 
d $4 



(;.ENERAL EIISTORY OF FIELD GROWING ROOTS 95 
Swedes for four seasons, 1849-1852. Barley mas then grown for three years to equalise the soil conditions, and the plots mere rearranged on substantially the plan they occupy to-day. Swede turnips were grown for fifteen seasons, 1856-1870, but it was fouud inlpossible to continue the growth of Swedes 
upon the same land year after year wit11 any success. This was mainly due to  the incidental circu~listance 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 tomips, mas frequently unsatisfactory ; whilst for want of variety a d  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 fast two the nitrogenous manures were omitted, and in 1876 mangolds took the place of sugar- beet ancl have continued ever since. Pl'o 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 mas 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 accrirnulate on Iand carrying one crop con- tinuously. The only dificulty is experienced on the plots receiving saline manures only, especially vhere 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 mecl~anical condition, very sticky when wet, and drying with a hard crust, so much so that there is occasionally a loss of plant from this cause alone. I n  the Hoos fieid experiments upon potatoes were begun in 1876, ancl continued for twenty-six years; they were then discontinued, because the crop on the plots receiving no organic manures had fallen to a very low ebb in consequence of the deterioration of the texture of the soil- But  on the plots 



receiving fi~imyard m:lnnre, :lnO iivt!n t i l r  1 ] i t  r t s ( * ~ t i \ - i  11; ~~~1~~ 
complete artificial mnllurtt, tI1ca I:I.O)J I! :IS ~ ~ ~ ; ~ i ~ l t ; t i n r t l  i l l  f ~ l ~ O 1 l " -  able seasons. 30 falling-ult. \so.; o \ ~ ~ I ~ ~ ~ \ - ~ . ~ \  l t ] l i ~ - l l  ( - 0 1 1 1 t l  I"' 

>? attributed to thc 1:11111 Jlavillg l l ~ ~ ( . O I l i ~ .  j1l.ollzJ1 1 ]if' continuous gl.owL11 of tllc s;lmc c.rup, or t ~ l r o l l ~ ~ l l  .- t ] l r b  ;~t,r.~~lllnl;'- tion of' disease in tlle soil. The essential feature of t l r l .  root-crops is the :11n01~"~ of digestible cal.Cohydratc tllcy contail1 ; in t l l ~  , ~ ; ~ s ~ ~  o f  St) PC'''' this consists of glncosc, wlricll forms 6 to 7 i t .  of t'le whole weight of the Snrrdc.~, 111~ total nl;lll,cbr* ;ilfi)flt 
1.1 per cent. oi' the m~lole.  JII tllc illangold is a l ~ o ~ t  8.5 per cent. of cane S U ~ E W ,  the total dry matter bejllg nl ,o~li  12.' per cent. I n  potatoes the carbo]lydratc is slnrclr, of \\'llicl' the tubers contain d~o,out 20 per cent,, out a total C I I * ~ ,  ~ l la t t~ ' '  content of 25 per. cent. 

~.---EXPERI~II;KT~ UPOE MAN(;o-J,~)~, B,II:N J~'II%:I.I), 
2876-1911. 

The area under experiment, ibrnounts to about 8 acrcs, llloSt of the plots being J ~ o n t  one-seventh acre in extent ; trhe wllolc produce from each plot is weighed, but the roots 01115. il''e carted sway, the leaves after weighing being spread alld ploughed in. The field is divided longih~ilinall~ into seven runni11i3 the whole length of the field ; each of these recei17es one manure throughout its length ; farmyard manure alone On Strip 1, and in combination with superphosphate and sulpIlate of potash on Strip 2, nothing on Strip 8, superphosphate 
alone on Strip 5, superpliosphate and sulphate of potash on Strip 6 ; and complete minerals, including further sulphate of 
magnesia and common salt, on Strip 4. The strips are theD subdivided into plots by cross-dressings of manures ; nothing on the 0 Series, nitrate of soda OD Series 8, ammoniuxh-~alts on Series A, rape cake OD Series C, and a combination of. ammonium.salts and rape cake on Series AC, Thus, as shown in Table XXXIX., 



VALUE O F  FARMYARD MANURE 
there are  plots showing every combination between the various mineral and nitrogenous dressings employed. Tile mioeral manures, the dung and the rape calre, are 

Tli DLE X X X 1 X.-Ezy~e~i/n~ 111~ on Mangolds, BUY~L Ficlci, beginnlcing 1876. Qlbuntit ies of nlcL,r?~q.es p c ~  acre pe~.anl~?bm. 
Strip >fnnurcs. Sitrogcuous Blnnures rnnrring across all tho Strips. 

I 

0 

... 1 1.1 ... ... ... 2 14 3 '  500-1 ... ... 4 3.5 500 200 200 ... ... 5 3'5 ... ... ... 8 . . . . . .  ... ... - - -- - Eq11n1 pnl'ts S l i l~ l18 i0  nrrd JIorinto dnlrnollin of Commerce. t Tl~u additiou of Potas11 to P1dt 2 ~ C ~ R I I  iu 1S09. 

ploughed in just before seeding, the ammonium-salts and nitrate of soda are sown as top-dressings. The seecl was dibbled in the earlier years of the experinlent ; i t  is now drilled, 26 inches between the rows, and the plants are singled out to  10 inches apart. The follolving tables give, (XL.) the average weight of roots grown on enell plot during the thirty-four years, 1876-1912 ; *: (XLL) the ~vcight of roots and leaves grown in the best season, 1900. A first inspection of the results shows the enornioos value of fartnyarcl mantue in growing mangolds, especially wllen they are  grown conti~~uously on tbe same land. In favourable seasons i t  is possible t o  obtain good crops by the aid of manures no organic mattel; as seen in 1900; but in ordinary years the bad texture of tlie soil and its tendency to lose water on account of the lack of humus affect hot11 the germillation of the seed and tllegrowth of the plant in its early stages, ~t mill be convenient, therefolve, to  consider separately -- 
A 1885, 1901, and 190s omitled. G 



the plots receiving dung and I j :~ t .p  ~ ~ ~ ; ~ t l l l i . t v l  CXCI~I- sively with " ai*~if~ciaIs." 
TABLE XL.-Barn Field Ma nt/oErJs. A r t ~ ~ ~ ~ r ~ ~ e  prod t l t s f *  i!f Ilo~tq ~ l t i '  w ' ~ ~ "  ovcr : I4  yet#,:.; I1876 t o  1"32 j." - --- ---- I 

I 

.\ . \< ". * I 
8tr1p. - - Strlp 3lannrcs. - -  I I I r i  r c a;. 

'211.! EI+I a ' 
-5 r,1,,, <!r,ib,Jll. Ih*'. I 

11' 1. 
+ _)-- 

- I I 
i ,:I m. 1,1rr t .  I 1 Dung only . . . ?I.h[ 1 2 1 . 6 : )  'L / Dung, Supcr., lJutilsh 1. zi":!~ I ! -  ,i,j..i~~ 4 Complete hlincrals . . 1 J 17 .71  14 .75  2(;.7y 28'11 6 Superphosphatc only . . 1 4.92 15.05 , 7.04 D.Gc 10.iS 6 Super. and Potastl 4.32 1 15 .42  1.1.oh 1 29.12 18.2s I I 7 : 1 Super.. Patnrh.ond 7.8 i b. N: 1 ns Am.-salts . , 5 -93  15'63 8 1 None . . . . 1 8.68 1 9-94  I 5.61 1 -- - -  -- --__ - - - - * 1885,  1001, anc1 IDOH on~l t :uf l .  t Tho adr l l~ion of Pot.rih t o  Plot 2 or114 lit-t.nll 111 1105. t A~orngo  u p  t o  1902 on ly ;  manuring was then nltorctl. 

TABLE XLL- 8 u m  Pield Mungolds. P~od a r c  of iiuols pel. ucre. Seux'o?~ 1900. (Good scuson.) 

Gtrlp. 

- 
1 
2 
4 
5 
6 
7 
8 

* The addition of Potash to  p lo t  2 only hgan in 1sQ6. 

/ 

Strlp 3Ianures. 

Cro%~-Urv. iu i~~c%. - ---_____-------- 
0. I N I .\. .\c. C. 

Tons. 
Dung only . , R. 25-26 L. 2'15 

NItrnto of  Soda. 

Tons. 41-80 4.35 
41.85 5.00 
33.10 4.95 
28.86 3.86 
20.65 3'60 
28.70 4.85 
22.65 4-85 

Dung, Super., Potash * { It* 28'06 L. 2.60 

Pn1)O Cnl'o' 
/ 

T O I I ~  80'36 3-10 
36'66 3.59 
84'66 3 '80 
14'90 2,GO 
29 '40 2.95 
29'20 4.20 
16 'm 3 -40 

/ 

I Arnrnot~l~rnl- saltq. 

Tons. 26'10 3.65 
86.70 5'60 
28'96 3.25 
12-00 2'95 
28'20 3.60. 
28.70 5-10 
12'86 3.65 

Complete Minerals R. 8-76 L . 1 . 1 0  
Superphosphate only 9-16 ' { L. 1.30 

linpc. C n \ a  nl~rl Arnnro~llunl- snlts. 
l 'ons. 27 '05 3-55 
88'40 6 '00 
48 '20 8.30 
14'05 2-15 
87'66 5 '65 
36 '96 7.20 
16-05 3.35 

Super. and Potash 
' \ 

Su  er., Potash, and 7.8 I!. N. a s  Amrn.-salts { 
R. 7.05 L. 0.95 
R. 10.80 L. 1.35 

None . . . R. 7.76 1,. 1-15 



DEPENDENT UPON NITROGENOUS MANURES 
A. &fect of Nh*ogenous Manures. The mangold, being a plant with a large leaf development, was at one time to a certain extent regarded as  one of the restorative crops, capable, with its large area of leaf, of drawing upon the atmospbedc nitrogen and thus rendering itself independent of nitrogenous manures. Though i t  was obvious that nitrogenous lnanures 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, mould continue to  feed themselves by drawing upon the nitrogen 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 sulpbate of potash as mineral manures, together with a small quantity of nitrogen, 3 6 i  lb. per acre of ammonium-salts containing 7.8 ib. of nitrogen per acre, i,e., about one-eleventh of the amount applied to the plots in Series A. on tile hypothesis indicated above, the ~maU quantity of llitrogen 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 conlpared with Plots 6 shovecl this opinion to be mistaken ; the small addition of 7-8 lb. of nitrogen per acre produced an increase of crop of 

1.4 ton per acre only, whereas a further 86 lb. of nitrogen raised the crop by 8-7 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 tho nitrogen in the soil and manure. W e  may next pass on to a 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 manures are applied. The entirely unmanured plot (8 0) has produced an average crop of 3'69 tons of roots only, which is increased by the application of 86 lb. nitrogen in the ammonium-salts to 5.61 tons, and by 98 lb. of nitrogen in the 



form of rape ca?;r to 9.71 tons. d f t~r thcr  i\lI(Iit i o l l  of h(i I"' 
of nitro yet^ (;is n m r n o l ~ i l l n ~ - r i ~ l ~  s j  to tlr,. 9s  111. t I ni l  I . ~ % I ' I ~  'I '  rape cake (L'lot 8 .I.(') protlll(.c- no inurr in(-r(b;~-(.  of C1")I'. which remains pr;tclicsll~ st ;ltion;~l.\- ;1f 9 . 3  t 011-. ~T~~~~ t'i"tal'f 
wit11 86 1b. of nitltogori ill t 1 ~  sh:t,pc of ni ty;~ 0 of' ~ ~ i ; i  t ~ ' c ' + ~ ~ ~ ~  
is sornewl~at Iliglrcr than in any o~l ler  case. ~ ' o I -  ('ls0l' 
amounts to 9.0 tons, n rcsult wllioll i l l  be ~ i ~ o r o  later. Io all these cases, llo\vevcr, the cnrll is n very indiffer- en t  one for tllc largc amounts of nitrogcn e 1 o 1  and tll'c aspect of' tllc plots c1ea;r.l~ shows that t h y  p l : ~ n t  11:~s ircccii'cd fain more niLrog.cn tllan it call cff'cctiycly \lt,ilisi: i l l  ~ 1 ~ s  i ~ b ~ e l l r ~  of the other iniilcrnl constituents n7llicll go t o  111;~ke LIP coinplete plant food. We may nonr turn t o  Plots 4, mlierc superl~llosplla~c, 5"'- phates of potasli :~nd magnesia, and coinmon salt arc nsetl junction with nitrogenous manures, thus constituting n colnplete manure wilicll supplies all the  elements of plnrlt i~ut l~i t iol~.  The diagram liig. 14 slrows on tlla left I I ~ I ~ ~ I  tllc i ~ v e l ' W  results o)~tained wit1~ the varying amounts and colirl,ounds of nitrogen on the Plots 4 in question, where there is an all~lnd~' '~ supply of mineral manure. The right-hand llt11f of tlre dia@'lLrn shows the effbct, of the same nitrogenous manures when used in conjunction wit11 dung instead of complcte minerals, an account of which see page 108. Without nitrogen " (Plot 4 0)  a very small crop is ~ S O J V ~ ,  
5'05 tons Per acre, which is increased to 14.75 tolls per acre by the addition of 86 lb. nitrogen in ammollium-sdts, 01' to 17'71'tons per acre by the same amount of nitrogell spplie~l in the shape of nitrate of sods. The application of 98 ib. of nitrogen Per acre in rape cake increases the crop to 22.11 tollS per and when both rape cake and smmonium-sJts are used together, msliing an application 184 ib. of nitrogen per acre, the crop is raised to 26.73 tons per acre- 
Thus when all the otlre; elements of a plallt food are -present, the crop - increases with each addition of lkiLrogen. TIle increase 

--1- -_ -__ 
----I_ __- * Figures are from Table XL, 



RELATION OF YIELD TO NITROGEN SUPPLY 101 
of crop is sornemhat dependent 011 the source of nitrogen employed : thus 1 ib. of nitrogeu as ammonium-salts gives an increase of 0.130 ton, as nitrate of soda the increase is 0.143 ton for each lb. of nitrogen, rvhile'mith rape cake the increase 

WITH COMPLETE H I N G R A L s .  (PLOTS 4.) 
Tons per  Acre A r 

O A N C A C  
A a .  14.-Mangolds. Effect of increasing amounts of Nitrogen. Average Produce of Roots per acre, 1876-1902. 0 = N o  Nitrogenous Manure. N = 86 lb. Nitrogen as Nitrate of Soda. A = SG Ib. Nitrogen as Ammonium-salts. I G = 98 Ib. Nitrogen as  R a p  Cake. AC = 98 Ib. Nitrogen as &pe Cake, and 86 lb, Nitrogen as Ammonium-salts. 

is Oa197 ton for each ib. of nitrogen applied. Rape cake, in fact, is not strictly comparable with the o t h e ~  tmo sonrces of nitrogen, for not only does it contribute a considerable amount 
, of organic matter to  the soil, thus improuing its texture and power, hut  it is  SO a more slowly-acting 
manure. Sonle of its residues accumulate from season to 
season, and little by little become available for the later crops, W h i l e  we p]ellty of evidence that, on the Rotllamsted soil, 



neither nitrate of soda nor ~mmo~lium-snl(  s ~P;I\-I .  ; i ~ \ y  offf:ct i1.t' residue. I n  seasons of exceptional growth, wit11 i ~ i g  clvop lilic tl1;lt . . .  of 1900, it might, be cxpcctbd thilt as tllcl pln111 was ntll19"g mucll ~ U O S P  ihu~oughly  tlrc sul~ply of I I ~ ~ ~ O L ( C I I ,  t l i o ~ l  t l l ~  ~miJl' ' '  anlounts on some of tbc plots, plentiful enonrrh t: for an ordini"'Y year, might prove to he insufficient. Thei-e is no indic;~tir)n, bow- ever, of this being the case, as may he seen by 3 c o n s i ~ l n ~ ~ t i o ~  '' Table XLI. ; the increase of crop on Plots 4, receiving no dung but a complete mineral manure, continues wit11 c':icl~ application of nitrogen, but llot marc so illan in normal seilsons. On 'I1" rre D dunged plots, indeed, it is not those receiving most nitroo (Plots 1 and 2 AC) which give the highest mop, but tho'' cross-dressed with nitrate of soda, as though the av,vailnbiliLY the nitrogen and the pesence of a large supply of alkaline salts had been the determining factors in producing the maximum crop. The whole results go to show that, dependent nitrogen as the nlangold crop is, the first application i s  tlle most effective, each succeeding addition of nitrogen producing a smaller return in the shape of an increase of crop. The injurious effects of the very large amounts of nitrogen added to some of the plots is very manifest wherever there more nitrogen than the plant can properly deal with. The leaves have a dark green appearance, are I ~ U C ~  curled an ~1 crinl~led, and show an increased tendency to tbe 
chloroph~ll collecting into dark green or almost blaclc blotches on the lighter background of the leaf, The leaf-sts1ks alle often much more ooloured, and become a bright orange yellow. 

On these plots the leaves do not ripen off and obtain the genera1 yellow flaccid appearance presented on the more healthy plots when the crop is ready to lift ; instead, the outer leaves begin to die :and shrivel up quite early in octobe'; in some places they show numbers of dead spots and bunt -  loolcing patches round the edges of the loaf, The destruction appears to be due to a leaf-spot fungus, 



EFFECT OF EXCESS OF NITROGEN 
Uyonz~ces bet@, and to a Topsla, which is abundantly developed on the mangolds On the plots receiving an excess of nitrogen but is not present elsewhere in tlle field. 

Thus, towards the end of October the plots receiving the excess of  nitrogen plrcscnt a very unhealthy appearance; a large proportion of the plants seem scorcl~ed and withered as 
regard:: the outer leaves, and only show a clnster of small dark green active leaves at the heart. The above appearances are not confined to the plots receiving very large anlounts of nitrogen; it is 'rather a qnestion of the relative excess 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 maxin~um amount of active nitrogen in addition to the 

I dung, whereas the plants on Plot 2 AC, which receive the same nitrogen but also sulphate of potash, are comparatively Izealthy. The plants receiving nitrate of soda as a source of nitrogen s l~ow less dnmqe  than those receiving an equivalent amollnt of nitrogen in the shape of anlmoniu1~~-salts. Super- phosphate, in the absence of alkaline salts, seems to increase rather than diminish the injurious efFects. B. 3tf~d of.Mine~~alM~~~zares. The efl'ect of the different mineral constituents of a Illallure upon the mansold crop can be seen by an examination of t60 results yielded by Plots 4, 5, and 6. Plots 5 receive superphosphate only at  the rate of 392 lb. per acre, Plots 6 receive 500 lb. per acre of sulphate of potash in addition to the superphosphate, while on Plots 4 the other alkalies which are taken up by the plant amre added in the shape of 200 lb. of sulphate of magnesia and 200 lb. of common salt per acre. In  the cross-dressings of nitrogenous nlanures 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 ammoni~~m-salts or rape provide no appreciable alnount of allialine s d t s .  Table XI.. gives the results to 1912, and the following diagram (15) shows these results set out in a grathic forrn, for 



Plots 8, -5, (I, and 4 ; 1 1 1 t h  RYSL c~olu11111 in p:xt111 c1.1 I I I ~ ~  t r ~ * ~ ~ ~ ' ~ ' ~ ~ ' ~ l L s  the mean crop for t w ~ ~ n t y - ~ ( ~ ~ ~ ~ l i  y tLny.; , ~ ' 1 1 , 1  +. ~ , t w ~ i  v i ~ : '  1''' mineral manurcs ; t l ~ c  st~cnn(1 C O ~ I I I I I U  ~ l ~ i p r , ~ ~ t ~ ~ ~ t ~  !,\vh I ,  I of Plot 5 ,  receiving sul~crph~~spllictc 1 ;  till , i ) l i l l )  of 
Tons 

W i t h  W i t h  With, With  W i t h  NO Nitrogenous Nitrate A m m o n ~ u r n  Manure. of Soda ,  Salts. Rape-cake. Ammonium Rape:cakQ %It6- 
HoMinerals. @Superphosphate. Superphosphate S ~ ~ e r p h o s p h a t e ~ P ~ ~ ~ ~ ~  and Potash. Magnesia and Soda.  
Fro. 16.-Mangolds. Effect of various Mineral Manures. Avet-age Produce of Roots per acre, 1876-1802." 

Plot 6, with pokasll in addition to the superpllospllstc ; and the last column represents the crop of Plot  4, receives superphosphate and all the allralies - potash, and soda. The four plots in each series are grouped together To 
the first group (0) no nitrogenous manure is applied ; in the second (N), nitrate of soda ; in the third (A), nmmoniur~-salts ; in the fourth (C), rape cake ; and in the fifth (AC), rape cake and ammonium-salts, are respectively the sources of nitrogen- A first inspection of bhe diagwili shows tliat suporpho~phate _---------- * The averages are practically identical with those of Table XL,, 1816-1912 



VALUE OF POTASH 105 
P'oduces but little increase of crop except when used with nitrate of soda ; the average inc;ease of cl1op doe to superphos- pllate on Sel'ies A, AC, aucl C, where aminonia or rape cake is the SOmce of nitrogen, is only one ton per acre, whereas the average increase it causes where nitrate of soda is used 

m o u l l t s  to 5'1 tons per acre. This latter result demoi~strates that pllosplloric acid is necessary for the proper development of the mangold plant, but that in the absence of alBa1ine salts 
011 the ~~mmol l i a  and rape cake plots it cannot; exercise ally sensible influence. Tile great illcrease of crop comes as a rule wllell potash is added to the superpl~osphate: the crop on the plots receiving ammonimn-salts rises from 7-04 to 14.08 tons per acre ; with rape cake the rise is from 10'78 to 19-28 tons per acre; with rape cake and ammonium-salts the increase is froln 9-68 to 23-42 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  manm.e the plant has to get as much as it can from the reserves of potash contained in the soil, and, ns it is clifficuit to accelerate this process, the crop on these plots cannot make nearly sucli good use of favourable conditions for growth ss the crops which have a large amount of potash at command. For  example, in 1900 the addition of potash to superphosphate aucl ammonium-salts raised the crop from 12.0 to 28.2 tons per acre, and on the plots receiving rape 

cslre ammonium-salts the rise was from 14.9 60 37'5 tons 
per acre. A filrtlier inspection of the diagram sbows that the addition of magnesiuln sulphate and salt to the plots receiving potash and superpl~osphste, as represented by the last columns in the figme, brillgs about a ft~rther slnsll but perceptible increase of crop, and the increase is proportionatei~r more for the larger crops, The most probable cause is that the 400 lb. of sol~lble 



salts, ihe mapcs ium sulphato and sotlirlrn cl l lo l - i l l~ .  :i(ltlctcl t o  Plots 4 but not  to 1 6, t u g  pruyitling l l o  dil.ficb( I?lfl'" food, yet, so assist to render solol)le tllc r ~ i i * n - ( ~ n  i l l  r llc ~ ~ i l  , 8 5 % ytts ilIJ to  economise the suppll of pot:ksh, tll;~t t llv i 4 1 1 ~ ~ )  1 i indirect benefit ecluivalent to ou s r l~ l i t i o l~  of t lit: l l lO1* tb  indisljcfl- sable elements of i~utrition. The great eff'ect of pottlsh, and. to s ~ O S ~  ( I P ~ P ~ : S  01' otJleP 
alkaline salts, upon the mangold crop is very s t ~ * i k i ~ i l .  ; ~ I M ~  be correlated lvitll the fact that the n~angold is esif:lltially " sugar-prorlucing plant, and thal large supplil:s of )ol;~sh *""'" to be essential to tllc processes io ihc plant wlkicl~ rcsnlt ill  t"e furn~ation of sugnl and similar carbohydlates. Doubtloss the long period over which the esperimeuts I1"'@ been continued has intensified the effect, bcc;~ose the soil of 
Plot 5, which has received no potash for nt least years, must by this time have been very thorouglrly exllnusted rr 110 of available potash. The poor returns of Plots 5, potash, have been progressive, getting morsc each year tbc 
initial stoclc of potash in the soil has become more and lllO1'e to1 d exhausted. For this reason, the farmer taking his 1nanb crop in rotstion need not expect to find an addition of potash produce such a very large proportionate increase as is bere manifest. The effect of potash and of the other saline manures IS plainly visible in the appearance of the plants On the plots receiving potash tho plant begins to ripen eallly 9 the leaves turn yellow and become flaccid, so that in Otto her .~ll tel '  these plots may be seen outlined from the yest by their ha tint at any distance from which the field can be The ripening effect and the lighter colour are even more spp ar ent where the complete mineral manure, containing m ; ~ g n e ~  ilznl sulphate and salt, hils been applied, than where been used alone. On the contrary, the plots receiving r aD potash the signs previously described as indicatinb excess of nitrogen-the premature death df the outer leaves, and the dark green, curled, and unhealthy appearance of 



NITRATE OF SODA AND AMMONIUM~SALTS 107 
remaining tufts of small leaves, which show no signs of completing their growth however prolonged the season may be. C. Co?7po?ison of Nihmatg of Soda and Amnzonium-salts as sou~~ces ofNib/*ogm. I t  has already been pointed out that the plots of Series N cross-dressed mith 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 5 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 i t  to utilise the reserves contained in the soil. T l~e  superiority of nitrate of soda is, howevex, also very evident on the other plots receiving potash or the conlplete alkaline saIts. Taking the mean of Hots  1, 2, 4, 6,  and 7, and comparing Series N and A, the crop obtained mith 86 15. of nitrogen in the form of nitrate of soda exceeds the crop of the corresponding plots in the ratio of 108 to 89. On the Rothamsted soil nitrate of soda always gives rather a higher return than aln~nonium-salts, but not quite to the same extent with other crops as with mallgolds ; the superiority of nitrate of soda is, ho~iever, not so lnailted as to suggest any specific affinity of mangolds for nitrat.e of soda, lovers of saline matter and of nitrates though they are. The cause of the superiority of tile nitrate of soda is probably to be found in the digerent character of the @owth it induces ; being freely soluble in water and not retained in any nay by the soil, i t  sinlts more readily, with the result that the plant develops s longer and deeper root-system to follow the nutriment. Ammonium-salts, on the contrary, are immediately absorbed by soil of the Ilothumsted type, and are retained very close to the surface ; the plant in Consequence develops a root-system correspondingly near 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 t o  lift 

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



i t  intluccs. If n7c: coml,iIrP t l l i  i~lots I ~ ~ - I . ~ * ~ Y ~ I I $  ~ ~ f i ) ~ ~ ~ i i l *  'IL'' "* 6, and 7, t l l~?;o jirhich :k lSi:  r -  \vi! 11 : i ~ l l l l l ~ ~ ~ ~ i ~ ~ " ' ~ ' ' ' ~ ~ '  
are clead ripe w ~ ( l  tl,o 1e;1vr~s all ycllnn.itrg ofi; \v11(.11 ~~~~~ ~'''l'.s''- spending nitm,tr: of s d a  plots :trcS st i l l  ~ I Y ~ ~ ~ I ~  :LH!I $'O'"'l'g 

f \ vigorousl~. l l l e  d r o u ~ l i t i  anti hrlat of t l l ~  s ~ l ~ ~ l l r l i ~ l .  autumnal fall of temperature all havfi n t J 01' "lr 
more shallow-l,ooted inangolds grown n.it.h :linnt( ~ni l l l~-s ' l ' fs '  and bring their growth to an earlier cnnr~ lns io~ l :  t l l c  PK'"- longed growth with the nitr.2it.e of sotla, 1 s  1 0  1 0  splnin 
the greatcr wcight of pl.oducs ou t l lcsp plots, If, I~UJ\.~'" '~ 

c,l.o~VJ1 we C0nIpj~l.e the i~l)pci~t';lllcaf:s ~~rftsantctl  1,y t 110 i , l ; r ~ l ~ O l ( l s  F with nitrate of' soda and with animoniw~~-s:xIts on Plots 5 . and 8, where the inanrue contains no potnsIl, tllc nitrate of s~cln, plants are far healthier and more mature. I n  t,lris case 'llr 
1 1 ;  of nitrate of soda seems to be also able to  rlo some of the *Or the potash, both by enabling the plant wit11 its vztclld~c1 r*oot- range to dram n ~ o r e  freely upon reservcs of potnsll in tllc soil 

and subsoil, and also Ly the soda acting i ~ s e l f  as Potasb sul~stitule, 01. perlraps more correctly, as a potash eco~~omiser  Here, with no potssh supplied, the superiority of the plots receiving nitrate of soda. over the corresponding plots ammonium-salts has been n progressive one, increasing fl'o"' year to y e a s ;  while the relative effect of nitrate of soda @I ammonium-salts when potssh is also supplied in t l ~ e  manure 
i s  constallt, or only varies with the charactor of tire 

e?frct o !  Nitroye?lozcs and Mineral Man167-es w/ben usad i' Con~netion with UUWJ. It has alreacly been indicated that the 
On plots receiving dung are on the average b etter 

than those grown with artificial manures only. T~ a 1 t~~kF  extent is due to the improvement in the texture W% ter - of the soil, which has been e ~ e c t e d  by tbe of farrnysrd manure. The seed dwsYs germillates better on these plots and grows away at an @arliel' 
date, that in years of great hest and drougllt, Iik@ 18'' a crop is obtained on the dunged plots whea the plant entirely on the plots receiving no 



VALUE OF FARBIYARD MANURE 
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 growing vigorously when that on the other plots is still 
struggling for existence. Later on, when all the pla<nt is established, the tliffereoces are not so marlted, and in  favourable seasons the crop on the plots manured with artificials rivals the crop gromn with dung, if due allowance be made f o ~  the large1 amount of nitrogen actually supplied to the dt~nged plots. The right-hand portion of the dingram Fig. 14, page 101, s h o ~ ~ s  the effect of the successive additions of other nitrogenous ilianures to  dung. Considering first the crops on Plot 1, in each series (see Table XL., page 96), we find that notwithstanding the large amount of nitrogen which the duug supplies, and its accunzula- tion in the soil, yet dressings of quickly-acting nitrogenous manures will still bring about an increase of ci-op. mle amount of nitrogen annually supplied to Plot 1 O is liiuch greater than is removed by the crop hence there lllust be a 

considerable accurnuhtion 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, hence the increase which is seen when a further addition of active nitrogen in the shape of ammonium- salts or of' nitrate of soda, is made. When more than 86 ih. per acre of nitrogen is added, as on Plot 1 C, which receives 98 ib. of nitrogen as  rape calie, or as on Plot  1 AC, which receives 184 lb. of nitrogen as rape 

calce and anin~onium-salts, no further increase of crop is seen, the average remains s ta t ionay nt 24 tolls per acre. The crop 
has, in fact, attained its maximum, and is limited, not by the amount of nitrogen and other plant food available, but by its restricted of growth, or by a scarcity of Water, sunlight, 
and other factors of development. Turning to a comparison of Plots 1 and 2, some interesting both receive a similar dressing of results are  to be seen, 



14  tons per acre of farmyard ui;lnurc cytkry i s ,  1 fijr the first nineteen years of the cxperinlcnt, frolll i S 7 ( i  r o  1 ~ ~ ) ~ ~  Plot 2 received in a(\ciition 3; cwt. per acre of *rllJ(xi.l>J~o~phi\fC. 
Tons perkcre 1876 - 94 . 1895 - 1402 - ,Jo ----- -"- ---------- - - - 

o ~ u n g  1 Dung and Super- ~ u n g , ~ u ~ e r ~ h o s ~ h ~ ~ ~  :::i. . .. only. .. . .  . phosphate ( lgyears )  only. a n d  Potash (7yoars)  
10,--Mmgolds. Effect of addition of Mineral RInnuic to ~ u n ~ . t w i t h  v"rious Nitrogenous Cross-dressings. Average Produce of Itoats per acre. 

From this first period we can ascertain the effect of supe'- phosphate as a supplement to  dung. I n  the second period' which begins in 1895, sulphnte of potash has been added to 
the superphosphate on Plots 2, so as to  institute a in ~ a r i s o ~  between the effect of dung alone and of dun, 
conjunction with potash and phosphates, The results are set out graphically in the accompanying diagralll Fig. 160 The left-hand half of  this diagram shows the first period, when clung is compared with dung and phosphates,  he right-hand 



VALUE OF POTASH 
half of tho diagram refers to the second period, 1896-1902, 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 nitrate 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 fallii~g-off when added to  ammonium-salts or rape cake and dung. Turning now to the effect of suIphate 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 pllosphates, 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 of plots were practically equal. The increase caused by potash is naturally most seen in Series 0, A, (3, and AC ; in Series N, ~vhich is cross-dressed with nitrate of ~oda ,~much  less benefit is seen for the addition of potash. 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 for the last forty-seven years, the result is very striking, as showing the dependence of the rnsngold mlop on an abundant supply of potash. The appli- cation of farn~yard manure is generally considered to supply sufficient potash to remove the need for any further specific manuring with potash salts even to  so potash-loving a CrOP as mangolds, bat tllese experiments show that even when d~ lng  





RECOVERY OF NITROGEN I N  CROP 113 supplied in Munu~~e. I n  view of the large amounts of nitrogen applied in the manures, i t  is important to consider what proportion of each of the different nitrogenous compounds is recovered in the crop. If the soil has suffered no loss of nitrogen, then the whole of the nitrogen removed in the crop must have been derived 
TABLE Y LI 1.-&hngolds, Relation between the Nitrogen r~covered in Crop and that supplied i n  Manure. 

Crosa.Drassing8. 

Plots 4.4uperphosphate, Sulphntes of PotGs11 and Magnesia, and Common Sa l t  

Ammonium-salts, 400 Ib. =86 Ib. N. 15.12" 0'146, 57'3 
monium-salts, 400 lb. =86 lb. N. Rape Cake, 2000 Ib. = 98 Ib. N. 2On95.1 O*lSS.l. 69'4 70.9 - i Plots I.-Farmyard Dung, 14 tons. i 

from the manure, and on that assumption the percentages given in the table above are calculated. In  calculating the amount of nitrogen recovered eacll year no account has been taken of t l ~ e  leaves, because they are returned to the soil and their nitrogen is not removed from the land ; if both leaf and root were talcen into ilocoullt 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 

* Avernge for 21 years ornitti11gIS76-7, 1665, 1806, 1001-2. t Average for 22 yenrs: omitting 1876-7, 1SS5, 1001.2. $ Psrcentnge cnlculatcd from 9 y a r s ,  1878.82, 1897-1900. 

17.44 24.74 31.73 
24.05 23'96 

0 N A A C  
C 

31'6 40.5 36.9 
33.8 37.5 

OS162$ 0.2091 0.217$ 
OS241$ 0'207: ---- 

None . . Nitrate of s o i n ,  5 i0  lb.'=:86 ib. N: . Ammonium-salts, 400 Ib. =S6 Ib. N. . Rspe Cake, 2000 Ib. = 98 Ib. N. and Am- rnoniurn-salts, 400 Ib. =86 Ib. N. . Rape Cnke, 2000 Ib. =9Y Ib. N. . . 
--- 

63.3 115.8 105.6 
129'3 111 '1 

200 286 286 
394 295 
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COMPOSITION OF MANGOLDS 
clung year afier year on the same land, lend no colour to the opinion that in ordinary farming there is likely to be serious loss of nitlmogen by "denitrification ":Y' when nitrogenous manures and dung are used together. The soil is probably always suff'cring losses of nitrogen in the gaseous state through various bacterjal changes, and these losses nrill increase the higher the condition of the land becomes and the more ~itrogenous 

bodies of an easily decomposable nature are present. But thelee is no evidence in the Rothanlsted rnangold experiments to  support the view that specific and excessive loss will set in when dmlg and nitrate of soda, or other active nitrogenous 
Ilianure, are  used together. G. The Conzposibio?z of tht? &%ngold C I ' O ~  ns ,@kCted by f1fc~7~2~l'Zh~. 1i1 many of the years during whicll the mangolds have been grown, determinations have been made of the arno~lnt of sugar contained in the roots from the different plots, sugar being the cliief constituent of the dry matter of the rnangold and the main element in its value as food. Table XLIII. gives a sumniely of the results obtained in 1900 and 1902, years when crops mere obtained above the average both in regularity and magnitude. I n  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 Inore important cane sugar, also the dry matter and sugar in pounds per acre on each plot. Other colurnns give the 

O e  of cane quotient of purity, by which is meant the percentad sugar in the dry matter, and the glucose coefficient or the 
relation per cent. of the glucose to  the cane sugar. ~t will be at once seen that the variations in the composi- tion of the loots  a re  snlall with the variations in the yield from plot to  plot ; the average weight of root varies from 0.71 to 3-95 ib., but the proportion of dry matter only flucluates betureen 15.3 per cent. and 10.9 per cent. the 

main the root grows as a whole from a very earsly stage, increasing in size but maintaining a fairly uniform composition. 
++ See p. 219. 

main the root grow- -. .. increasing in size but maintaining a fairly uniform composition. 



If one or other ihl<an~t:nt nrr.csyii1.y t tllc i l l i t  ,-it ion 0 1  1 11' I J~ ' ' ' ~  cr  its be lacking, \,lte root CO;LSCS to SU-(:)~ i l l s ~ ~ ~ : ~ , ~  o f  alttnrina composition to  nlect the  deficicnw. 

There are, however, certain difl'ererences in composition lqhi~by en@' if not large, are regular, and brought about by the differ %n in manuring. Dealing with a series of roots which receive ample supply of mineral constituents, as on plots 2,4, Or 6, fib@ size of the. root and the proportion of water rise witb each 
addition of available nitrogen. The smallest and richest roots - are those grown without nitrogenous manure, the largesL ,ad most are those where nitrate of soda is used in COD' junction with dung. The roots grown with ammonium-sa1t9 



SUGAR I N  MANGOLDS 
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. As regards its effect both on the magnitude and composition of the crop, 200 lb. of nitrogen in duug are less effective than 86 Ib. in nitrate of soda or 98 ib. in rape calte, and have about the same value as 86 ib. of nitrogen in ammonium-salts. 

It has already been  noticed that the use of ammonium- 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 nitmte of soda in lowering the quotient of purity and raising the glucose cosRcient. Fo r  instance, Plot 2 N gives a quotieat of purity of 55.5 as  compared with 64'9 and 62.2 on Plots 4 N and 6 N, which receive the same mineral manures but not extra nitrogen of the dung on Plo t  2 N; sirnilarly,'the glucose co- efficient is 6'5 on Plot 2 N and only 3'0 and 3-4 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 on either the A or the C series, which receive only one portion of the nitrogenous manure on series AC. The dependence of sugar-formation upon potash i s  we11 seen by comparing the weights of sugar per acre produced on Plots 4 or 6, receiving potash, with the corresponding weights from Plo t  5, without potash ; or by comparing Plots 2, where dung, nitrogenous manures, phosphates, 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 8rnount of sugar grown per acre, The quotient of purity is, however, better on plots 4 and 6,' with potash, than on Plots 5, without 



potash; but this effect of potash in inrlnr+ing 1 1 1 1 %  i * i ~ ) ~ * ~ ~ i l ~ ?  the n~angolcl is not; visil>lt: in the ciungrtl plots. Althougll the :~nalgscs which l);~\-c i w ~ n  lliiidt$ c j f  i l r t i  uif$ri'- 
certain ilesults arc apparent. AS regards tlle total uitllogen, the llr.t.s('tlt io 
the root reflects the supply of nitrogen in tile ~lr t~l lore,  ;mJ as the roots get Iallgcr and more wntrry wit11 tljc us': nitrate of sods or my excess of n i t l . 0 ~ ~ 1 1 0 ~ ~  n ~ i t n ~ l l ' e ~  F; 0 
also does the p~oporlic~ll of i t ,  S ?  i l l  , s1~l ,s t :k~~~'  "' the root. AS LO ihc forms in whicll tile nitrogen is calllhilled the proportion of iiitrogcn in tile protein contlition, \v1letller soluble OT insoluble, is a t  its llighcst in tire iji:~nts -ivhicb are nitrogen starved, and falls t o  its lo l \~es~,  ~ ~ o i n t  ~ ~ 7 ~ 1 e " e  nitrate of S O ~ ~ L  or any excess of othCi. n i t y ~ g e l l o ~ ~  111811ureS are used. 

' 11 The amides are also at their Ilighest on tho plots lvl"c of show inimaturitjl because of the use of large qalltities nitrogen, and especially of nitrate of soda; on the contrary' the use of potash at once diminishes tho of 
amides. The proportion of nitrates present is less zffect"'l by the manuring, but it is highest when an excessive arnO'"" of nitrogenous manure is used, or when nitrate of soda lie3 
the nitrogel1 in the manure, and is usually diminished ~ J Y  use of s free supply of potash, Speal~ing generally, then, it will be seen that thoug 12 the r r  composition of mangolds is not greatly influenced by rnanurlpo' yet certain factors go together. Highly nitrogenous ma nal*e, especially when the nitrogen is in the form of nitrate of oda) produce large and watery roots, whose immatmity is refl ected in the low cluotient of purity, the high glucose coeficiO~lt, tll@ high Of nitrog.enous matters, of which again a large P ~ ~ P ~ ~ ~ ; ~ ~ ~  is in the form of amides and nitrates, If the nitrogen is in excess and the millerd manures are deficieo t these differences are intensified, whereas an abundant supply of potash tends to p r o d ~ c e  a more normal root. 



PRACTICAL CONCLUSIONS 
Lool:ing a t  ~ e s u l t s  of the experinlents a t  Rotllamsted on the continuous growth of mangolds with various manures 

for over foilty years, 8 ~ o m  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 rvithout injuring the tilth of the land or the health of the crop. 
2. liberal dressing of fanuyard manure forms the best basis of the manure for mangolds. 3. The crop mill further respond to considerable additions of acliee nitrogenons' manures to the dung, particularly of nitrate of soda. 4. A free supply of potnsh 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 nitrogellous manures are used in addition to dung, the potash salts should be increased pro raatii, in order to maintain the  health and feeding valne of the crop and to bring i t  to ~naturity. 5. Superphosphate or other phosphatic manure is less necessary with dung, especblly when the crop is grown in rotation. 6. Since soluble allraline salts are beneficial to the mangold crop, either a s  direct foods or as eoononlisers of potash, a dressing of salt should always be included among the manures for the rliczngolcl crop. 

The experiments upon tur~lips may be divided into four series, the two earlier dealing with Norfoll; 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. It not be necessary to  give the results obtained i n  the 
first trial 1843-6, but the three later experiments mere set out 



on practically the same lines as have been maintained for the mangold crop to-day, and are summarised in Table XLIV. These results show the great dependence of the turnip crop upon the supply of a phosphatic manure lilm 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 leaf more than the root. Until the soil had become depleted of its available nitrogenous compounds by repeatedly grox,ving the crop without any a;p;plication 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. I t  was from these early experiments that apiculturists first learnt how essential were manures to the growth of turnips, and the fact that the man1n-e for turnips should consist of superphosphate in the main with but little nitrogenous manure, soon ~ a s s e d  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 manufacturs of superphosphate from mineral phosphates, which was then beginning under the patents taken out by Lawes. I n  the earlier yews 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. AS has already been mentioned, it was soon found necessary 
to discontinue the attempt to grow Swedes year year on the same land. The soil at Rothan~s t~d  is not very well suited to the crop, being heavy and awkward to worlr, and in eonsequence of the use of saline manureg the r ~ ~ t ~ i ~ t ~ - J  



ANNUAL PRODUCE OF ROOTS PER ACRE 121 . S f ~ o o t s  per acrc per arnim. 

Strip. 

----_ 

Cross-Drosslngs. 
i 0. N. A. AC. C. ----- Strip Xnnuros, 

1 Norfolk White Turnips, 4 seasons (1345-48). 
Lb. Lb. Per acre in Cross-Dressings , . 1 90 I - -  

\ Swedes. 4 seasons (1819-3-3j.t 
Nitrosen per acre in Cross-Dressings . . . - -  
No Stnndard Manure, 18.16 and since . . S u ~ ~ r p l ~ ~ s . ,  Sulpllates Pat and Mag., and soda-ash S " ~ e r p h ~ ~ p h a t e .  . . . . . . ) Stl~erphosphate  and Sulphate P o t a h  . . . 

Lb. ... 
C\\'t, ... ... ... 

Lb. . 
Cmt. 46 357 149 
136 

Swedes, 5 years (1856-60).$ 
I 

~ b .  Lb. Lb. Lb. Lb. Nitrogen per acre in Cross-Dressings . . . 43  43  51 6 -- - 1 2 1 4 t ~ n ~ F a r m y a r d ~ u n g  . . . . . 3 
. . , 96 123 101 119 $6 

-- 
\ Swedes, 10 years (1861-70). - 

?$ 1 % 1% ---- 
c r r t .  ' c w t .  cwt. 77 140 134 

1 2 3 g 
f 

189 261 247 I 

fib. 86 
_____--I_ Cwt.  194 190 13 100 81 8 s  95 

Lb. 86 
c w t .  177 1S3 21 115 103 105 104 

Lb. per acre in Cross-Dressings . . ------ ... -- Cwt. I 4  tons Farmyard D~~~ . . . . 143 

l f 4  

* 111 t h u  5 ytnrs ( I S B ~ . ~ O )  cllo ~ ~ t ~ ~ ~ ~ ~ ,  ,vnq nppliud ns Nltrll: Acid rlllied with ~ S I F ~ U S ~ .  t No Cross.Dmss~~rgs nppllod in  181;1 or IS%. t Avelnge prodl~ce of 8 ypals only (1856.5~), as  the crops OF IS59 and IS60 i d a d .  

Lb. Lb 184 98 
c w t .  cwt .  210 2 0 2  210 lgS 
1% 1.3' 1% 150 1% 130 8 35 

DO. and Sllperphosphate . . Nostandard ILZnnure, 1846 and since . . - S ~ l ~ e r p h o s .  only ; previously Complete Minerds . bosphnte. . . . 50. ; preViousiy Suiph. i)omh also . Do.: previouslySulph. Pot, ,  and3tj91b. ~mm.-saltsaIso 2 Stnniinrd Manure, 1,953 and  since . . 

224 210 
243 234 

lo' 1 92 
--.-.---- 

143 11 52 49 45 49 22 
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root-range of the plant, a satisfactory tilth on some of the plots became so difficult to  establish that a. good plant rarely resulted. 

1. The experiments show that Swedes and white turnips cannot be grown repeo,tedly on the same land, or even at short intervals. 2. The manuring for Swedes must be liberal, as the yielc1 is much more quickly nffected by poverty or esbaustion in the soil than is the case with the other crops of tlre Fd~ln. 3. Although under favourable conditions Snredes can be grown with artificial manures only, yet a e y  are so dependent on a good tilth and on the retention of n~oisture in the surface soil that the manuring should begin with an aIJplicatioll 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 nitrogenolls manure. In  the absence of clung, about 2 cwt. per acre of some nitrogenous manure iilre fish guano or rape d ~ ~ s t ,  together with 1 cwt. per acre of sulphate of ammonia, mill be sufficient. 
When dung is used, the latter only is necessary. For the shallow-rooting Swede crop sulphate of ammonia, appears to be a b e t t e ~  manure than nitrate of soda. 5 .  The phosphatic manuring is most important, and should consist of 3 to 5 cwt. of superphospl~ate or an of basic slag in the case of sLrong soils. Only on the lighter soils will potash be required ; about 3 cwt. of kainit per acre in the winter may then be used. 

These experiments were commenced in 1876, and went on for twenty-six seasons until 1901. The varieties grown lVerf3 -" Rock," four years ; '' Champion," elevon years ; " Sutton's 
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A b ~ ~ d a n c e , "  five years ; Bruce," one year ; and " White Beauty of Hebyon," 1897-1901. The question was not as to the comparative merits of different ~lnrieties, but different Sorts nrere selected on the supposition that in growiug the crop1 Year after y e u  n change was desirable, especially with a. view 

to the avoidance or iessening of disease. The special object "as to ascertain the maourin1 requirements of the mop 3.nd comparative chamcter and composition of the pi-oduce. XLV, gives tile details of the manuring and the 5Vel:lge produce for the whole pe~iod of twenty-six years* 

The crop nras grown c o n t i n u o ~ ~ ~ y  wit bout manure, with '"'~ous artificial manures, and also with farmyard manure, both "fane and with sonle &r~.rtifi~jal manures. There were tell 
cllfferently manured plots, ;rnd under each of the ten conditions the crop more or less declined over the lat.er compared with the ""''lier years. Tlre average produce per acre of t#otal tubers the twenty-six years was--with~ut manure, 27.4 '"6 ; with ammonjum-salts alone, 34.0 cwt. ; with nitrate of alone, 42.5 c a t .  ; with superphosphate alone, 54.4 cwt. ; 

--------__ 
Sfnrlutcs pcr ecra per nnnum. A~orzga Protluco per acre. 3 ---_ --- 

.. ...... 1 6 .  ..of,. ... ... ... ,.. ... , ,  22.7 3'5 0.9 27*4 3.3 1 2 ( .,, ... ... ,., . .  , t i7. j  4.7 2.6 54% 4-7 ... .3 34 . 1 ,.. ,.. , $2.6 4.7 7.5 9.5'1 8'2 ... 14 .. *. .,. . . a  f 57.4 4.6 10.2 1 1022  10.0 
.I00 ... ... I... , , .  27.9 4.7 1.1 ' 31.0 4.1 . . , 2 , ; 9 

a , '  

"' 
.* ' ... -----________ I 

550 400 . . . 300 300 ... 300 
... ... ... 550 ... ... 

... 100 100 ... 100 

... 100 100 . .  100 

, ,  3.5 3.5 3.5 3.5 

38.2 93.5 96.4 15'3 52.3 

4.3 5.1 4.8 4.3 3.9 

2.0 42'5 7'1 105.7 7.5 103.7 1.9 1 5 2.0 I 58.2 

4'7 6'7 6.9 3'5 3-4 
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with mixed mineral manuye, including potash, 58.2 cwt. Thus, 
purely nitrogenous manures yielded less than purely mineral manures, indicating that the potato finds a difficulty in obtdning ash constituents rather than nitrogen from an inlpoverished soil. By superphosphate of lime alone the produce was raised from an average of 27.4 to 54.4 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 little more than by the superphosphate done. It is clear that as regards the small crops in question the land is still able to supply sufficient available potash when i t  has become comparatively exhausted of the phosphoric acid mhich can reach the crop. I n  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 h&ving comparatively shallow root-development ; and in such ct~ses the source of the nitrogen is chiefly the store of it in the surface soil. The beneficial effects 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 ars 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 potstoes by nitrogenous manures alone than by mineral IIlanures alone. 'tllus by ammonium-salts alone there is an average produce of 34 cwt., or only between 6 and 7 cwt. more than without manure ; and with nitrate of soda alone there is an average of only 42.5 cwt. per acre. With the mixed mineral manure and ammonium-~alt~ together, the average produce of total tubePs was 106.7 cwt., and with the mixed mineral manure and nitrats of soda, 108.7 

ewt. per acre. The better result from the nitrate of soda is doubtless du.8 ~ J O  its nitrogen being more inlmediately available 
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and 'lore rapidly distributed within the soil, thus inducing a more extended development of feeding root. The average Produce by mineral and nitrogenous msnmes together, over twenty-six Years of continuous growth, was very nearly that of estimated average produce of Grest Britain under ordinary 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 and ammonium -salts or nitrate of sods, supplying only 86 lb. of nitrogen. ~n h c t ,  only a small proportion of the 'ltr0gen of farmyard manure is rapidly available, that due to undigested matter being more slowly available, and that in the 
!ltter remaining for a long time inactive. Farmyard manure 
lS' however, often applied in v a y  large quantities for potatoes, the Pl'ocess being to  8 great extent one of forciog, after which a great amount of unexl~austed manore-residue witbin the soil. The characteristic effect, of nitrogenous manures, provided 

be a suscient  suppIy of ash-constituents, and 
especially of potash, is to  increase the amount of the Don- "ltrogenous substance-starch, in the tubers. Thus) the P'odnce of starch per acre was about 650 ib. without mfLnnre, about 1360 lb. with purely mineral manure, and with nitl.0- Benous and  mineral manures together about 2500 1b.Y or rather 
more than 1 ton, ln other words, the increased produce of 
Starch by the use of lnineral and nitrogenous manures together was more than 2 ton per acre. Since we kllow that a free supply of potash is essential to 'the Production of any carbollydrate like starc'll, i t  lnigat have been eXpected that bigger crop and an increased production OfqstarCh would be obtained fronl Plot 14 receiving a ml~el'al ,anure potash, than from Plot 9 which "Fceives superphosphate There is, however, p r a ~ t i c a l l ~  

d!ffOrence in the -yield from two plots ; in the absence of 'Itrogen and  ,$he exhnustion of the ,soil of ils :lr~;lil8hle 
Of 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 witlrdre~~i about 21 ib. of potash pey acre per annum from the soil, the addition of superphosphate on Plot 9 raised this to 51 ib., and the further addition of potash salts and other alltaline sd t s  to Plot 10 only increased the amount annually withdrawn to 54 lb. Clearly the soil, which is known to have been originally well stoclred with potash and also to contain considerable residues from potash manurings previous to this experiment, could from its amn resources supply ample potash for the 

ments of a crop averaging no inore than 2 t o  3 tons Fey acre, Where, homeve~, big crops of potatoes are grown with the aid of dung qnd artificial manures, it is mell known that an abundant supply of potash salts is essential both to  the yield and the quality of the potatoes. It is mell 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 influellee of manure, the proportion of diseased tubers mas the least where there mas 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 luxmiant 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. 

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 replalaced by some manure containing organic nitrogen, e.g., by 5 ~ w t .  per acre of a good Peruvian guano, or by a meat OF 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 supe~~phosphate 



SUGAB-BEET 127 dnd to 1;- c1vh of sulphste of potash per acre should be s o w  '' the drills before the seed is planted. If  kainit is used as a of potash, it should he sown broadcast some time before the is got ready for planting. 3- A little active nitrogen is generally also needed, 1 c ~ t .  
Of nitlate of sods as ,z top-dllessing when the haulm is growing Or cwt. sulpbate of ammonia, with the other manures at planting t h e  will be su%cient. 

A. First S e ~ i e s ,  1871- 1875. 
The experiments made at Rothalnsted with sugar-beet mere Co'h"ellced in 1871 and continued for five years in successioa to 18?5 inclusive. They mere conducted on the land whicll 

]lac' been devoted to the continuous growth of root-crops 'Norfo~~< Whites and swedes) from 1843 to 1870; excepting in the three years 1883-55 barley had been grown without maoure to equalise the condition of the plots as far as possible ',-arranging theill and the manuring. During the first three of the five years of sugar-beet the 
of the plots and of the manures mas substantially the same as during the preoedillg ten years with Swedish and the subsequent y e a s  with mangolds. But during 

the last two yealrs of the fiva, neither farmyard nor any 
Other uitrogenous maEue was ; the object being to d etermine t,he effects of the unexhausted residue of the nitro- genous application during the preceding three years. The description of sugar-beet grown mas Vilmorin's " Green-top white SilesianSv In 1871 the seed was dibbled on ridges in 26 inches apart, and 10 inches from plallt to plant in the 

; in 1872 alld subsequellbly it was dibbled on the fiat, in 
'Ows 22 inches apart, and 11 inches apart iu the rows; the being moulded up afterlvard~. The roots were all carted of? and weighed ; the leaves mere weigheel, spread ofi the pes Pective plots, and ploughed in. 
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Table XLVI shows, for selected plots, the manuring, the merage produce of root and of leaf, the average percentages of nitrogen and of mineral matter in the c\ry matter of the roots, and the average percentages and amounts per acre of sugar in the roots, over the three years 1871-73 during which the farmyard manure and the nitrogenous cross- dressings were annually applied. 

TABLE XLVI.-Suyuv-Beet. Averu,ge produce of Rook, and STLIIUT per cent. and per ucre in the Roots, 3 years (1871-73). 
---/ 

mch year as under. 
0. A. AC . 

Btnndard DSanorea. 

w 

Produce of Roots per acre. 
/ Tons. Tons. Tons. Tons. ~ a r l v *  ~ m u r  4 n s  . 1:: \ ::: ;;: :;;; 1 Superphosphate alone Superphos. and Sulphate df PO&& . 18.8 14-9 22'1 
/ 

Sugar per cent. in the Roots. 
Fawnyard Manure (14 tons) . Superphosphate alone Superphos. and Sulphate o i  ~ o & h  . \ Sugar per acre in the Roots. 

I t  will be seen that the nitrogenous cross-dressings, which were the same as those before and subsequently adopted for feeding roots, were very heavy ; indeed, much heavier than is recognised as stlitable in the case of beet grown for the pro- duction of sugar- The result Was that whell these wePo used 
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in addition to falr~nyard manure, the procluce of roots per acre mas large, in some cases abont twice as much as that obtained in the gro~vth of sugar-beet for the manufacture of sugar in Germany or Prance at the present time. The figures in the table for Plot 1 sho\v, however, that when farmyard manure was USCCZ the amount of sugar in the roots never reachecl 1 2  per cent. ; but it was the highest, 
11 '84 per cent. on Plo t  1 0, with the fixrmyard manure alone, and the smallest crop; i t  was lowest, 9.99 per cent. on Plot I AC, mi tll the farm paid manure and the heaviest nitrogenous cross-dressing, and the heaviest crop. The roots of the other series, with intermecfiate amounts of crop, had also inter- mediate percentages of sugar-namely, 10.42, 10.84, and 10.81. F~irther;  the crop grown with the farmyard manure alone, which hacl 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;  ~ ~ l i i l s t  the crop yielding the 
higllest produce, but the lowest percentage of sugar in t h e  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, hot11 when used alone and with the nitilogelrous cross-dressings. 'She figures filrtller shol.r. that there was a greater produce ill the case of three out of the four cross-dressings where potash was used as  well as superphosptlate ; but that the omis- sion of potasl.1  as ~ v i t l i ~ ~ t  effect wl~ere nitrate was used as the source of nitrogen. The result wit11 potash is fully established in other experi- ments ; nsmely, that a libella1 supply of it tends to maturation, a conditioll favourable for the proclucLion of sugar. 

The percentage of sugar in the roots is, with one exception, I 
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considerably higher where the mineral nlanures were used than where farmyard manure was employed, whether alone or with the cross-dressings. With the mineral manures used alone, and less than 6 tons of roots procluced, 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 very excessive cross-dressing of 184 lb. of nitrogen was employed ; the nitrate of soda produces almost as bad a result, and in both cases the sugar is lowest where 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, and aice uers$. 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 ; bul; that with crops forced beyond a .. certain moderate limit of produce, the proportion of leaf is unduly large, the percentages of nitrogen arid of mineral matter in the root are relatively high, and the percentage of sugar is objectionably low; all these conditions indicating too ~ ~ ~ u c h  luxuriance and defective maturity st the time of taking up the crop. 
B. Second Series, 1898-1901. 

The conditions under which the sugar-beet was grown in the first series were so different from those which prevail when the crop is grown for sugar-making that a second series was begun in 1898, when muoh smaller amounts of nitrogen were employed and the plants were grown more closely together. The land was a portion of the rnangolcl field which had previously beell receiving dong. It was sllbsoiled a l ~ d  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) mas sown in rows 17 inches apart, with 8 inches apart in the rows. The following Table (XLVIL) shows the average results for the four years 1898-1901, 
TABLE XLVI1.-Suyar-Beet, Second Se~ies. Ave~.agc p7-odzwc ;oer ac.l.8, ~ l l d  S?qur per cent. and pe7. acre in the Roots, 4 yeam (1898-1901). 

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 orperiment the plot receiving no nit~ogen still grew "early 113 tons of roots ; the nitrate produced no increase, and the sulphate of ammonia an increase of 1 ton only. AS a nitl-ogenous manure, sulphate of anlmonia was more effective than nitrate of soda; this is llever the case with mangolds, but 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 manme 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 alld 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 bo expected, save in rnthe18 ssceptional seasons. 

Plot 9.9. 
A8 9-1, aud 272 Ib. Nitrate Soda. 

' Plot 9.1. i Plot 9-2. Basic Slag, 400 lb., and Su'phate 
POtaqhl " 600 lb. 

14.0 6.5 32.7 13.63 3938 
I Roots per acre (as carted) . . . . . Tons 12.8 14.6 

9-1, 
2 clvt. Sulphnte &nruouia: 

Leaf do. 4 ' . . . . . . . Tons '~.ii Cleaned and Trimmed " Roots per acre . . T ~ n s  11.7 Sugar per cent, in ~~Clel tned andTrimmedW Roots per cent., 14.11 Sugarperacre . , . . . . . Lb. 8693 
ti -9 13.3 13.53 4099 
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1. As the value of sugar-beet depends so lnucll 011 its purity, it should be grown rather on i;md io irig11 condition fro"' previous manuring than enriched by the direct, applic&tion of manures. If farmyard manure has not been used for the previous crop a fair dressing shodd be given for sugar -beet, 

but it should be ploughed in during the sutulnn before sojvi"g 2. Just before sowing the seed, 3 cwt. of suPerpilosphatie? 1 cwt. sulphate of  potash, and 1 cwt, of su\pllate of arnn~ollii' 
Per acre, should be applied and l1arrowec\ in, Nitrate of soda is not so desirable a manure for sugar-beet zs it is for mangolds. 

3- The high quality of the crop mil l  muoh depend 0" the thorough and deep cultivation of the soil before sonring, and O" planting very closely as compared with mangolds. 

" Agricultural Chemisby, Tmnip Culture:' Jo,t,., Ro3. h9. Sot., S (1g1I7)' 494. Rothanzstetl Memoirs, Vol. I., NO. 2. ''Resu~ts of Experiments a t  Rotharnsted on the G ~ ~ w t l ~  of fioot-Cr@Ps 'Or many years in succession on t h e  same 1;md." ~ ~ r i e i t i l a i . ~ l  ~ k ~ ' ' ~ ~ ~ ~  Gnzette, New Series, Vol. III., Par t  V., 1887. no~hn?luletl niIcnioi7'", O" vr..wo. 12. "Results of Experiments at Rothamsted on tile Growtll of Potatoes for twelve gears in succession on the same land." Agrienilanr6 ~ l ~ ~ ( ~ ~ ' ~ ~ ~  New Series,* Val. IV., Part II., 1888. noihnnujed ~ f ~ ~ ~ l o i r s ,  Vo'' VI., No. 13.  he ~othamsted  Experiments : being an account of some of tile ~ e s u ' ~ ~  
the Agricultuval Investigations conducted at Ro~\,amited." Tj'u"S' H i ~ 1 1 u 7 1 d  Agricp~ltz~r(~~ Sa&et. of ScoUalrd, Fifth Series, 7 (18g5)1 19-61. 

Growth of Sugar -~ee t ,  and the Manufacture of sugar in the  united Joiil. Rg . Ag. Soc., 59 (1 898) 314-370. Memoirs, Val. VII., No. 11. ''Experiments a t  Rothnrnsted on the  Changes in  the Camposition of Mangels during Stoya&" by N. H. J. Miller. 50117. Roy. ~ g .  SOC., 61 (1900)7 57 ; and 03 (1902), 135.  <'The Continuous Growth of Mangels for on t h e  same land, I h n  Field, Rotharnsted," b y  A. D. Hall. joccr. Boy. Ag. Sot-, 63 (1902), 27-59. 



CHAPTER VIII  
EXPGRIAIEXTS UPON THE CONTINUOUS GROWTH OF LEGUMINOUS 

CROPS 
1. The Continuous Grolvth of Beails on the same land, Geescroft Field. 11. The Contirluous Growth of Red Clover on ordinary ArabIe Land, WOOS FieId. 111. The Continuous Growt21 of Clover on Rich Garden Soil. References. 

I.--THE C ~ ~ . T I N U ~ U ~  GROWTH OF BEANS ON THE SAME LAND, GEESCROFT FIELD. 
FROM the outset of the Rothamstecl Experiments repeated attempts have bcen made to  grow legun~inous crops year after Year on the same land. The particular importance of these attempts comes from the special position occupied by the legominous plants. It is well known that ordinary farming experience c o n s i d e r s  that the l a d  requires a "rest" b e f o r e  the growth of ally 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 call be renewed with any prospect of success. Not  only does land become "clover sick," but the farmer col~siders it will become bean or pea "sick " ; even lucerne, though i t  stands without failure for five 01. 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 far greater amounts of than any otheps, hut it is now known that the greater Part of this is obt&ined from the a tn~os~l ie re ,  so that the 138 
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ground, instead of being impoverished, is a,ctually enriched by the residues 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 witb beans began in 1847 and were continued with several ykars of failure until 1878, when they mere finally abandoned. Table XLVIII. shows a sunlmary of the crops obtained under the three conditions of no manure, mineral manures only, and a complete manure contsinillg minerals ancl nitrogen; the nitrogen was applied at  first as ammonium-salts, which, because of their ineffectiveness, mere afterwards replaced by nitrate of soda. It will be apparent from the table that the mineral nianures 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 tbe crop. The crop shows a continual deterioration, but this is mora 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 claaractei'ised 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 

gowth 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 con~bination of these 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 beans, independently of the deterioration of the tilth of the soil. 
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After the experiments with beans ceased in 1878 the land was left fallolv until 1883, when barley was grown and clover 
TABLE XLS'I11.-Beans g7,ozon yeale clftcl. year on Ihc same Zcnzd, Gecsc~oft Field, Zotha~mtccl. 12csults, zuithout ~V~nure,  with iMinemZ Jfanz~re, and v~itlb Mineral a7~d ~ITitroge~zov~ Manure. P~oclzbcc pel. m~c, each ?/eccr, in Ibs. 

TOM Stmw. (Con1 Tohl ~ n d  Produce Straw) 

-- 
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T,iots YLV11I.-Co~~ti?~v,cd. --- - 

Total Coril. Totsl Straw. 

Years. 

I Average per acre per annum, over each period of 8 years, and the tobl  period of 32 years. 1 
Average per acre per annum, over the years of crop only, each period. I 

-- - -  - - -  

1st 8 years, 8 crops 1205 15733 1'763 121fi 1635s 1792 2421. 320% 3555 2nd 8 years, 7 crops \ ;;; \I097 \ 1155 11129 \ 1847 1 1902 1 !2N8 1 $005 1 3rd 8 years, 7 crops 663 1007 521 1191 1506 692 135.1 2513 4th 8 years, 4 crops 819 1426 1499 910 1555 1793 1729 3011 3292 

8 years (1847-1854) . 

-.,,.---I-- *------ *--------- 
22 years, 26 crops / 7 1  I I 3 6  I 958 / 1526!1/ 1130 1 1700 \268511/ 3086 1 I I t 1 i I I I I I ~ I _ _ _ _ ~ - d - ~ . - ~ . ~ 4 _ ~ - . - - - - -  - * 6 ywrs (IS41.1661), 4(l lb. Xitrogen as hmoniurn-salts ; I1 yews (186% 180~1.1670, 1879, 1870, arid 1578) $6 Ib. Nitlogen as S o d ~ u n ~  Nitrate. i 7 ycnrs, exclu( l~~~g lSG. $01 years, cscludiitg ISJrJ. 1 7  crops, rxclriding 1S'LrJ. t] 25 crops, escluding IS4rJ. 

Lb. Lb. Lb. Lb. 1.b. L b . 1  1.h. 1205 15731. 1763 1216 16351 1702 2121 32081 

sown in the barley. From the first the clover grew luxurial.ltly, and in 2884 and again in 1885 a laxge crop was obtained. The following Table (XLTX.) shows the yield of dry matter and the quantity of nitrogen it contained, taking an average of the three plots which had been differently rnan~~red during the 
times the beans occupied the ground. Allalyses of the soil bad also been made before and after the clover mas s o m ,  and from these it is seen that the soil, which was somewhat impoverished in nitrogen after the continuous growth of beans, gained a considerable amount of nitrogen during the years of clover, notwithstanding the large quantities yenloved in the clover. I n  this case the land showed no rsltlctnnce to grow clover, 

1 ;= { ~ ~ ~ ~ ~ \  ; 1 !i 1 l\i 1 :8 456 1 1506 1042 1 1616 1317 11684 606 2466 1 8 2 2 2 1 9 8  2629 
Lh. 3555 

8 years (1871-187s) 155 , 793 897 364 ,1500 1 1 6 ‘ ~  



WILD VEGETATION AFTER WHEAT, ETC. 137 
~11other legumiilous crop, after it had become " sick " through the long-continoed growth of beans ; there is other evidence, 
however, that the growth of one leguminous crop rendel% the soil less fitted to carry another, even of a different species. 

TABLE XLIX. 

After the removal of the cIover crops in 1885 this portion of the field was fenced ofT .to exclude cattle, and has been left uncultivated svep since. A l~~xur ian t  growth of grasses and 

1SSj. 

3325 71 -4 
0.1152 2832 

- 
Crop pcr acre (Dry Matter) . . Lb. Nitrogen in Crop per acre . . Lb. 
Nitrogen per cent. in Surface Soil. Nitrogen per acre in Surface Soil . ~ b :  

other vegetation soon established itself, which may be prafit- ably compared with tile silnilar natural vegetation that has 
establisIlecl itself after the wheat at the top of Broadbalk field (see p. 41). 111 the summer of 1903 a portioll of the herbage "as cut on both these portiorls of land'which had bee11 allowed 
t o  Full wild after ~~rhea t  and legllrninous plants respectively ; these were sanlpled as usual and a full botanical analysis made, the results of wflich are set out in Table L. Early 
ill 1904 soil samples %rere also obtained from three places in field, alld 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 t he  land left " prairie " conditions for twenty Years. 

* Barley and Glorrcr togatl~sr. 

It will be observecl tIlat tlte leguminous plants had never been able to obtain n footillg in tho Geescroft field after clover and beans, although in tile wilderness following wheat in the Broadballr field, Lnthyj*rbs constituted a considerable proportion of ihe herbage. The conclusion seems inevitable Lllat the preliminary l ~ n ~ - ~ ~ ~ t i u u e d  growth of leguminous 

1SS3.* 

3457 53'5 
0'10S1 2657 

1SS.1. -- 
7649 194'2 ... ... 



138 EXPERIBIEIENTS UPON LEGUMINOUS CROPS 
TABLE L.-Botanical Compositioa qf Se1J-sosa Hcrb~gc,fi-om an. ? ~ ~ ~ c z ~ i l i s n t n l  portion of land ia B~oudBaik c b n l  Gecscrofl Piclds. S'caso,~ 1903. l~r2bmbcr af Species c,/nd Percefitagc by weight ec~h Xl;tccics i~ tho Hfiisbl,qa. - I 

Gramineous Herbage. 
I I xurnixr of specios. I 11 \ 10 

1 Total . 

Botunicnl Xamcs :- 1. Phlaun pralensc . . 2. Agrovliv ulbu . . . 3. Descltampsia ccospilosa . 4. Arrhenathe~urnaue~~nceum. 5 .  Dachylis glomotatu . . 8 ,  L o h n  pererne . . Other Species amounting to 

Orrlinanj English h'antri :- 1. hIendow Cat's 'rail. 2. Marsh Bcnt Grass. 3. llrftecl Hair-gnlss. 4. Falsc Out. 5 .  Cock's Foot. 6. Perennial Rye Grcrsb. 

Par cent. Par cent. 4-89 11-02 ... 3.50 
0.08 0.20 86.19 2.34 

8 

Ly~urninous Herbage. ----- --- 

E.12 3.22 1.89 

- --.--------- 
I. White or Dutch Clover. 2. Coinrnon Red Clover. 3. Mec7d01v Vetchhng. 4. Bush Vetch. 6.  Black Bledielc or Nonsuch. 

N ~ m b * t  of SPIIIES. 1 5 I 2 

'l-ofal . . j  100.00 
---------I_ 

4-53 0.05 1.87 

100.00 

0.05 . . 
0.35 . . . 

1. Trifoliuna repens . . 2. fiifolfoliurn prattrwre . . 8. Lnb/~?)rus prulensiu . . 4.  Viciu s6pt t~)n . . . 5 .  3Ietlicago lupulina . 
Miscellaneous Herbage. 

------ I 

-- 
3.08 0.55 18.36 0. tO 2.92 

Total . . 
- -a- 

1. COW f arsn~p or Hog~vced. 2. F~eld Scah~ous. 3. Black l<nnpmectl. 4. Crceping Plume ThLstlc, 5. R~b~vor t  PIantnln. 6. Broad-leaved Dock. 

-- -- 
3 l lmbf~ r  of ~ ~ B E ~ L I .  \ 24 \ 1 4  

25.31 1 0-43 

I. Hcracluum sphonr2ylium. 2. Scc~bioua urvsnuis . 3. Centattrsa nigra . . 4.  C'arrhus amensis . . 5 .  Planlayo ZancsuZatu . 6.  Rumex ob1~1s i jb l i~ .~ .  . Othcr Species tlrnountine; to 
Tokl , . 

Srrxaranu. - 
Total Number of Sycc~cq. I 40 

---- 
4.28 2'87 1 . O j  0.81 2-46 
3'.'&3 

d Total Grnrninee . . 59-5.1 ,, L e g u m ~ n o s e  . , 25-31 ,, &lisc.eUaneae , , 15.05 

1.71 . . . 
0 3 0  0'26 0.94 1-10 

95-26 0.43 4-31 

Ij.05 4'31 



ACCUMULATION O F  FERTILITY 139 
~lal l ts  (beans and clover) had in some way unfitted the soil for carrying other leguminous plants, or at least had so reduced their vigour that they were unable to resist the competition of the grasses in a natmal herbage. At the present time le,ouminous plants are making their appearance in some quantity, aud are tending to spread. 

L1.-Accum Jntion qf Carbon awl Nitmpn b Soil of Arrabi(, -&and aWo?ued to ?a74 w i l d f i ~  o v c ~  20 ycacars. 

.ihle.-~,, ~~~~~b~~ l ~ ~ j  (that is, after the land had grown Earley and Clover in 1sSS, and Clover in 1884 and l,ys,rj), samples were taken of the first 9 inclles of soil t'roln the Portion of the field as in 1383 (Plots 1-10), and gilve a mesil of '1152 Per cent- of Nit~oge,. 

w 
Broadhnlk, 1st  9 inches . Do. 2nd do. . 3rd do. . 
Geescroft, 1st 9 inclles . Do. 2nd do.  . I Do. 3rd do. . - 

The most noteworthy fact is the enormous accumulation of nitrogen : during the twent~i-year period the Broadballi v7ilder- ness would appear to have gained nea~~ly  98 ib., and Geescroft a little more than 4. &,, of nitrogen per acre per suniull. The gain in carbon is less pronounced, although the amount nccumu- is greater than that of nitrogen, yet the ratio of carbon 
$0 nitrogen in the increase is very much lower than the ratio in ordinary Vegetable matter or in the original organic mattel* of the soil. 

, ) 
Owing, however, t o  changes in the consolidation of the ground it is difficult to secure an exact comparison of the Sam@ layor of soil at the two i.~., the surface nine lQch0s after the land has been in grass for some tinlo will colltliin " certain amount of recent turf, and less of the poor subsoil than 

x Jjroadbnlk, 1681 ; Geescroft, IS%. 

A--- 

Per cent, in Fino Dry Soil. --------- - - I 
Nitrogen. ___--- 1SSI.SS. 1904. : --- I 

0'10S2 0-1450 0'0701 0.0955 1 0'0581 0.0S39 1 0'10S1 0.1310 0.0539 0.0829 0.0597 0.0659 
I Csrbon. --- 

ISSI-$3.' I 3804. I 
1'143 0 '624 0-161 
1111 0.600 0.447 
-- 

1 '233 0.703 0552  
1'494 0.627 0'435 



140 EXPERIMENTS UPON. LEGUMINOUS CROPS 
the original sample from arable land. For these seasons i t  is 
necessary to reduce the estimate made of the annual gain of nitrogen, but however large an al\o~vance be nlade on this score, it is still difficult to account for the magnitude of the accumolation, especially for Geescroft, where, as the botanical analysis showed, there were no leguxninous plants. The other sources of nitrogen xhich may be invoiced, sllcll as the rain, dust,, and absorption from the atmospl~erc, would equally affect the arable land, yet, as the various unmsn~~red  plats on the wheat, barley, and rotation fields show, there is no evideilce of a corresponding gdn  of nitrogen on the arable land. The only explanation that seems at all p~obable depends on the intervention of the bacterium Azotobctcte~. c h ? * o o ~ ~ ~ ~ ~ ~ ~ ~ ~  (Beyerinck), which possesses the power of fining atmospheric nitrogen without aiiy host plant, and which has been found in all the Rothamsted soils. On the arable soils this bacterium woulcl not be able to effect nl~lch fixation because of the lack of recent organic matter, by the combustion of which the necessary energy L, for b~inging the nitrogen into conlbination could be obtainecl. On the wild grass-lan$, however, there is every year an accumulation of vegetable matter which would supply the bacterium with its needed carbohydrate, and in consequence considerable fixation is possible. The greater gain on the Broadbalk land may be due to the presellce of leguminous plants in the herbage, or to  the comparative rich- 

ness of the soil in calcium carbonate, since the ~ z o t o b c l c ~ ~ r  has been found to be active only in soils containing calciunl carbonate. It would appear from the chemical analyses that the Gees- croft field has never been subjected to the challcininy operations pseviousiy described (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 land, whereas the soil of Byoadba]l< wildey- ness contained as .rnuohr.au8:3 per cent, ...__ _ . . 
,. , . , i . . ,:. .. . , I .  , ! ; y ~ . c . p r b ' . . : ~ , ,  ; . ' , ~, 

. ,. .* 8' ',, . 6 .  . 
> '  - 



RED CLOVER 141 
fiIechanica1 analysis sfiows the two soils are practically idelltical, the subsoil of Geescroft bei~lg sonrervl~at the lighter of the two, and the situation of the two fields is eq~~al lg  good as regards surface drainage. Tbe constant wetness and un- workability of Geescroft appears to be entirely due t o  the unflocculated character of the clay due to the absence of c ln lk  in other words, the cultivation of the other Rotl~amsted fields has been rendered possible by the improvement in the texture of the soil effected by the large quantities of challr put on, Probably in thc eigllteenth century. Even a t  the presellt tinle 

'vatel. will often stand on the surface of the Geescroft land, and the predominant growth of Deschanzpsio enspitos~ is aclditio~lal evidence of the persistent wetness of the soil, a wetness which I3e 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. 

I n  the 1-100s field, experiments upon the growth of legullli- "Ous crops began in 1849 with red clover. The following table 
shows the results for a period of twenty-nine years, during Rrllich clover was sown fifteen times but only produced a crop in seven of tl1d years, Even with the many intermissions, when the iand grew wheat or barley or was left fallom, the first crop of all was a satisfactory one; nor, as will be seen, had either mineral or nitrogenous manures ally effect ill l~eeping the land in a condition to grow clover success- fully. 

111 1875, the land on which these attempts to 'grow red clover had been Colltinued since 1849 was divided into a number of small plots, with various legunlinous Plants. Various systems of rnnnnring. were tried 011 each Series of plots, ~vhich ' carried the foilolving i~gulllillous plants-lucerne, peas or beans 

R A J E N ~ ~ F ~ N , ~ ~ ;  P" 



' EXPERIMENTS UPON LEGUMINOUS C I ~ O ~ S  
TABLE L'l'-Bcd c'ove" , f ~ c y z ~ n t l ~  on tlbC same la7,d, i7L Boos Field, ~ o " " " ~ t e d .  Total ~ T O C Z U C C  per olLnunL . a . 0 ~  Corn and S~TUW toyethFNLer Clov~?~ us Ucq, othri. -- ------- 

Yonr. 
-- -- ------ ---\- - 

Doscript~on or cmp, 
---- 

----- - 1. I I 2 .  ---- - -- - -, I - --------- -- -- 
... 

. . . 

. . . 

. . . 

I 

Uinertrl l l anure  nlonu. > l~ t lu rn l  I aud h itrogcnous b l n ~ ~ r r t c s .  



RESIDUES LEFT BY LEGUMINOUS CROPS 143 
sdnfoin, white clover, red clover, and vetches ; the same plot being always re-seeded when uecessaly with the same legumi- 
nous plant;. The results are deycribed in detail in the "Memoranda," and Table LIII. shows typical results in the eal-lier and later years of the experiment. A t  first a fair growth of some of the plants was obtained on the land which had ceased to carry red clover, hut in later Years the growth of any but the pomerfulully-rooting lucerne and Bolrhara clover became very poor, and repeated failures to 

TABLE LII1.-Hoos E?ield, Leg~cminozs Expel%iments. D1.y JFatter i n  prod,)ccc 2)mS any per anmbm. iffiu?t of Plots 4, 5, nlld 6. 

obtain a plant occurred on re-seeding. The land itself got very foul and in a poor mechanical condition ; SO that in 1898 the greater part of theland under experiment was sown with wheat without manure, only portion of each plot being retained for continuous experiment. Five successive crops of wheat were Laken and harvested separately from each of the old plots, the combined res~llt from the various plots which bad previously carried the same leguminous plant being put together in the Table LIV. It 
Will bo seen that all the leguminous crops left a largo resiclu@ containing nitrogen in the soil, so that the crop of wheat 

WIllt0 Clor or. Red clover 
--p Lb. 1 Lb. I Lb. NO cutting No cutting 1,400 2,275 1,722 1 1,742 5 1,GRG 

S f 0  

Lb. ... No crop No crop 

I P 

Lllcorno. Dcq:;:eqn Deans. 
L b. Not so.tvn Neither 1,854 

750 9,501 5,4;0 615 4,401 -- - 
Not Not Not sumcicnt sufficient suficienl '1 2,416. crop to cut crop to cut crop to cut 2,090 No crop No crop I 691 t 

4,499 1.2.10 NO crop 843 2,095 10,801: 
Not suflicient crop to cut 7,143 

Pcss nor Deans 809 4,458 

636 
4,799 

ti?:;)\Sg. 

2,940 Fallolv 1,611 313 i 0 5  697 1 963 ... ... . 8.1° j 
-- 

4,014 4,010 1,890 NO crop 
* Plot 4 only. 

3,302 957 729 ... 



144 EXPERIMENTS UPON LEGUMINOUS CROPS 
which followed was generally more than 40 bushels 1jer. acre with 21 tons of straw. But this residue mas rapidly eslrnusted ; the succeeding crop mas very poor, and fell to a yoiuL from 
which it has deteriorated but little since. The lucenle, how- ever, left behind a much larger and more enduring residue ; and though the crop on the plots following lucerne has been fallillg 

Year year, in 1903 it was still much greater than on the 0 t h  plots. p,, ,,,l,.,, after the first year, the crop 
' on the plots f ~ l l o + ~ ~  peas or beans has always been little below that of the plots. Of the other plots, the crop9 on those following and red clover have been. a little better than those following sainfoin, Bolrl~ara clover, or vetches. In  1904 the lam1 was sowll with oats and seeded afresl~ 

TABLE LIV.-?Vizcat followi.ng i=cgv,?~ti.~ous C~ops, Ifoos picid. l '~~odl ! ic  
and Nit rayen per LKTE per unnTc?n, 1899-1903. 

with leguminous plants in plots mhich run at right angles to the old plots. 

llnrvcst. 

- 
Leguminous Plnnts prc\io\,\\y xrowl>. - 

Lucerne. 

per acre, bushels. 

Total Straw 18Q9 5199 5632 5592 5611 6404 65SO .051  
per acre, lgoO 272.2 1312 1549 1758 1707 1767 1360 

lb. I901 2312 149.1 1548 1706 1522 1324 1591 I9O2 2327 1395 1588 1627 2011 1034 1390 I903 1837 1156 1317 1380 1602 1526 

B~31)5). 

- -- - - _ __- -- 

1899 ~~~~ per acre, Ib. 1902 1903 

8109 4 4051 3553 3035 
88.9 42.3 38.2 27.0 24.7 

in G % F % ~ ~ ~ ~  per acre, Ib. \ I 

Pas (or 

1899 i:ty 190'2 1903 

*;:;:: a , n f n i n .  

8430 2202 2571 

I z!,!::. c:b"\",, . \ .C~CIICS.  

8508 2582 3038 
8639 2986 

2257 '"' 
63'0 19'a 24.0 16" 16.3 

2379 2342 2600 3086 30z3 1926 1 2 0 5 ' 2 2 5 6  2635 252s 
61.9 f2.1 75'0 70.9 25.7 17.7 g.28 29.1 23.0 17.9 18.2 32'3 20.7 

8308 

74.5 25.3 28.8 "" 19.5 

3137 3301 31S5 2729 
S505 7706 2927 2gg2 "" 



CLOVER GROWN 15 GARDEN SOIL 145 
111.-THE CONTINUOUS GROWTH OF CLOVER ON RICH GARDEN SOIL. I n  1854, after it seeniecl clear that clover would not continue to grow on the arable land, i t  was sown in a garden only a few hundred yards distant from the expellirnental field, on soil which had been under ordinary bitchen-garden cultivation for probably two or three centuries. I n  view of the failures in the attempt to grow clover continuously on ordinary arable land, i t  is remsvkable that, under these conditions, the crop has grown luxuriantly almost every year since-1917 being the sixty-fourth season of the continuous growth. A t  the corn- 

mencement the percentage of nitrogen in the surface-soil of the 
@mien was four or five times as high as in tbat of the arable soil of the field ; and i t  would doubtless be richer in all other manurial constituents also. Itldeed, after the growth of clover for twenty-five years in succession, even the second 9 inches of the garden clover soil was founcl to be still very ll~uch ricb.er 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 colunln sholvs the number of cuttings each year, the third the amounts of produce per acre reclconed in the condition of dryness as  hay, the fourth the amount of dry ssubstsnce, and the last the estimated amounts of nitrogen per acre in the crops. At the bottolu of the table are given the average amlual 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 trauth ; but i t  is believed tbat they can be thoroughly relied upon SO far as  their general indications are concerned. Confining our attention to the amounts of prodrtce reckoned as  hay, and to the estimated amounts of nitrogeil in the produce, it is seen at a glance tbat, excepting a few occssional years of very high produce d~ubing lator periods, the amount of is very much greater in the first twenty-five years than in the K 



146 EXPERIMENTS UPON LEGUMINOUS CROPS 
second twenty-five years. In fact, as is seen st the foot of the 
table, there vss an average amual produce eq~lal to 7664 of 
hay over the first half, but of only 3924 lb, over the latter half of the period of fifty years. 

TABLE ZV.-Xed C'love~ yrovm year ufter year o?z, ~ich  Qccrden Soil, &thantstecl. Hay, D1.3 fJfatter, a%cl X t ~ o g e j t  peT acrc, 1854-1913. 
Seed Sown. 

~P 

x u  o $2. D.; 1 Sit.0- Cuttillgs. a r~ t t e r .  gen: 
___I---- 

1854 1855 1856 1857 1858 1859 1860 1861 1862 1863 1864 1865 1806 1867 

Lb. 1 hb. Lb. 2 3 2 11,027 1 9,190 266 ... 3 2 2 1 2 2 2 , 2 1 2 
1868 1 991 , 826 186s; April. 1869 2 1870 1 1871 1 137:; April. 1872 2 . .. 1873 2 1874 3 187.1; hlay a n d  M y .  1875 1 6.7 1875. J u i y  a n d  September. 1876 2 3,517 197 0, September. 
1877 1 1877, May. 
1879 2,738 , 3-28? , \  1876: May. 1880 5,742 i 4,785 850 ISSO, April. 1881 2 4,262 3,552 1881. April mended . 1862 3 6,433 5,361 1882. April [n~endedi. 1883 1 2,716 2,264 1883, ?Slay. 1884 3 9,990 8,325 . . . 1885 3 1886 1 1886: April. 1887 2 3,237 2,739 3887, April (mended). 1888 1889 1890 1891 1892 IS93 1894 1895 

2 6,748 5,624 1 

14,655 1 12,379 7,608 / 6,340 

1 2 1 2 1 

357 183 149 208 6,227 ' 8,679 13,333 10,042 11,798 

... ... 
1860; May. . . . . . . ... 

5,189 7,233 11,129 8,368 9,832 
1805,' April. . . . 5,500 2,044 10,450 

-.---- For the yoara 1854-18@0, nlld nlslr fur lH!lli, tho  Nltrol;nn is csll,,l.,ted bul for all other years it is according dircctd~t~rmi~18~io~ts citlher i n  ~ ~ i i x u d  iu({ividual $am;lc3. 

(10) 169 56 74 ... 84 39 64 

' 944 5,218 1,823 2,579 
2;%7 1,169 , 1,589 

1,841 8,664 2,817 6,696 3,568 

1 2 2 
No crop 2 1902. 2 1 1903 

4,583 1 1,704 ! 8,713 / 

1696, July. 1897, April. ... 
1960; August. 
3 9 6 '  April (mended). 1903, &lay. 

56 203 73 163 100 

! 

1,535 7,221 2,348 5,530 2,973 2 5,941 
2 1 5,347 NO crop ,.. 412 6,381 2,185 5,095 ... 3,464 1,403 1,907 

1888, April (mended, June). 1889, April (mended). 1890, April. 1891, &lay (mended). 189% pray i (bIny 27, mended). 135 127 ... 4,951 4,456 . . . 1893, April (mended). 189:. April (mended). 
158;)9 April, May, a n d  July. 



_ _̂-- 

Cuttings. 

2 2 2 2 No crop 2 2 1 1 2 

--- 
Lb. 3960 5900 3798 3864 

3361 4122 1390 2028 4910 

Dry Nitro- N a i l .  ( . * ( Seed So\m. -- 
. . . 1906, April (mended). 1906, April (mended). 1907, ApriI (mended). 

190% April (mended). 

. . . 1912, April (mended). 

Sv~raran~. Averages. - 
25 years (1854-1878) 7,684 

------ - ----- -- * Sea iootnot;e, P. 146. 

Now even this latter amount com'3sponds to what would be considered a fair, t h o ~ ~ g h  not a large crop, when clover is grown in rotation once only in four or eight years or more ; SO that the Produce in the earlier years on this rich garden soil was very heavy. Indeed the average nnnual produce Over the Period of fifty years-namely, 5794 lib., or more than 2i- tons of hn~---wou~d be a good yield for the crop grown only occasion- ally in the ordinary course of agriculture. But it is when we loolr a t  the figures in the last column of the table, which &ow the estimated amounts of nitrogen in the 
CrOPSj 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. 9 Thus the amouot of nitrogen in fair crops of wheat, barley, 
01' oats would be 40-50 lb. per acre, of beans about 100 ib.9 of meadow hay about 50 lb,, and of clover grown in rotation, from 100 to 150 ib. ; bul on this rich garden soil the produce of "over has in one year contained more than 400 lb. of nitrogeu, and the average over the first ten years was 247 ib. The 



148 EXFERIMENTS UPON LEGUMINOUS CROPS 
average over the period of Bfty gears is 140 lb., or about as much as a fair but not large crop grown occasionally under the osclinary conditions of agriculture, Analysis of the soil taken at intervals wo~dd seem to show a considerable falling-off in the anlount of nitrogen and carbon contained in the surface soil, not sufficient however to  account for all the nitrogen removed by the clover crop. It mill be apparent from a consideration of crops reported for the later years of the experiment that great difi- culty is beginning to be experienced in maintaining a plant of clover ; re-seeding, which was only necessary five tines in the first twenty years, had to be carried out eight times fronl 1904-13, during which time the crop wholly failed for one year. During January 1897 the plots were inoculated with 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 Ju ly  1899, all the plants were removed by hand, burnt, and t l lei~ ashes returned, and the surface soil was carefully picked over by hand, to remove the Sclerotia of the fungus Sclerotinig t?.volio~um, many of which were found. The soil was also dressed with carbon bisulphide as a fungicide, before fresh seed was sown. I n  1903, . 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 f o ~  rnany yews was cut from this plot. Notwith- standing the repeated failures to grow clover continuously on ordillary arable soil and the increasing diaculty of maintaining a plant on the rich garden soil, which is the one place where any growth bas been continuous, it is noteworthy that when clover grows in a mixed herbage on grass-land it increases in amount, from year $0 year under suitable conditions of manuring. It has already been pointed out that on the grass plots in the park, where mineral manures including po t ah  are applied every year, 

as on Plots 15, 6 and 7, the proportion of leguminous plants, including red clover, increases from year to year, without there being any sign of '' clover sick~lass " setting in, Nor can tllis 
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result be due to manuring only, for on the small plots in the Hoes field all sorts of variations in the manuring were tried, 
mithout enabling the closer to stand. On the grass paths, however, separating these "clover siclr" plots on Hoos field, paths which are not more tban a yard broad, both red and white clover grow abundantly. Were " clover sickness " due merely to the infection of the plant by Scle?vti?aia tr~oZio?*um, it is difficult to see how these plants could escape infection 
"hen the neighbouving clover plants in the arable land Succumb. These and other facts would seen1 to shorn that the presence of the fungus SeZe~utinin tr$blior.l~vz is not the determining cause of "clover sickness "; in many cases it is the direct cause of the death of the clover plants, but what is not yet understood is why plants on "clover sick" land alone succumb to tbe infection. 
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CHAPTER IX 
EXPERIMENTS UPON GRASS LAND MOWN FOR HAY EVERY YEAR 

I. The Unmanured Plots. 11. Use of Nitrogenous Manures alone. 111. Minelval 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 1556, 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 history of it exists, for some centuries at 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 founcl in the other fields, though owing to the length of time the lalld has been in grass stones are not abundant near the surface. The plots, of which there are twenty in all, vayy 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 hg 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 usual way and the whole produce of each plot is then weighed. On some occasions, however, with the second crop, continuous wet weather has rendered 

it necessary $0 weigh the produce i~ a wet colldition and 160 
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calculate its equivalent in Ilay from the amount of dry matter in the material as  meiglled. 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 

applied each year to the plots, and Table LVII. the average Produce over tlla whole period, over the last ten years, and for the single year 1912 

TABLE LV1.-Manzwing of t l~c Perfnanent Gyms Plots ye? awe PC? annzm, 1856 and since. 

' 

Plot. 

- 
I: 
2 1 

4-1 8 7 
6 

15 
5 17 

1-2 10 9 
13 
11-1 
11-2 
1 6  14 

Abbrcvintcd Description of Xnnureu. 

} ~ n r n m a r e d  every year 
Unmanured ; following Dung first 8 years Ammonium-salts alone; with Dung also . . . . . . .  first 8 years 
Superphosphate of Lime . . . . . . . . . .  PIineral Manure without Potash . . . . . . . . .  . . . . . . . . . .  Complete Mineral Manure 
iSs Plot 7 ; Ammonium-salts alone first 13 . . . . . . . . . . . . .  years AS Plot 7 ; Nitrate Soda alone first IS years . .  Ammonium-salts alone (to 1897) Nitrate of Soda alone . . . . . . . .  
Superphos hate and Ammonium-salts . Mineral $nure (without P o t ~ s h )  and Am- monium-salts . , . . Complete &!inera1 17Ianure and ~ m m o n i u m -  salts . . AS Plot 9, and dhaffhd whea t  'Straw also to 1897 . . .  Complete Mineral Manure and Ammonium- salts . . .  . . - .  As Plot 11-1, and Silicate ofsoda . .  
Complete Mineral Manure and Nitrate Soda Complete Mineral Manure and Nitrate Soda 

- 

Nitrogonous Mnnurss. Xiuernl Xnnures. - 

Lb. 

200 

. . . . . .  
400 
400 
400 
400 
400 
600 600 
... ... 

Lb. . . . . . . . . . . . . . . . . . . . . . . .  

275 
... 
... ... 
... 
... ... 

275 5.60 

-------- 
Clvt. 

3'5 3'5 3.5 
3'5 3'5 

3'5 
3.5 
3.5 3-5 
3.5 3.5 
3.5 3.5 

Lb. 

. . . . . . . . . . . . . . . . . . . . . .  
... 5% 

500 500 . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  
... 

500 
500 
500 500 
500 500 

Lb. 

. . . . . . . . . . . . . . . . . .  
2i0 100 
100 100 

. . . . . . . . . . . .  
250 
100 
100 
100 100 
100 100 

Lb. 

i 00  100 
100 100 

100 
100 
100 
100 :00 
100 100 

Lb. 

... ... ... 
... ... 
I . '  I 

... 

... 
... 
4% ... ... 
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*able LVIII. shows the first crops only for six successive ten-year periods. 

t J l n s ~ ~  L V T ~ . - P ~ - ~ ~ L C ~  of Kay per acre. Avcraga over ihe Period of j7 geaTs (1856-1912), ~ i ~ c  10 ycars (1903-1912), und the indivi[luir1 yen' ;1912, Rolhuntste(E. Total of f i s t  and seco?acl crops ( i j f  an!/). 
---"" a---- 

In dealing, however, with the produce of grass land, which is a mixed herbage consisting of many diffes~e~t  species of grasses, leguminous plallts, and other orders, it is not consider only the gross weight of. prodllce. The species are diffeferentl~ stimulated by pmticular illllnures ; even among the grasses thllselves, such a difference habit ae 

Plot. 
-- 

- 
dbbnvintcd Dcscriplion uY blnnl~res. 

- - 
Avcrngr.s ovrr 

I 57 yp.lTS , ' 10 Y r R W  I IP1?. ( lS5~. l t i12) .  1 { l '+OS-lf '~~) .  -_ ._ ----- Crrt,. 10'2 20'1 

7 '1 1 
23'6 3i'2 
17'2 22'6 40'4 
f6.8 
3 7 4  
37.0 
25'1 
32'5 
$6'0 
67 '2 72'6 
4oS7 
5 2 . 9 '  ' A'ter tho c h a ~ l ~ o .  ihforo the change 42.9. 1 54 Yenrs only (1859-1912). 1 ,, 49.6. 55 years o~lly (1858-1912). a i t  42 Years (1860.07). I :: , 80.6. I f  15 yenre (1899.101 2). , 85'4. 

Cwt. 16.2 21 -0 
20.2 
15.0 
26-8 ... 83.2 
21'0 27.4 50.9 
2l.D 
45.3 
45.8 
34.5 
40'6 54.7 71'2 70.3 
48.1 j7.7 

Cwt. . - . . 
Farmyard Dung for 28,6.1 

1q.4== 
~5.~: (26pl).ti 33.7'" 
21-61 28.0 40.9 
23'2.4:;: 
37.2s 
36.811 33.511 
47 -7 
64.3 68.6 79.3 
46.3"* 
~ G . B * X  

-,-- 

. . . . . .  ; following Ammonium-salts , / 1 
5 17 

nlonefor42years . .  
Ammonium-salts alone ( =48 ib. N. j ; with Farm- yard Dung for first 3 years . . .  Ammonium-salts done=86 Ib. Nitrogen (to 189G Nitrate of Soda elone= 43 Ib. Nitrogen. . 

4-1 Superphosphate of t ime . 8 7 Min,etal Manure without P O G ~ ~  . .  Complete Mineral Manure . . , . . 5-2 / (S. half) Complete Mineral Manure : foliowing Amruoniulrr-salts alone for 42 years . . .  6 35 
4-2 

Complete Mineral Xanure as Plot 7 ; following Anlmonillm-salts alone first 13 years , , Corn lete Nineral Manure a s  Plot 7 ; following &rate of soda alone f i e t  18 years . , , 
Superphos hate and Ammonium-saltsz86 lb. N. . 10 Mineral &nure (without Potash),' and Ammo- nium-salts =86 lb. N, . . , 9 Complete Mineral Manure and ~mmonium-salts =86 lb. N. . . . . .  Complete Mineral 'Manure and ~rnmonium-salts =1291b. N. . . .  AS Plot 11-1, and Sjlica;e of Soda. . , . 

. . .  16 Complete Mineral Manure and Nitrate Soda =431b. N. . . 14 Complete 3Iineral Manure a n d  ~ i & a t e  soda ~ 8 6 l b . N .  . . .  ----_-- ------.-" * Including Potash, first 0 years, 
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deep 01. shallow root system will determine to  which 'manure the gess mill respoud. The aspect of any meadow represents the results of severe competition among the various species represented ; the dominant species are those m o s t  suited to their environment, i.e., to the amount and nature of the plant 

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 Rot;-hanisted plots by manuring in 

T ~ a ~ n  LVIII.--Avcruge proriuca of Hay p e ~  awe over thc six smcessive , 1 0  -yea?. periocls Jjso?n 1856 do 193.5. Pirst crops only. 

different fashions, the original equilibrium between the con- tending species is disturbed; some species are favoured, and increase a t  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 

Plot. 

,: 
1 

4-1 8 7 17 
4-2 10 
9 11-1 

16 
1 4  

* ~ ~ ~ l , , ~ l ~ ~ ~  pi,tnsll, t,rst G ke~~. , .  t Set en yenrs 0 1 1 1 ~  (1860-65). t E ~ h t  ya?ls only (1858.65). 

-- -- - - - -- - 
d b b t e ~  ~ntcd De$ctl~)tioi~ of illouunry. -- 

) ~ o m a n u r c d  every year . . . . 
Ammonium-salts alone; with Dung also first SJ'ears.  - . - . 
Superphosphate of l i m e  alone. . . , Mineral Manure without Potash'" . . Colnplete Minerai Manure . . , . 
Nitrate of Soda alone=431b. N. . . . 
Superphos hate and Arqmonium-sdts=86 lb. N. 

45.4 
21.4 p 33.6 33.9 
34.3: 
39'6t 

21.3 26.6 36.5 
33.5 
30.5 M~neral &mire (without Poiash)." and Am- 1 39.6 
48.4 
53.6 
47'6 
60'5 

monium-saIts=86 Ib. N. , . , . Complete Mineral Manure and Ammonium- salts=86 Ib. N. . . . . . . Complete Mineral Blnnure and Ammonium- salts= 129 Ib, N. . . . . . . 
Co~nplete  Mineral Manure and N ~ t r a t e  Soda. =43 Ib. N. . . . . Complete Mineral 11iianu4 ani  Nitrate Soda =36 lb, N. . , , . . . . 

-em-- - 

37'630 '1  
19.1 21.8 32.3 
30.1 
30-4 

52'8 
53'6 
61'7 
48.14 
6S.lf 

38'6 
50% 
48.6 
41.5 53.8 

16 -5 16.5 27.1 
27.0 
29.0 
35'5 
39.3 
47'6 
37'4 
45.6 

23 '819 '318.9 16.7 16.8 21-34 19.3 36.1 j30.0 
28 9 
26.8 

' 

25.7 
23-5 

34.6 
44'1 
57'8 
40'4 
50'0 

25:6 
36.8 
45'9 
39'9 
47.7 - 
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comprising the herbage produced by a given manure, as as to determine its amount; from time to time therefore a t  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. As 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 respectivelya Table LIX. shows the results of these paytial sepn~ati0lions 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, alld 1914 are given in Table LXII. (see p. 173). 

I. The Unmccnu?.ed 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 slight but constallt difference in crop. Taking the average of the whole periocl, these unrnanured plots have produced rather more than a toll of hay per acre per annum. I f  we compare the successive ten-year returns, there is no sign of approaching eshaustion 01' great falling-off in crop from year to year. The impoverishlnent of these unmanured plots is more to be -seen in the, character 

of the herbage than in the gross weight of produce. IVeeds 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 ancl 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 prominent species among the grasses are the sheep's yescue, Bent Grass, and Quaking Grass ; among leguminous plants the Bird's Foot Trefoil ; and Burnekj, I'iawlrbit and ~ l a c l ~  I<nspweecl among the weeds. 
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i- The hay from some plots is p a r t i a l l y  separated nearly every year, b u t  that 
fi.0111 others is only analyscd at irregular intervals ns occt l s ion  arises. Conse- 
quently the averages in thc above table refer to  a. different number nnd se l ec t i on  of years for each individual plot, according to  the analyses that have been made. 

TABLE L1X.-Pe7.cc,ztages of G~arnineozls, Lcgz~minozw, a~td lT&cellaneom Be~~bage. Ave~uge of determilaatio7zs made at dtferent times during 
- 
Plot. - 

2 
4 5-1 

1 
5 

17 
4-1 8 
7 5-2 
6 
1.5 
4-2 
10 
9 

l1-1 
11-2 
16 I 

5 7 years (1.856- 1.9 12, and 

;?f:rrrures. 

j ~ n r n a n u r e d  every gear 
Uamanured ; Pollo wing Form- yard Dung for first 8 years . (N. half) Unmanured ; follow- ing Ammonium-salts alone . 42 years , 
Alqrnonium-salts alone (= 43 Ib. N.); with Farmyard D u n g f o r f i r s t 8 y e n r s .  . Amruonium-saltsalone= 861b. N. (to 1897) . . Nitrate of Soda a l o n e = h ~ , ~ b :  N. . 
Srrperpl~ospl~ate of Lime Mineral Manure without pot: ash * . . . . Com lete Mineral ~ a n u r e  (S. galo Complete hfinerai Manure ; following Ammo- nium-saltsalone for 42 years Complete hfineraI Manure a s  Plot 7 ;  following Ammo- niu~n-salts alone first 13  yrs. Complete Mineral Manure as  Plot 7 ; follo~r~ing Nitrate of Soda alone first 1s years . 

Superphosphate and Ammo- nium-satts=86 lb. N. . .  &'inera1 Manure(witl1out Pot- ash") and Ammonium-salts =S6 Ib. N. . . . Complete Mineral kanureand A m r n o n i ~ m - ~ ~ 1 t ~ = 8 6  ~ b .  N. Complete blineral Manllre and Ammonium-salts= 129 lb. N. As Plot 11-1, and  Silicate of Soda . . . . .  
Complete Mineral Manure and 

14 

Rotl~nmsted. First crops. 
Scnson 1902. 

-. 
G ~ I I I -  incz. - 

Per ce l~t .  34'3 33.1 
24.4 
76.9 

1902 sepcwaie12/).t 
Averngc?~ of detc~~lli~rntiolis over 57 ycnrs (lS56-1012). 

- * Inclllding 

Nitrate Soda= 43 1 b. N. Complete Mineral ~ a n u r b  a n i  Nitrate SodazS6 Ib. N. . 

--. 
i c l  Inncrc. 

C__ 

Per  c e l~ t .  30.3 26.2 
20.2 
... 

Legu- 1 I l i 1 1 0 ~ .  

Porccllt. 7'5 16'1 
5'7 
0'6 

Gram- 1nc;p. 
Per  ccllt. ( 61.0 '\ 64.8 

76.5 
... 

- potssir, nrst G Years. 

hliscel- Inllez. 
---I- 

per collt. 58.2 45.8 
69'9 
22'5 

. 
4 ~ 8 ~ -  Il l l t~os~e. 

per cctlt,. 8.7 9.0 
4.3 
... 

95.5 
7.6 

87-7 , 
(80'5) 
68.8 
69'3 61.0 

61.7 
88.8 

77-6 ... 43.8 
54-4 
28.8 20-3 
68'7 
18.4 
26.2 
91.5 
97.6 
91.2 
99.2 
99-5 

82.9 
89.0 

12.5 
3.7 

1 1.4 ... 3.4 
15.4 
22-1 55.3 
0.8 

61'0 
63.1 
(0.01) 
(001)  
1 ' 3  
0 
o 

1 21'0 0-7 
(0.4) 
1.5 
7'4 
9.2 

... 
53.9 
30.2 
49.1 24-4 
30'5 
30.8 
l0 . f  
8.5 I 
2 4  
7.5 
0 '8 
0 '5 

5.4 
3.1 

11.6 
(19.1) 
29.7 
33.3 
29.8 

b 

11.7 
7'9 

16'3 58'8 24-9 
... 

64.8 
59.5 
89.1 
90.7 
89.9 
96'5 
97'4 

, . . 
18.6 
22.6 
0.1 

... 
16'6 
17.9 
10.8 

0.1 9.2 
0'3 
0 
0 

9'8 3'5 
2'6 
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Speaking genaally, these plots now present the appearance, perhaps in a ratller exaggerated degree, of much of the poor pasture and meadow land in this country, wherever COWS and wet flocks are habitually grazed and the laad ~ccas iona l l~  hayed, without auything being restored in the shape of artificial food or manure. Fig. 17 shows a photograph of a piece of turf taken from this plot at the end of June 1903. The great value of occasional dressings of farmyard manure to grass land may be seen in the returns from Plot '2, which for the first eight years of the experiment received fasmyard 

manure at the rate of 14 tons per acre. The application was then discontinued, but the effect has persisted to the presOnt day, i .e.,  for fifty years. Table LX. shows the produce on this as compared -aitb 
TABLE LY.--A.odlccc of £fey per ucre, first a n d  second crops, showing , residml e$cet of Dung. Botka~nsted. 

3'JlL': . . . 
Unmanured continuously 

the umnanured ph t  £0' the preliminary period for which the dung was used, for tbe two years following its discontinuance, and for five ten-year periods 1866-1915. ~ l t h o u g h  the yield on this plot remains a t  a~ higher level than where the land has been continuously unmanured, yet the plot now shows great impoverishment in the character of' its h~~b~b2~g0, having about 
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the same proportion of weeds and the same general aspect as the continuously unmanured plot. 

11. Use of Nit~ogenous Manures alone. 
Three of the plots-17, 5, and 1-show the effect of the long-continued'use of nitrogenous lvithout 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 llitrate of soda,  and Plo t  1 the sawe half quantity of nitrogen as  ammonium-salts, though on this plot dung was applied in each of the first eight years of the experiment. I t  is very evident when a nitrogenous manure is used alone for grass, nitrate of soda is far more effective than the ammo~~ium-sa&s; e.g., on P l o t  17 it has given an average crop of 34 cwt. against 26 cwt. produced by double the quantity of nitlagen in ammonium-salts on Plot 5. For  this superiority of the nitrate of soda two reasons may be traced; being completely soluble i t  sinlis 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 add early summer. On Plot 17 (nitrate) deep-rooting grasses like JIeadow 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, mbere the ammonium-salts are caught and retained by the humus in the soil. The continued use of large applications of anlmoniurn-salts has also had an injurious effect upon the reaction of the soiI, since it behaves as an acid, and continually removes carbonate of lime. The creeping surface vegetation tends to accumulate, and decays into a s~bs tance  resembling peat; at the same time tile vegetation sh~inlis into tufts, betweal which ;we b:we patches of black soil, showing an acid reaction to litnlus 
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paper. So pronounced had this effect lsecome on plot  5, mhicl~ received the larger amount of ammonium-salts, that the application has been discontiauecl 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 ; i t  forms nealwly 15 per cent, of  the whole herbage, ancl it is interesting to note that tlze only portion of the plot from mhicll the Sorrel is absent is a strip that was dressed wit11 chalk in 1883 md 1887, The aspect of the plots receiving only nitrogeuous nlanure shows very characteristic differences ; both possess a very dark green unhealthy colour, but, while the ammonium plot seems in the main to be clothed wit11 Sheep's Fescue and other grasses, amounting to 77 per cent. of the whole, the nitrate of soda plot possesses x much more varied herbage, of wIlicll weeds form 30 per cent. Legulniaous plants are practically absent from both plots, though a. sinall 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 only 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 plallt to  feed widely in the soil, and the soda base assists in the dormant potash into a form available for the p la~~t .  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. 

111. Mineral Mchnures zcsed cclone. 
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; Il'lut 8 has received the same 
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application, but without potash, since 1861, while Plot 4-1 receives superphosphate only. With the complete ininerals a fair crop is grown, averaging over I$ ton of hay for the first cut alone, ancl when the successive ten-year averages are  coilsidered there a re  no signs that the fertility of this plot is declining, since the production only shows such fluctua.tnions as  may be put  dolrrn to seasons, The reason that the crop on this plot is maintained, although no nitrogen is supplied in tlie manure, lies in the free growth of leguminous plants. I t  will be seen that, taking the average over the whole period, the leguminous plants form 24 per cent. of the herbage, and the proportian bas 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 i t  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 preclonlinant leguminous plant is Lattkyrus prateyzsis, but Red Clover is aIso abundant. A large number of species of 

grasses are represented on the plot, none of which are specially prominent, Amongst the weeds, Knapweed is fairly abundant, and there is also ,z rather large proportion of Yarrow. The 
general aspect of the vegetation is shown by the photograph of turf, Fig. 20. The o1nission of potash on Plot 8 ltas caused a very striking difference both in the crop and in the character of the The average crop has been about one-cparter less over the whole period, and shows a prigressive decline in fertility, until at the present time it is little more than half that of Plot 7. The poor on this plot, as colllpared with Plot 7, must be put dorvll to its poverty in leguminous herbage, the development of which seems co depend on a free supply of potas]]. Of ]ate years t l ~ e  proportion of leguminous plants on this plot has alnounted to about one-half of that fomicl on Plot 7, the grasses about the same, the difference being made up by an increased amount of weed. The 
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characteristic leguininous plant is the Lat/ly?.us 2~?.utensis. The characteristic weeds of this plot are the Hamlcbit, the Black Knapweed, Plantain, and Tarrow ; see Fig. 22. Plot 4-1, which each year has received superpllosphate 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, linapweed, and Yarrow, are unusunlly would seem to indicate that the land is moye exhaustecl here 
than on tho unmanured plot. It is not uncommoll to  find cases where the application to grass land of s purely p ~ ~ o ~ p h a t i ~  
manure, like superphosphate or basic slag, is followed by a ' 

great increase of crop, the addition of the phosphoric acid t 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 becorn@ ; a nit~ogenous manure alone is often thought exhausting, but  a phosphatic manurp used singly will even more impoverish the soil. The photograph, Fig. 23, shows the impoverished and weedy aspect of this plot in 1903. The diagram, Fig. 21, shows the efFect of the mineral manures, and particularly of potash, botb with and without nitrogen, on the yield of grass. 

Complete M~ylu~es-  Ni t~oge~z  u fzd J$kaTals. 
Four of the plots receive a complete artificid manure. On all of them the mineral manuring is the same, and supplies both phosphoric mid and potash ; on Plot 9, ammonium-salts containing 86 lb. of nitrogen are added ; ant\ on Plot 11-1 the amount of ammonium-salts is increased b y  one-half, to 129 lb. of nitrogen. plot 14 receives 86 ~ b .  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. Coilsidering Plots 9 and 11-1 first, it 
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will be seen that, large as is the amount of nitrogen applied to -Plot 9, the increased cluantity on Plot 11-1 has its effect in an increased crop. On Plot 9 the hay has averaged 

Without Nitrogen. W i t h  Nitrogen. 
- -  - 

Plots 3&l2 4-1 8 7 4-2 10 9 

54,cwt. over the whole period, on Plot 11-1 the crop is increased to more than 66 cwt.* 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- 

FIG. 21.-Effect of the various Ash constituents with and without Nitrogcn on the produce of Hay per acre. Average over 47 years (1866-1902). 

- " The figtlreslare taken from Table LVII. ; they ditfer very slightly from t h o s e  in the above diagram, which gives the figures up to  1902. L 

Plots 3 and 12. Unmanured. Plot 4-1. Superphosphate. PIot 8. Minerals without Potash. Plot 7. Complete Mineral Manure. 
Plot 4-2. Super. and  Amm.-salts = 86 Ib. N. Plot 10. Minerals (without Potash) and k m . - s a I t s = 8 6  Ib. N. Plot 9. Complete Mineral Manure and Amm.-salts=86 lb. N. 
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tion ,,f hay. The hay, however, is by no means so good in 
quality as that grown with mineral manures alone, because large amounts of nitrogen have so stimulated the developlnent of the grasses that legunlinous plants have disappeared entirely, and even the weeds are crowded out. h 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 seeu in the photographs, Figs. 24 and 25, representing torf from these plots- The dominant grasses on Plot 9 consist of False Oat Grass, Bent Grass, Sweet Vernal, and Sheep's Fescue ; Meadow Foxtail, Coclcsfoot, Y orlrshire Fog, and Smoot,h-stall;&d 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 olxt, and the coarse vegetation is generally laid and begins to rot at tile bottom before the @'ass 

is ready to cut. Owing to the great competition of the strong- growing grasses the number of species on this plot 128s been reduced to a minimum ; 91 per cent. of the herbage is made up of Yorkshire Fog, 7.6 per cent. is represented by F d s e  Oat Grass and &leadow Foxtail. In e&rlier year5 of the experiment Yo~lrshire Fog was by no means so p'.omi"ent. As late as 1872 it only formed 10 per cent, of the herb&ge, while more than 39 per cent, mas colnposed of Coclrsfoot, 
which has now practically disappeared. The rephcclnent of by Porkshire Fog seenls to have been coincident with the abandonment of the practice of grazing the aftermath; the custom of late years has been to cut it. On Plot 11-2 the same manure is employed as on Plot 11-17 with the addition of 400 lb. of silicate of soda. The silicate of soda has resulted in a considerable increase of crop, which has averaged as much as 7 3  cwt. for the whole period; tha grass on this part of the plot is also more healthg and uniform, and ripens earlier. The effect of the silicate of soda must probably be attributed to the soda base rather tlran to tho silica, ; for with 
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the great excess of nitrogen applied to this plot, any substance like soda, which supplements and economises the potash avail- able, mill be of service to the plant. - Turning now to P lo t  14, which receives the same manure as Plot 9, but mith its nitrogen in tlie form of nitrate of soda, 
n i e  notice first that the nitrate of soda has been 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 socla lras been lnost prono~lnced in dry seasons, 
onring t o  the generally deeper-rooted habit of the grasses f ~ m d  on this plot. During the great drought of 1870, holes were dug for the examination of the subsoil on this plot and on Plo t  9. On the latter, where ammonium-salts for~ned the source of nitrogen, very few roots could be distinguished below 36 inches, and the subsoil below 27 inches seerned to have been but little changed by the development of roots and their decay. On Plot 14, with the nitrate of soda, miry roots e x t a d e d  nearly to  4 feet, and the subsoil down to  4 feet 6 inches had suffered a marked change. The vegetation on plots grown mith nitrate of soda is more varied, nol: are the legurninous plants so conipletely suppressed by the large amount of nitrogen. This plot, for example, showed in 1903 more than 3 per cent. of Meadow Vetchling ancl a trace of White Clover. The aspect of the nitrate and 

ammonia plots is strilringly different, as may be seen by com- paring the two photographs taken in 1903, Figs. 26 and 24. Wit11 the nitrate of soda a great part of the herbage, 23 per cent., was conlposed of Soft Brorne 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 hardly 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 mhita with its flowers In  addition to the Soft Brome, the grasses which pre- 
dominate are Meedom Foxtail, False Oat, and Shcep7s Ft.sc~le. Plot 16, which receives the smaller quantity of nitrate of 
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soda, 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--3 per cent, iostasd 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 amoubt of nitrate of soda which it kould be profitable to apply in ordinary fa~.n~ing, since the second 275 lb. per acre of nitrate of soda on Plot 14 has only producecl an average increase of 11 c ~ t :  of hay. Reviewing the whole of the evidence, nitrate of soda is distinctly a better manure for hay on the Rothamsted soil than are ammonium-salts, producing inore grass and that of a better quality. On Plot 10 the potas11 is omitted froin the mineral nlanure, though the other nliner'als and the nitrogen are the same as on Plot 9. The result of the omission of the potash is a cousider- able decline in yield, which has become more accentuated as the experiments have progressed ancl the original stock of potash in the soil has been reduceci, The herbage consists even more wholly of pa s s  than does that of Flot '9, ancl the development of flower and seed is distinctly later. Plot 4-2 receives the same ammonium-salts, supplying 86 Ib. of nitrogen, and superphosphate only, so that it compares with Plot 9, except for the entire absence of alBaline salts. 

The lack of potash shows itself in a great reduction of crop, the average over the whole period having been only 33 cwt. agdnst 54 cwt. on Plot 9. I t  is thus much below Plot 10, also with- 
out potash, but which receives magnesia and soda, ~ l ~ e  herbage on this plot again consists almost wholly ofgmsses, which have a very dark green colour and are late to lllature. The dwarf- growing and shallow-rooted grasses predominate ; Sheep's Fescue constitutes more than one-half, and, with Sweet vernal 
and Bent Grass, as muoh as 93 per cent. of the herbage. The characteristic appearance of the herbage is well seen in the photograph, Fig. 27, of turf bdl<~l~ frOlll this plot, in 1903, 
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Another feature in these two Plots, 10 and 4-2, which receive nitrogen but no potash, is the a e a h e s s  of the stems; short as 
the grass is, it  is often laid before i t  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 conlparison of the yields of the unmanured plot, tlie 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 O~ganic  Mchtte?.. 
In the early years of the experiments farmyard manure was appliecl every year to two of. the plots, but owing to the accumulation of unrotted material on surface it mras found necessary to discontinue the experinlent in this form, o n  another of the plots, honrever, an attempt ms made to ascertain the effect of the organic matter present in dung by adding to a complete artificial manure, such as is SUP- plied to Plot 9, 2000 lb, of chaffed wheat straw every year. The wheat straw contains so little manurial matter, compared with the quantities artificially supplied, that i t  may be neglected ; thus the straw should be regarded as simply providing organic 1 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 I 

average a larger crop by about 7 cmt. per acre per annum has been produced." The effect of the wheat straw has been due partly to the shelter i t  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 collsequence the application of straw has been discontinued, The value of occasional applications of farn~yard manure to  grass land is thus see11 to be a mechanical f a t o r  u -- 
ii Up to 1902 the average yields were : Plot 9, 54.1 cwt. ; Plot 13,61.3 cwt. 
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Cwt . ~ e r A c r e  
! 60 

[FIG, 28.-Effect of Nitrogenous Manures on the produce of I-Iay per acre. Average over 47 years (1856-1902). 
Plots 3 and 12. Unmanured. Plot 7. Complete Mineral Manure, n o  Nitrogen. Plot 9. Do. and Amm.-salts = 86 Ib. N. Plot 11. Do. do. = I 2 9  Ib. N. Plot 16. Do. and Nitrate of Soda = 43  lb. N. Plot 14. Do. do. =86 lb. N. 
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depending very much upon the shelter which the long manure affords to the young grass in the early spring, and to its water- retaining power when it has rotted down to humus in the soil. 

VI. Ej'ects of Lime. 
I n  Noveinber 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 ullirned 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. I t  mill be seen that on three of the pIots-6, 7, and 15-the liming has had a 

TABLE LX1.-A'fects of I ; i ~ l r e  OIL G~nss La12d. J'ean of 3 years (1885-87), J i ~ s t  crops. Pr.oc2ucc and Botc~~zical Composition of the Kc7~6ngc, &otl~n~)~stccl. 

Plot. 

- 
3" 
6 
7 S 15 
- 

Hay per acre, c\vt. 

Unmnnured . . .  . . . Complete Minerals ; following Ammo- nium-salts . . . . . Complete Rlineral Manure . . . Millera1 RInnure without Potash . . Co~nl~lete  Minerals ; follolving Nitrate o f s o d a .  . . . , . 

Botanicnl Composition per cent. I I Otiler Grsminm. u$E& Orders. 

f Results for one year only (1SS6). 

considerable effect in increasing the crop. On the unmanued 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 legu~llinous plants. On Plot 6 it has risen from 11 to 20 per cent., on Plot 7 from 22 to 42 per ce~it., and on Plot 15 from 3 to 35 per cent. 
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The reason for these differences in the action of lime is to be found in the previous manwing of the plots. 011 Plots 
6, 7, and 15, potash has been applied every year, so that 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 beconle considerably exhausted. As we have also seen from the effect of mineral manures with and without potas11 on the other plots, that the development of leguminous pla;nts is Iaqpiy  dependent 011 tbe supply of potash, it is olsvious that tbe effect of lime had been mainly due to bringing into action the residues of potash accumulated from the previous mauu~in8 ; the lime only acts where there is such ,a residue of potash, 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-salts9 which are in effect acids, has altered the reaction of the soil and made it sour on some of the plots. This is very ~$pabl~ on Plot 5, which has received a very heavy dressing of ammonium-salts done, and on which, as has before been mentioned, there is now a large amount of Sorrel, except Qn 
a small portion where chalk had been applied. A dressing of lime is, without doubt, necessary for grass land on n~os t  soils, in order $0 neutralise the acidity produced by decaying vegetation, and to enable the manures to exert their full effectg Thus although the liming at the rate of 2000 ib. per acre above i 

mentioned Was extended in 1887 to cover the whole of the field, yet a further dressing of lime in January 1903 to the of the plots had an immediate effect upon the CroP. AS the results of only one or two years are as Yet, they need not here be considered, 
VII. Changes in Herbage jbllozuing Changes in &fCbnuring 

< On two ofthe plots, which had received ammouinm-salts and nitrate of 8oda respe~tivively until the herbage consisted entirely 
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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 shorn the average proportion of grasses, leguniinous plants, and 

Plot 6. Plot 15. Plot 2. Change to Minerals Change to Minerals Omission of Potash. from from Ammonium-salts. Nitrate of Soda. 
Leguminosze, Grasses .per cent per cent. 

Fro. ZS.--Progre~si\~e erect 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 whiclr time the grasses co~~stitutecl 63 per cent. of the herbage, tho weeds 37 per cent.--the leguminous pl&lltts 
\ 
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being barely perceptible. I n  1903 the leguminous plants had *isen to over 40 per cent. of the herbage, but the meeds had not  alte~ed 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 esainple, they constituted less than 5 per cent. of the herbage. The photograph, Fig. 30, shows how closcly the herbage on this plot now resembles that on Plot '7, which bas never hacl anything but minerals. On Plot 1.5 nitrate of soda was used up to 1875, when the nitrate vas dropped and a change mas 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 herbage and the rest was weeds, the leguminous plants bein& again almost imperceptible. At the present time this plot 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 Fig. 31, shows that Lothyrus 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, boing practically conlplete in ten years. 
Plot 8 had received mixed mineral manure contailling potash "P to 18617 by which time the herbage had become l a rge l~  leguminous, 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 led o Umi~l~US plants dropping from 20 to about 9 per cent, in the first five years. Owing to the continued nlauuring -with acid anc1 the lack of potash, this plot has becomo impoverished, and is now very little better than -plot 4-1 which 

has received superphosphate only since the beginning of the experimeflts, the woods cons~ituting about one-thir(l of the 
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herbage. The photograph, Fig. 22, shows the present state of the turf. I t  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 perceptibIe 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; a t  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 i t  would seem desirable in manuring grass land to keep to the same Bind of manure year after year, so as to procluce herbage which will get the maximum effect out of the particular maoure that; is used. Again, if land is grazed one year and laid up for hay the nest, the grasses which were a t  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 a t  the beginning of any season the special class of herbage which has been stimulated by tlle same conditions previously, and is therefore likely to give the best return. The cl~anges which manuring can produce in the composi- tion of the herbage is perllaps 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 nlore abundant species. Figs. 32-40, again, show in a graphic form the distribution on certain selected plots of these more important species. 
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FIG. 32.-Percentagt? of ~l~rlltorontlium adoro(lmm in the Herbage of the  Grass Plots. First Crop, Season 1903. 
Urnnured. X n a r a h  onl!/, n'itrogen only. Ailrogen anrl .?linerat$- 

4-1. Superphosphate, 5. Amm.-salts. 8. No Potash. 17. Nitrate Sodu. 7. Complete. ! I 
4-2. N o  Potash 9. Complete Amm.- 11. Excess N. 1 4 .  Conlplete ; Nit. Soda- 



ROTHAMSTED PARK HAY 
TABLE LY1I.-Botl~an~sted P a ~ k  Hay. Perce?etu,qe oJ' eaclc Species by weight in tile Mixed Ee?.bage f~onz  Twelve selected Plots ( j f ir~t  crops). Six sepa~at io?~~,  1862, '67, '7'2, '17, 1903, and 1914. 

(The maxl~nurn attained by each species in the particular pear is printed in heavier type.) 
GRdBI1NE.L'. 

ycl'ls / "' I 4 1  1 8 1 7 I 8 1 16 1 6 1 17 472 1 9 1 11-1 1 14 
- -- --- -- i.lnlhornnthusn odo'o?.atum (Sweet-scented Vernal Grass). -- 1862 4'28 3.66 3.72 3.06 3-92 1-82 6.77 2.06 1 2.24 I 1'24 OsO!? 0.35 1867 8'66 7.16 6.98 3.93 4.31 1.83 5-51 2-31 5.52 3.59 0.06 0.13 187.2 5'20 4.74 7.94 2.72 6-22 4-49 3.04 4-50 1 -47]  2.25 0.78 0'02 1877 5.12 5.11 7.65 3.18 4-89 4-16 4-09 5-32 2-36 2.94 0.19 0.06 , 1903 1'34 2.40 1.50 1.36 1.90 1-67 1 2 2 9  11-06 23.44 16.19 0.9s 0.13 1914 2.691 3.98 3.85 4-21 4-96 3-04 8-18 4.81 7.72 38.53 0.08 0.16 

Alopeoz~?*us pralensis (Meadow Foxtail). 
1862 4-49 1-32 0'39 0-84 1-70 6-90 0.65 23-94 0.66 0.27 2.50 0.22 1867 6'82 1-84 0.88 0.88 0-02 6'95 0-47 21.71 14.75 0.07 13.11 3.54 1872 0'52' 0.86 0'52 1.17 0'03 2.46 0.83 18-26 3-94 2-76 12.35 3.73 1877 0'30 1.40 0-87 0-48 0'09 7-17 0-23 12.52 1.58 0.96 9.91 20.18 1903 0.59 0'31 0.55 4-51 0'59 10'24 0-27 9.74 4.56 4.08 '78.51 28.72 1914 0-28 0'06 0.41 1.69 1-89 13-69 0.11 14.29 2.49 1.65 1.15 22.86 ---- A.qrostis vulga?-is (Common Bent). 

1862 11.36 7'21 10'01 7.14 21-43 7-65 24.50 11.01 19.38 12.81 13.17 0.42 1867 8-63 6'08 4-32 5.69 14*41 6-86 20.97 7-05 14.00 13-43 19-27 0.61 1672 16.14 13'88 9.32 11.72 23'37, 7.66 26.62 10-60 20.59 15'46 13.56 0.24 1877 13.28 9'87 12.40 12.02 8-58 12'90 29.46 17.92 24.39 12.23 29-20 1-55 1903 0.d9 0'03 0.72 3.34 2-52 2.99 11.66 1.76 2.04 3.81 1.42 0.14 
I 1 1  7-00 7-25 11-96 17.03 12.33 12-82 18.18 0.51 1.43 1914 1 2 5 2  0.93 '"' 

I -- Holmts lanalus (IVooUy Soft  Grass, or Yorkshire Fog). 
1862 5.01 111.82 4.51 5.06 8.17 7-61 10.08 8-23 18.211 12.14 9.92 6.60 1867 7.97 9.16 10.25 11.81 3.07 11.81 5'15 8.13 10.63 9.84 2.86 6'63 1872 3.60 4.71 4.61 3-16 6-31 5'32 1.90 5.87 2.03 7.61 1033 3'67 1877 12.55 19.35 18.22 13.16 14.S9 14'95 3.01 10.91 6.03 10.37 20.28 1903 6-07 4.74 6.31 3.07 2.87 2'35 0.03 4.84 1.05 3.94 46.57 1014 2.75 8.64 7.90 3.42 3.37 6.56 0.22 7.39 0.04 4.01 90.90 ---- 

- 1862 0.07 0.13 4.62 2.41 3.44 1367 0.21 0.18 3.16 0.06 6.60 1872 0-13 0'15 4.40 0.46 3.60 ... 1877 0.05 0.05 3.17 1.29 2.77 1903 0.10 0.03 4.20 1.16 1.94 1914 0.11 0'44 3'02 1-21 1.15 -- dvana  pubasce?~ (Downy Oat Grass). I 
Y I 

1362 9.65 9.42 12.68 13.81 14.64 3.53 7'31 4.24 7.3S110.22 
1867 3.07 4.97 3'44 3.90 0.90 0.70 0.63 1-35 3.94 1.41 1872 3-55 4.09 3.66 2.36 1.83 1.56 0'24 4.09 0.28 0.49 1877 2.69 4.02 1.67 2-25 1.67 3.13 0'12 4.27 0.03 0.07 0-47 
1903 4.76 9.77 8.04 4.28 7.60 4.18 0.01 8.69 0.06 1014 3.92 0.94 5.16 2.68 6.47 1.99 0.50 3.83 0: ; )4/  ... ... 232 I 3-57 - 
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FIG. 3.-Percentage of Fosluca wuinn in the Herbage of the Grass Plots. First Crop, Season 1903. 
Ufimanz~~ed 

14. Complete ; Nit. Soda. 

i'?ilrog@~ and Hine~als. 4-2. No Potash Amme- Minerals only. 4-1. Superphosphate. Nitrogen only. 6. Amm.-salts. 8. No Potash. 7. Complete. 17. Nitrate Soda. 9. Complete \ J salts. 11. Excess N. 



ROTHAlMSTED .PARK HAY 
TABLE LLXI1.-Co,~tinzced. 

GRAhIINEZ-Coirt Inued. 
I I 

y c a l  I p$t 1 41 I 8 7 

. 
f.ce~~afiuuescors (Yellow Oat Gr'ass). 

1862 1867 1872 1877 1903 191.1 - -  

2.37 1'86 3-19 1.08 
0'56 1 2-18 - - 

4.12 4.28 8-09 2.47 

Pea prntansis (Smooth-stalked Meadow Grass.) - -- 
2.06 - 

1862 1867 1872 1877 I903 1914 

0.92 

5.42 3.52 6.96 2.45 2.83 3.94 1-54 

0'29 0.56 0 1 7  I 0 2 6  0'09 0'45 0.07 0.02 0 ,331 0.88 0.06 0.93 

4.02 4.84 3.72 3 -66  

Pon lq-iuinlis (Rough-stalked Menclow Grass). 
- - - --- - 3.81 1.53 6.53 0.89 5.21 1 8.14 8.72 13.25 122.48  4-35 0'40 23'67 0'30 12'08 2'15 2'14 0'14 182.93 2.30 0'98 7.95 0.59 2 ' 7 4  2.10 0.64 0.09 24.76 

1.00 0'19 1.20 0.53 0.15 0.42 d:i7 .. 1.27 - - - 
B ~ i z a  ntaclia (Quaking Grass). 

6'64 

-- - - 

1 . i2  1.13 1.10 ( 1 0 5  2.11 2.27 1.03 1.75 0.981 2-34 1.10 1-42 

... 0-81 1-19 ! ... - 

. .. 0.01 ... ... . .  

0'01 0'07 0'31 0'72 2'20 1.05 

0.65 0.46 0-16 0.01 
1-68 

1.18 0.24 1.49 0.48 
0.05 / 1.86 

- - 1 ' 4 5 l  2'09 9 .081 5.28 4-88 

2.28 1.65 2'42 1.73 3.74 1-15 

- -  -- ... . . ... 0"01 . .  1 ... . . 
... ... 

.- 0'06 ... 0.01 0.02 ... ... -- 

0.01 

3.86 4.313 3.83 2.98 1.47 
3.18 1 0'41 4.96 1 0.09 1.98 0.03 l q7S  ... 

0.02 0.21 0'09 0.09 0.20 0.14 

0.05 0.02 0.20 0'30 0.22 - 

5.53 

3.78 0'46 7'12 5-30 0.09 5.67 0.67 0'01 2 . 9 3  0'16 I ' 0'31 

0.14 0 1 3  0.37 0.11 2'52 0'42 - - 

0.67 3.87 5-11 1.56 7.67 1.22 

1.07 0.65 0.61 0.23 0.90 1-11 

0.07 0.05 1.16 0'57 5.87 1.51 

- 0.58 0.32 2-12 2'16 11.23 2'24 

-- 1862 1867 1872 1877 1903 1914 
Dae(ySs glomsratu (Cocksfoot). 

10.68 9 4 3  1-45 13.02 1 1 8 6  1 0 5  22.67 10'40 2.57 18.03 1 ' 4 7 ' 4 . 0 1  11.68 0 1 7  9-20 1 .80 '  .'. 1 2 - 1 8  

1.89 0-68 6.40 7.25 20.15 4-10 

0.03 0.06 0.10 0'14 0.13 ... 

... ... 0.01 
0.18 . . . . . .  

1'80 0'57 1862 1867 
- 2.28 0.38 0.16 1.83 0.14 1.01 -- - - -- I 1872 1877 1903 1914 

1'76 1-14 5.58 24-16 4.64 39.81 11-88 39.28 14 .07 ,17 .11  6.14 0.15 5 - 0 4 ,  0.20 P I  - - - -  

10'00 7.28 3.38 12'48 0.71 6.10 
0.90 0.70 1'05 3'65 

2.39 1'39 2.25 0.99 

Palttca oua'na (Sheep's Fescue). 

0.70 0'64 3'25 0'58 1'32 0'92 9-18 5'72 
0.57 1.41 1.30 4'60 

0.88 1-58 0'16 0"I-8 P i 5  5.87 1 

--- 

- 2'09 0.21 3.50 1.48 

----- 

0.11 0.36 0.48 2.41 
0.66 0.98 1.12 8-99 

2.57 4.67 

----- 

2-05 1-71 1-68 3.67 4.97 10.17 
1-28 4.09 3.51 7-33 

10.20 16-15 20.44 16.02 8.81 21.20 

1862 1867 1872 1877 1903 1914 

7.51 17'74 23.95 19.76 9.48 24.74 

13-30 15-20 21.67 21-89 17.45 23.62 

9'43 11'18 18.05 12-04 12 '8 l  14.21 

21.99 80.6'7 46.56 63'31 16.03'66.66 45.67 

13.73 11'38 14.56 26.69 7.67 31.44 

1'46 0'50 0.36 4.15 0'0% 0.12 

6.80 26.09 49.29 65.20 63.56 72.88 

5.21 15-42 8-68 21.80 7.52 15.28 

13-33 25-03 31-16 3SSO2 8-80 27-37 

13-69 12'08 34-71 20.77 
13.64 
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FIG. 34.-Percentage of Blopecu~us pratenvis in the Herbage of the Grass Plots. 
First Crop, Season 1903. 

Unmanured. I Minerals only. Xtroyen only. I Nio~~!,o,t,  r r ~ r t l  M{~rnraln- 4-1. superphnsphrrtc. I 6 .  An~~n.-:arrlts. 4-2. NO Potash Amma- i 8. No I'ohsh. IT- Nitrate Soda* 9. Complete 5ig,lks. 7. Compl~te. I 11. E x r c = . ~  N. } I I I. ~ ~ w p ~ c t c :  ; Nit. Soda. 
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TABLE LXI1.-Co?zti?~ued. 

GRAM INEZ-Cotitinwd. 

LEGU1MNOSZ. 
?idfolium rsrpo?rs (White or Dutch CIover). 

-..---- 
Ztifolic~m p~ntense (Common Red Clover). 

, p-. 

,.. ... 

M 
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ni l  
FIE. 35.-Percentage of Arrlienatherun tcvenucezrm in the Herbage of the Grass Plots. 

First Crop, Season 1903. 
Unmunured. 

14. Complete; Nit. Soda. 

Minerals only. Nil~oqen only. Mtrogoz a?zd Minuvuls. 4-2. No Potash 1 hmm.- 9. Complete I 11. Excess N. 
4-1. Superphosphaie. 8. NO Potash. 7. Complete, 

6. Amm.-salts. 17 Nitratesoda. 
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TABLE LXI1.-Continued. 

DIISCJHLLANEOUS SPHCIES.  
Ranunculzu acris,  pans st bulbosus (Upright, Creeping and Bulbous Crowfoot). 
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Fro. 36.-Percentage of Holcus lanutus in the Herbage of the Grass Plots. First Crop, Season 1903. 
Vmnauursd. Minerub only. ' Nitrogen only. Nilrogsn and illi?urc~k. 4-1. Superphosphate. 8. No Potash. 7. Complete. 

14. Complete ; Nit. Soda. 
5. hmm.-salts. 17. Nitrate Soda. 4-2. No Potash Amme- 9. Complete salts. 11. Excess N. 1 



ROTHAMSTED PBIC HAY 
TABLE LXII. -Co(lnti%~ed. 

I I 

I I centa7crea nigra (Black Knapweed). I 

I Laontodola ithpidus (Rough Hawkbit). 

1 Plantago lanceolata (Ribwort Plantain). I 

Rumex ncetosa (Sorrel). -- 1862 1867 1872 1877 1903 1914 

1.40 1.76 7 1.87 2.21 0.34 

-- 3.94 ' 5'47 2'81 3.37 1'51 0'68 
Total of all other I\Iiscellane~uS Species. 

18.39 8'42 6'85 3'09 0'54 0'51 

1.93 7'86 1.96 5'84 1-91 0'55 

s ' 2 . 5 5 6  

8-88 1.11 0'61 4.40 0'67 0'52 

5.40 10.89 4-60 3-60 2-79 4-37 

__I_ 

1867 1872 1877 1903 1914 

2.10 8-88 1-16 6.67 3-71 0'21 

7.02 3.96 1-09 2.28 0.13 ... 

_____------ -- -- -- - - 

2'49 3-35 2-12 1.99 8-60 

2.46 3'24 2-08 4.26 1-46 

5'31 4'42 

9.15 ' 3-67 15.94/ 7-53 

0.27 0'27 0'23 0'85 0'69 2.01 

-- - 
5-31 11.64 1.91 1-13 0-63 

4'98 2'37 6.92 2.88 

9-06 7'84 6.421 6.38 

12.11 24.27 7-51 7.66 6-24 0.26 
7-13 2'13 14-84 1'34 

1'91 4'11 2-56 6.67 1 
2'97 2'14 6'83 2'82 

4-88 6-49 3-14 

6-64 7-34 2-06 5-79 1-56 0.21 
I d 8  2'66 1'80 0.35 

3-82 3.85 2.06 

9 1-01 1-07 1-00 4-38 0.80 

0.82 0-45 0.16 0.51 
0.26 0'01 0'02 0'20 0.69 '  0.02 0 . 1 3 /  . .  
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FIG. 37.-Percentage of T~ifoliu~n wpens, T~ijolizmz pyal~nse ,  and Lotus cutrcic-ulnfi~is (together) in the Herbage of the Grass Plots. First Crop, Season 1903. 
. Unmanured. 

14. Complete ; Nit. soda. 

Afinerub only. Nitrogen only. 4-1- Superphosphate. 6 .  Amm.-salts. 8. No Potash, I 17.  itr rate soda. 7. Complete. 
Nitrogen avtd ~ l i i ? ~ ~ c l s .  4-2. NO potash Amm,- 9. complete I I 11. Excess N. 



ROTHABISTED PARK HAY 

The hay crop probably fluctuates wit11 the seasons more than any of the crops on arable land, because the land does not receive cultivation, which tends to regu1at.e the supply of water to the plant, and especially to preserve it from wasteful evaporation durilig dry seasons. Not; only does the gross beigllt of crop vary very much, but the character of the herbage alters considerably with the distribution of ' 

SUMMARY. 
1'01'1\T, 1'1<11 CEh'T. 01.' GRABIISEOUS, l;EGU3[[SOUS, OF OTEER ORDERS. -- 

- -  
Total of Graminenus Species. 

1862 1867 1872 1877 1903 1914 

70.61 635'53 68'66 71.15 52'23 54.32 
Total of Leguminous Species. / 1862 11867 1872 1877 1903 1914 

89.62 94.26 92-87 87'81 85-54 91.21 

74.96 66.88 67.03 71.78 43.00 55.86 -- 

8.10 5'35 8'98 8.54 7.77 5'78 
TohI of other Orders. 

89-38 94.12 98.86 97.68 99-82 100.00 

71.69 67.03 71.56 81.19 43-60 62-15 

24.70 12'69 39'77 195"7 33'15 16.91 

2.79 2.83 8'61 5.53 17-58 7-46 

- 
1862 1867 1872 1877 1903 1914 

19.32 8-85 7'97 4.01 18.57 10'65 

21-47 19-47 21-12 14-75 20.95 7'34 

88.59 77.06 92.19 94'65 95.90 93.73 

64.65 59.29 48'92 74.38 41-75 68-09 

- 
21.29 29-12 22'36 20.31 40.00 36.58 

Number of Species. 

0.01 0.01 0.01 ... ... ... 

0.28 0'10 1'6s 6'68 
0'13 0'39 1.36 0.76 3.35 4.00 

0-27 0.51 0'12 1'80 
0.12 0'34 0'46 0-19 ... 0.45 

13-56 '  18-22 

28 30 30 27 24 18 - 

80.52 62-66 79-23 79.96 35.61 61.65 

40.83, 25-97 24-23 32.74 I 
19-60 13.83 11'32 5-33 6.36 1.44 

22'261 8-99 27.81 11'84 5.75 17'65 12.69 

28 18 16 15 10 7 

- 81.36 75.72 73.27 75-87 56'01 68.01 

0-42 0-70 1-35 0.91 2-59 0.56 

10.65 23-02 11-41 11.91 25'12 14.63 

30.29 24.36 22.69 39'42 33'56 

23-58 25.36 23.22 41-43 30-25 

28 29 30 27 20 14 

80.31 86.13 88.65 94.63 93.65 98.56 

78-26 186.32 

19.20 ,S7=24 19.19 13.36 23'55 12-35 

28-09 20.47 14.80 37'93 25.77 

-- 

80.02 78-76 83-15 

0-09 0-04 0.03 0-04 0.01 ... 

10.35 5-36 6.77 11.43 11'12 

11.28 22.78 7.79 4.94 4.11 5'30 

39 39 39 43 35 28 

34 32 39 38 39 32 

- 1862 1867 1872 1877 1903 1914 

71.85 64-70 9'1'06 

0.13 0-16 0.02 0-41 0.01 . . . 

10.61 5.87 1.15 2-47 0.15 ... 

50.05 82-57 58-76 113-30 

33 36 31 29 22 31 

-- 

60 43 49 62 47 40 

33 47 43 49 41 30 

-- 46 46 49 45 44 33 

35 30 28 26 15 15 

38 42 42 48 45 34 

44 42 41 44 36 32 



184 EXPERIMEXTS UPON GRASS LAND 

nil - 5 
nil 
4-2 

nil  - I I 

Fro. 88.-Percentage of Lalhyrms pyalensis in the Herbage of the Gross ~ l o t s .  
First Crop, Season 1903. 

Urnnured 

14. Complete ; Nit. Soda* 

Mineg.ub ojl/!,. Nitroyen only. Nitrogen and M i n ~ u l s .  4-1. Superphosphate. 8. No Potash. 7. Complete. 
5. Amm.-salts. 17. Nitrate Soda. 4-2. No Potash 9. Complete 11. Excess N. 



SEASON AND THE HAY CROP ,185 
the rainfall and temperature. Thus the year 1902 with fre- quent 1ight.rains was especially favourable to the growth of the shallow-rooted Luthy~us, and other leguminous plants, the proportion of which mas doubled or more on somc of the plots. The Table LXIII. shows the  montlily rainfalls for the seasons 
TABLE LXII1.-Rotkamstcd Pa7.k flay. Seasons 04 highest and lowest Yields compa?.ed with Jfontldy Rainfall. 

I I 

Tears. 
P l o t  9. Nlnernls, arid 400 Ib. ~ m r n 0 1 i 1 r n -  salts. 

I 10 Lowest Yields on Plot 9. I 

10 Highest Yields on Plot 9. 

Mean . / 3192 1 5027 

P l o t  14. hIinernls, and 650 Ib. i i i r i t o  of Soda. - 

giving the highest and the lowest yields on the con~pletely 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 

, Ruit:fnIl. 
To t~1 ,  N ~ T C I .  1 ipril.  y a y ,  Juno ( ~ a r *  ~1 Julie. 

- 
1869 1879 190ri 1882 1858 1868 1871 1857 1862 1856 
Mean . 

Inchos. 1.422 1'183 1.578 1.566 0.967 1.922 1'503 1.495 3.081 0.991 
1.569 

Lb. 7700 7668 7473 7260 71 72 6622 6576 6422 6402 6363 

L b. 8526 5 9 6 4 '  7340 7158 5646 7728 6930 
5,7i3 ... 

Inclres. 2.129 2.790 1'252 3.925 2.439 2.187 2.890 2,171 2.343 2.615 
"524 -- 6966 1 6876 

Inches. 7.843 13.005 1 5.795 1 11.485 6.895 1 5.210 I 9.214 6.981 12.220 10,228 
8'887 

Inches. 3.231 3.481 2.152 2.065 2.581 0.732 0.955 I-OSS 2*909 4'872 
2.402 

Inches. 1.061 5-551 0.813 3.926 0.958 0'369 3'866 2.227 3.407 1.748 -- 
2'392 
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-- Plot  3 4-1 8 7 5 17 4-2 
nil - 

FIG. 89.-Percentage of Cenlau~ea n@ra  in the Herbage of the Grass plots, 
First Crop, Season 1903. 

Uflmu~W'4d &lineralv only. I'iitrogelz and M I ~ L ~ Q ~ .  4-l. Su~erphosphate. 8. NO Potash. 7. Comple~e. 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 rneteoroIogica1 records, and the character of the crop, since so much depends upon the frequency of the rainfalls and the relative predoli~inance 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 receiving ammoniunl-salts, but this is due to the deep-rooted herbage they carry, rather than to any direct effect of the manure used. As regards rainfiL11, the critical months are April and May:  the rsiufali of &rch appears to affect the crop but little. 

1. It is better to lay up the  same land for hay each year, graziug the aftermath only, and, in the same way, always to q a z e  other land, rather than graze and hay in alternate years. b In  this way we obtain the fullest developmellt of those grasses and clovers which aye suited to haying and g~aazing 1.espectively . 2. For the same reason the system of mantiring once adopted should be varied as little as possible, for even mannres as  similar as nitrate of soda and sulphate of ammonia encourage different Binds 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 mauuring is only utiliaed \vhen 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 lnineral manuring. 5. On strong loams, with a good mixed herbage, a dressing of 10 to 15 tons of hrmyarcl manure should be given every fifth year. I n  the other years a minter manuring (January or February) of 2 Cwt. per acre of superphosphate (basic slag on strong clay soils), aud 3 cwt. of kainit, with 1+ cmt. 
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1 Plot 3 

fie. Io---Per~entage of Ruwtex ucilose in the Herbage of the Grass Plots. 
First Crop, Season 1903. 

:' Un~mc~nxcved. Hine?*ctls o ~ l y .  Nitvogsn only. Niksogen ancl Xine?.aZ-$. 4-1. Su~er~hospha te .  4-2. No potash 8. No Potash. 9. Complete salts, 7. Complete. t 11. ExcessN. 14. Complete ; ~ i t . i s o d ~ .  



CONCLUSIONS 
of nitrate of soda when the grass begins to grow, mill be remunerative. 6. On light dry soils, either sandy or challcy, the nitrogenous manures are the most important; dung, and calre-feeding the aftermath, will best build up a vigorous herbage, and until this is done it will not be wise to spend niuch 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. 

REFERENCES "Report of Experiments wit11 Different lManures on Permallent Meadow Land, wit11 Tabular Appendix." Joftr. Boy. Rg. Sot., 19 (1~5s) ,  5.52, and 20 (1859), 228 and 398. Rofhn?rzsted Memoirs, Vol. l., No. 12. The Effects of Different Manures 011 tile Mixed Herbage of Grass Land." Jola,. Roy. Ag. Soc., 24 (1863)) 131. Botltnr12sted illev?oirs, Vol. I ., KO. 18. "Further Report of Experiments with Different bfanures on Permanent Meadow Land." Jozo.. h 'o~.  Ag. Soc., 24 (1863), 504. Rotfzn7,2sted iJfm~loirs, Vol. 111.) No. 3. ((Effects of the Drought of 18'70 on some of the Experi~nental Crops at Rothamstcd." Jozlr. Roy. Ag. Soc., 32 (1  87 I), 91. Rotfzn7nsted hlevnoirs, Vol. III., No. 11. GAgricultural, Botanical, and Chemical Results of Experin~ents or1 the Mixed Herbage of Permanent Meadow, conducted for lnore than twenty years in succession on the same land." Part I., The Agricultural Results. Full Paper. Phil. Trans., 1'71 (1880)) 289. A'othanzstcd il/Ienzoirs, Vol. 11.) 4t0, No. 1. "Agricultural, Botanical, and Chemical Results of Experinients on the Mixed Herbage of Permanent Meadow, conducted for more than twenty years in succession on the same land." Part I I . ,  The Botanical Results. Full Paper. Phil. Tmns., 173 (1552), 1181. Rothnvzsted hlemoirs, Vol. II., 4to, NO. 2. ((The History of a Field laid down to Permanent Grass." Joxr. R o y  Ag. Soc., 60 (1889), 1. Rothamsled Menoirs, Vol. VI. ,  No. 14. a ~ ~ ~ i ~ ~ l t u ~ . a l ,  Botanical, and Chemical Results of Experiments on the Mixed Herbage of Permanent Grass Land, conducted for rnany years in succession on the same land." Part III., The Chemical Results. Section I., Full Paper. Phil. Trans., Series B., 192 (1900), 139. ~othnvnstetl Menzoi~s, Vol. I?., 4t0, No. 3. "The Malluring of Grass Lands," by A. D. Hall. Jotu-. Rqy. -4g. Soc., 64 
(1903), 76. 



, CHAPTER X 
EXPERIblENTS UPON CROPS GROWN IN ROTATION, AGDELL FIELD 

I. The  Unmanured Plots. 11. Effect of t h e  Manures. III. The Effect of the Growth of Clover or Beans on the succeeding Crops. IV,  Effect of Manurial Residues on subsequent Crops. V. Gain or loss of Manurial Constituents to the Land. Practical Conclusions. References. THE &dell field, which was put under experiment in the year 1848, cliffers from the othcr Rothamsled lields in that it is farmed on a four-course rotation of Swedes, barley, clover (or beans) or ftillow, and wheat, instead of growing one crop con- tinuously. It is divided into three main plots, one of which (0) has receiver1 no manure, the second (M) mineral ruanures only (superphosphate alone in the first nine courses), and the t h i ~ d  (C) a complete manure, contaiioiog the same minerals, but also nitrogen in the form of rape cake md ammonium-salts. The manures are applied to the Swedes only, the other three crops of each course being grown vitlaout nzanure, Each of the three plots was originally subdivided into four, so as to obtain the following comp~risoi~s :-(I) Half the plots carried clover or beans as tlze third crop of the course, ancl half the plots were bare fallow. This showed the effect of introducing tlic legurniuoas crop into the rotation, as compared with the bare fallow. (2 )  From half the plots the root crops grown in first c~u r se  were carted ; on the other half the roots \Yere eaten on the 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, etc., of the return of a root crop to  the land by folding. I n  1903 the second division was abolished, and since then the three plots have been divided into two only, clover and fallow respectively in the thircl 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. 190 



TABLE LX1V.-CTops growr~ in  yotation, Agdell Field. Mean pnidqaerper acre ove? lircfve Cou~sa 
1884-1903 and the two Courses 1904-1911. 

C.-Comploto 311nornl and Nitrogenous Manore. 
- -  

Roots Cnrted. Roots Fed.' 

430.9 335'2 . . . ..% 

24.9 32.3 . . . . . . 1779 2299 . . . ,.. 

* Mean of 3 courses. 



CROPS GROWN I N  ROTATION 
The various crops as grown in rotation are affected veqr differently by the absence of manure than the same crops arc when grown continuously. I n  the case of the cereals, the 

crop is maintained far better on the rotation plots that are unmanured 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 al~sence of manure, and the mere act of growing in rotation is quite unable to provide sufficient nutriment for the needs of even a 
small crop The clover and bean crops also grow very indifferently on the nnmanured plots notwithstanding the rotation, though the falling-off is not so ma~ked as in the case of the Swedes. Although a rotation of crops, by alternating plsirts of different requirements and different habits (some deep and 
TABLE LXV.-Crops ,yrown in  Totation, Agdell Pield. Co.mpn~rson cf yield at the beyinning of the E,~;pe~iment, and in  lc~tcr ygars (1852-1867, 1884-1903, and 1904-1911). Averadye Total 7'roduce peT acre of fo1c.r UnnzanurecZ and f our Manured Plots, 

- ---.-- I Unmnnured Produce Beans compared witb t h t  Swedes. Borloy. (or Clover). Tvlieat. by ComplcLo Blsuuro = 100. - -- ---- -- --- --___I _ _ - - -  

I - / - - - - - - - - - - _ _ I _ _ ~ _ _ _ I _  ____ -- Cwt. C*t. Lb. Lb. Lb. Lb. Lb. ~ b .  1 Bndto 5th 19.3 263.7 4190 5972 2002 8545 5526 6756 7.3 70.2 56'5 81.8 ,10thto14th 19.7 435.4 2163 3662 1450 3692 3979 6033 4.5 59.1 40.4 66'0 15th&16th* 19.0 383.1 1910 8843 1203 4826 3958 6766 4.7 49.7 24.9 68.6 - * AveWes for Plots 1 and 2 Complete Manure, and for plots 5 and 6 unrnooored. 
some shallow-rooting), is able to utilise more thoroughly the nutriment supplied as manllre 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 value largely depends upon the op~ortunities it affords for cleaning the land and 
maintaining a proper System of tillage, Table LXV, shows 



MAINTENANCE O F  YIELD WITHOUT MANURE 193 
a comparison between the crops on the unmailured and the completely manured plot for the four courses from 1552-1867, the five courses from 1884-1903, aud the two courses from 1904-1911, from which an idea can be obtained of how far 

Swedes. ' Barley. Clover Wheat (or Beans) 
Manured Plots Five Courses (1 884-1 903). -- _I Unmanul.ed Plots. 

FIG. 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 esperiment by the co~ltiliued absence of manure., The same results are ~ h o \ \ ~ n  graphically in Fig. 41. Since 1884 (Table LXVI.) the clbop of Swedes on the unrn,znure(l plots has averaged ollly 16.0 cwt. per acre, and the roots have lost the appearance of Swedes, becoming tap-roots N 



194 CROPS GROWN I N  ROTATION 
with hardly any developnrent of bulb. The crop, indeed, fell away to nothing as soon as the manure mras discol~tinued ; it was less than 8 per cent. of the crop on tho mnouyed. plots the first four courscs, and it has fallen to about half that quantity duriug the later five courses. Swedes haye thus very little power of growiug upon the reserves of nutriment in the soil, and they are almost wholly dependent upon aD immediate supply of manure. The barley has yielded on the unmanured plots 14.5 bushels a the lust Seven grain and 10.9 CWt. of straw per acre durin, courses. This amounts 59 per cent. of the yield 
on the manured for the 10th to the 14th courses, and 49'7 
per cent. for the 15th and 16th courses, whereas for the first four courses the yield on the unmanured plots was about 70 per cent. of that of the lnanured pI i . t~ .  As c0mp5red with the corresponding plots in the same years in a o o s  field, where barley is grown continuously, the yield of barleJ' has been mucl~ better maintained wh-n grown in rotation OD the Hoos: field in the later years the production of the unmanured plots has fallen to 26 per cent. of that of the manured *lots, while the rotation barley on the rmmanured had only fallen to about 50 per cent. of that on the manured plots, the same years being compared in each case. On the aotharnsted land it is not found desirable to grow every four years, SO only six clover crops have been taken during the course of the experiment, beans having beon substituted in the other cases. On these leguminous crops the absence of manure has had a very marked effect ; the produo- tion, which was nearly 60 per cent. of the manured in the earlier Courses, has fallen to 24 per Cent. in the Inter ones. Thus the leguminous Crops are much more 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 crops are. ~h~ average production during the later courses has been 24.8 bushels Per acre on the unmanurecl plots, as colnpared with 



11.0 bushels per acre on the unmanured plot in Broadbalk growing wheat continuously, and with 16.9 bushels on the similarly unmanured plot where wheat b grown after a base 
fallow. I n  the earleir period on the rotation field the unmanured plots yielded 82 per cent. of the wheat on the manured plots, but in the k t e r  period the production without 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 is clear that the progressive cropping out of the soil is telling upon the wheat, though i t  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. 

11.-EFFECT OF 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 cwt. superphosphate, 500 ib. sulphate of potash, 100 lb. sulphate of soda, and 200 lb. sulphate of magnesia for the Swedes. C'. Minerals as on Plot M., together with 200 lb. ammo- nium-salts and 2000 Ib. raps cake for the Swedes. 
TABLE LXV1.-Zfect of Nlanure on crops grown in ~ola l ion ,  AgdelJ Field, Average produce pe7 acre over the seven Co~rses, 1884-1911. -- -- 

R O O ~ ~  (Swedes) . . . . Cwt. 
BsrleyGrain . . . .Bush-  Barleystraw . - C d .  
Clover HayX . . - - Bean Corn1 . - Beanstraw].  - ' C w t .  
Wheat Grain . . ' Busbe Wheat Straw - ' ' Cwt. 

-__ - ---- - t Avcjlnge of h0umOb. Avorage o f 7  COUraM. 

- 
0. 

Unmanured. 6 and 6. 

16.0 
1 4 6  10 '9 
9-9 16'8 8.7 

24'8 21'3 
-- 

- 
- 1- 

filineral Complete Manure. Mauore. all6 4. 1 1 and  ?. 
201 '4 
19'4 12'8 
42'3 28'2 16'9 
34.7 

-- 
373'6 
26 -0 18.6 
39'9 19'5 11.5 
35'5 32'2 33.0 

--- - 
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~t should be *emembered that each of these tllree plots was further subdivided into four quarter plots, in the first place the third crop may be clover or a bare faliom, and again the roots were carted off or fed on the lmd. 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 vei'y 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 evun 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 cmt. from 1884-1903, although the plot had bee0 receiving 110 nitrogen for thirty-six years previously, nor hnd ally residues of the previous crops, which would contain nitrogen, heen returned to the ground. Where the roots had been put bacli, and where also a leguminous crop was talren 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 a plentiful supply of mineral, and especially of phosphatic9 manures; the latter in particular seem to stimulate the development of fibrous roots, thus enabling the plant to utilise the re~ources of the soil. Again, the cultivation to which the land is subjected for the Swede crop is cdcudaled to reserves nitrogenous material in the soil and rcncler the plant or~less independeat of a direct supply of nitrogen TLiusy in ordinary farming practice with the land in good condition the Swede crop only requires a small nitrogenous dressin% but should always have a comparatively large of phosphoric acid, in order to enable it to ,,k, the most of the reserves in the soil and of the dung which is generally used with this crop. The effect of the mineral dressing hits been less marbed on the barley than on the I ~ O O ~ S  ; it has ollly increased the average 



EFFECT O F  MINERAL MANURES 
crop from 14.5 to 19.4 bushels pel. acre. This increase again is chiefly found on the plots growing clover and beans, and so receiving nitrogen collected from the air ;  the two 
quarher plots which mere 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. I n  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. Comiilg 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 9.9 to 42.3 cwt. of clover hay, anci in the case of beans, from 15.8 bushels of corn and 
8.7 cwt. of s t ~ ~ a w  to 28.2 bushels of corn and 16'9 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 tlle atmosphere, especially wllen they are provided with plenty of niineral plant-foocl. In considering the wheat crop, i t  is necessary to distinguish between the plots which have previously grown clover or beans ancl those which have been fallowed, because in the former case there has bee11 such all accul'mulation of nitrogen in the soil that the succeedi~lg wheat crop is very much stimulated. It \vill be seen that the crops on tlle fallowed portions average about 25'4 bushels per acre, as against 20.1 bushels per acre 011 tlle corresponding ~ulnlanured plots, an increase 



which must in the main be set down to the mineral dressings received three yeus  earlier in the rotation. Where clover or beans are ggrwn 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 legun~inoug 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 cake and amn1oniu~-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 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 thk increased yield protlut:od by 3 direct application of nitroganous uianure, The effect of the nitrogen applied to the Swedes is still ve1'Y palpable in the barley crop, the yield of which is about 40 Per cent. larger on the completely manured plots than on the plots receiving no nitrogen. Coming to the leguminous crop, nitrogen has no effect; the cloyer is not better, and the beans are very distinctly worse where it  has 'been applied 
' h This affords very strong evidence of the extent to whlc leguminous plants aye able to feed themselves 

from the atmosphae a ~ d  become independent of in the soil, an excess of which may even be injurious to their growtll. The manner in which accumulations of nitrogen in the soi1 interfere with the growth of leguminous plants is ouriousl~ seen in another way on this field: one of the colnrnouest weeds among both the barley and the wheat on a e  unmanured plots and on those receiving only minerals is the little legumi- nous Black Medi~k (Medicago lupulina), which often almost the surface of the ground towmds harvest time. This plant, however, is nruch 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 3 bushels more grain produced by the residue of the nitrogenous manuring, so dependent is the wheat crop npon a supply of 

no Nitrogen. . FIG. 42.-Effect of Manure upon Crops grown in Rotation. Total Produce. Averages of Five Courses (1884-1903). Swedes in 100 cwt. ; Barley and Wheat in 1000 lb,; 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 leguminol~s crops that the effect of the previo~zs nitrogenous manuring is no longer apparent, the average crop being actually highest on the portions receiving only minerals, thus correspo~ldiag with the varying yields of the previous leguminous crops rather than with the direct llitrogellous manuring. Fig. 42 shows in a glizpllic form the effect of these three 
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systems-no manure, minerals ~vithout nitrogen, and a colllplete man~zre-on the successive crops in the rotation. 

It has already been stated. that one of the main ol~jects of , 

experimental field is to compare the results of growing a cl'Op like beans or clover as the third item in the rotstiou instead of taking a bare fallow. Of course, historically, this change from bare fallow to clover nlarbs one of the great adval~ces in agricultural practice, but its coillplete justific,ztion 11as o1l1y been possible in the last few years, since the power of the leguniinous plants to fix atmospheric nitragell bas been 1~l~ornn* In  the Agclell field clover has been grown seven times and beans eight times during the period under esperimont. LXVII. shows the average crops of each separately, togetbe' wit11 the total produce of the succcediug wheat crop 011 the fallowed and cropped portions respectilrely, 
TABLE LXVII.-CYO~IS y.own in ~otation, Agdcll Weld. 3 fec t  of CloveY Or Beans O?L f h c  fullowing Wheat Crops. Total produce pe?' acl'c. --- I Wheat.+ 1Vl1ent.C - Clover - Dean ------ - Crops.* U~lferonco Crops.: 

Fallow. Ulover. g,"Yi:. ---- 
-I__ 

-/---- I -  

------- - -- -----__ _ - -- " 'I yenn (1674* 's21 '8% '94 1902 1006 and 1010). f 8 years (1854, '59. '82, '66,  'TO '78, '$0, rind '08)' f yeare (18'/31 '88, '8i, 'Q;, 1908: 1007: and 1011). 5 S yes* flSs5, '69, '63, '67, tir: '78, '01, and '")' 

The beneficial effect of the clover crop is at oono eppal*ent from the table. On the unmanured plot the clover crop is " small ome, apparently the nitrogen it has collected from atmosphere is not sufficient to conlpensste for the better tilt'' 
and nitrification wllicil are induced by a haye fallow. 0" the plot 1"eceiving mineral manures a large bull< of clo\rer is grow*, averaging 47 cwt. of clover hay, and notwithstandi1lg that all 
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this is re~noved from the land the nitrogen accumulated in the roots and stubble is sufficient to raise the total produce of the wheat from 5147 lb. to 6052 ib., or by 17.6 per cent. On the co~llpletely inanured plot a still greater crop of clover is olstainetl, ayeraging 50 cwt., and this still further increases the wheat crop from 5493 lb. to  6093 lb., or by 0.9 per cent. With the beans an entirely different result appears; on each of the three plots the bare fallow proves a. better prepsra- tion for wheat than does the bean crop, after wllicll in all. cases the wlreat crop is solnewhilt diminished. On the unrnan~u.ec1 plotl tlre 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. I n  other words, the beau crop, which is pulled, not cut, does not leave behind any great amount of ilitrogea 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 jrrhen t l ~ e  crops following the largest clover and bean crops 

are considered, the results of which are set out in Table LXVIII. 
TABLE LYVII1.-Crops gyown in rotation, Agdell Field. B'ect of the laqyest  clove^ OT Bean Crop on the followin,y ?+%cat C ~ o p .  Total 

I Clover, 1010. 
Cwt. 0. Unmanured . 17.4 M. nlineral Manure. 64.1 C.  Complete Manure ?6.6 

. ----- 

. - Beans, 
l.'nllow. Beans. 

Lb. Lb. Per cent. 

-- --p 

In 1910 the clover on the unmanurecl plot produced only 174cwt.  of hay and caused a barely perceptible increase in the total of the wheat, aniouuting to oirly 4.5 per cent. On 
the plot receiving a complete mineral manure, hornever, a very large crop of clover mas obbained, 64.1 cwt. per acre, and this 
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increased the total produce of the wheat crop from 5338 111- to 6292 lb., or by 17.9 per cent., the extra grain amounting t o  6 bushels per acre. On the completely mauurecl plot a still greater clover crop was obtained, 76.6 cwt. of ht~,)~ ; this in its turn increased the total produce of the wheat crop fro111 5454 11,. 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 i t  was also followed by a specially go0'' wheat crop in 1863, 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, 29 Per 

TABLE L X I X . - - C ' T ~ ~ ~  grown i n  rotation, Ag&ll Fidd. E'ixt qf Qov@' ( O r  Beans) a the succeeding Szuede and Bayley Crops. llfccbn of ~ ' ~ ~ ~ r s e s - P ~ o d u c e  pe?+ acre. 

cent. on the plot receiving superphosphate olrly, a~~c.lrd 12.7 pel' 
cent. on the completely manured plot. These results can only be interpreted by supposing that t h e  large bean crop, so from obtaining all the nitrogen it required from the atmosphere, drew extensively upon the resources in the soil, consequently' 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 effect On the subsequent crop of wheat, the question of the d~~ra t i on  
the benefit caused by the clover naturally arises, Table LxIX* gives a SllmmaTJ' of tire results &ring $Ire last six courses 

0. Unmanured . . hl. Mineral Rilanure . C. Complete Manure . 

10th-16th Coursos (1864-1907). - Clovar (or Beans). 

Lb. 1284 4019 3170 

11th to 10th Courses (1~~6-1911). - -- ----- 
----I______ --_A___- - 

Root Crops. Barloy. -C- 

1 1 1 ~ 1 ~ " S O  to 
0' 

por cont. -- 4'3 +37'1 +23'7 
_cC 

- -  
After FaUow. 

Cwt. 28.1. 195.8 463.8 

After Fn\loxv, 

~ b .  2092 2135 3215 

Clover or Beans. 
Lb, 199% 2926 3980 

After Clover or lh?nns. 
Cwt. 10.8 24d.8 409.4 

------- 
Iacrenso clue to Clovar or Besns. ---_-_______--! 
Per cant. - 62.5 +25.2 - 9.7 



RESIDUES LEFT BY LEGUMINOUS CROPS 203 
which have been completed, showing a comparison of the roots and the barley 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 wllere the manuring is with minerals only the effect of the leguminot~s crop is very marked both in the roots ancl in the barley, i.e., 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. Wben, however, the nlanure put on to the Swedes contains nitrogen, the effect of tho 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. I t ,  however, beconles manifest in the succeeding barley crop, mhich is 23 per cent. greater on the portion cropped v i th  leguminous plants than on the fallowed portion, so that we can say the value of a clover crop is feIt 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 i t  must be remembered that the above mean results are for tbe six last courses after ten rotations had been completed, alld that as the benefit, is ~Ioubtless soil~ewhat cunlulative from one rotatio~i to the next, the results represent not so much the value of a single cloves crop as of its constant introdr~ction into the rotation instead of taking a bare fallow. On the other hand, if we compare the effects of the single crops, me find that the crops of beans, just as they show little effect in the succeeding wheat crops, so also they cause but a. small benefit t o  the roots and barley later still. The contilluous enrichment of the ]alld show11 in the above table has therefort! been due in the 
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main to the seven occasions on which cIover has been t a l~e~l  during the sixteen complete courses of the experiment. The diagram, Fig. 43, shows in a graphic form tlle benefit to the whole rotation of the growth of clover, even when the root crop receives nitrogenous manures. 

I t  118s all'eady been stated that tho manures on this experi- mental are applied only to tile root crop, the three 
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subsequent crops in each course being grown without furtl~er manure. TVe thus obtain a means of ascertaining what residue is left in the land after the removal of the crop to which the 
nlanure has been applied. If, for example, we compare the plots receiving minerals only with those receiving minerals and nitrogen, on the fa1Iom 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 2753 lb. on the plot where nitrogen was applied to the roots, against 1970 ib. 

8 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.) sllows the  summarised results 
TABLE LXX.-C'1'aps Y T O W ~  i n  rotati@~z, AgdeeEZ PieZcZ. Total p?.odz~ce per acre. ilfcan of seven Coz~?ses, 1584-1911. Increase dz~e to rVit?-oge.nozu iianzs~as cqpliecl to the Swecle C ~ a p  only, and thcir Residues. 

I Roots carted, Fallow. I --- -- 
Minerals on1 . . . . . ~ i n e r a ~ s i - d t r o g e n  . . . . 

Increase (Actual . . . I P e r  cent. . . . - 

for the last seven courses on both the fallow and the clover 

Roots carted, Bcans or Clover. 

portions. I t  lvill be seen that a nitrogenous dressing consisting of 

- - -- 

C w t .  I y: Lb. Lb 

rape calce and ammonium-salts leaves in tho ground, after 

186.9 1970 ... 4.43 2783 1 ... -- 

Nlinerals only . . . . . Minerals+ Nitrogen . . . . 
/Actual . . . Increase \Per cent. . . . 

5100 5523 -- 

256.0 428.1 
172.1 67.2 

- 
2600 1 3722 3752 3036 I 
1173 - 686 

256.3 ... 423 131.6 41.2 / ... I 8.3  
----- -- 

-PA 

6149 6119 -- 
- 30 - '4 
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growing a crop of roots, a residue which increases the balVleY crop by  41 per cent. ; even two years later, after an inter- vening bare fallow, sufficient still remains to increase 511" wheat crop by 8.3 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 on the plots which, instead of being fallowed, carry clow-er 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 produetioll of beans or clover being 18 per cent. less on the plots which receive nitrogen for the Swede crop than on the corresponding plots getting no nitrogen, a result o f  nitrogenous manuring which bas been noted before. Further evidence of the duration of manurial residues is be obtained by compt~riiig the plots from which the roots were removed with those to which the roots were retuyned, and. notin& the effects on the succeeding crops of the rotation. For this purpose i t  will be wise to consider only the plots on whicll the Swedes receive nitrogen as well as the minerals, for on them only is there a crop of Swedes big enough to leave any per* ceptible residue. Table LXXI. shows the average results 

TABIS LXX1.-Bffect of Cu?.ling and of Fecdiag h o t s  on, the yield 
of succeeding Crops. No Clover grown: 

(grain and straw) for five courses on the fed a11d carted portions, where a bare fallow is taken in each course. - Taking the figures in the last colunm, we sea that the effect of root crop on tho succeeding barley is considerable, for 

-- _----- 
Swedes. . . 
Barley . . Fallow . . . Wheat . . . 

IU~Intive Piold. , -- Avcl:ljio Protluco par ncro. 
Roots Rsmovod. 

100 
100 ... 100 

-- --\ 
Roots Removed. 

448 cwt. 
2575 lb. 
552i'lb. 

l b o t s  Bed. / 
99 
/ 

153 ,.. 113 

Roots Pod. 
440'1 cwt. 

3961 lb. 
6224lb. - 
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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 f'allom. TABLE LXXI1.-Bffect of Carting and of Feeding Roots on the Yield of succeeding Crops. Clover grown. 

Averago Produco per acre. Relative Yield. 
Roo& Removed. 

Swedes. , . 1 445 4 eivt. 1 408.1 ewt. 1 92 1 
In this case the effect of feeding the roots on thg land is plainly visible in the following crop, though the inorearly 61 not so great (being 28 per cent. instead of 53 per ceohnt contained; rotation includes a bare fallow. -. the nitrogeno~zs The second crop, clover or beans, is also. reducing the net extent, for the residue of the roots produces L acre per annum. 9 per cent. Now, however, the new stores of nitrogen intro- duced by the clover crop practically 0bliterat;ldication that the of the residues, and the wheat crop is to onlis been increased the better for the return of the SmTedes to  thace me can con- pra~iously. e denling with, 

ljarley . . . Clover or Benns . Wheat . . . 8543 lb. I 4579 Ib. 4066 lb. 4572 lb. 6140 Ib. 
100 100 100 

128 109 
' 102 
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The diagram, Fig. 44, shows gl.aphically the efl'cct tha t  feeding off the root crop on the land has on tile succeeclin:: 

Swedes. 
Barley . Fallow . Wheat . I 1 the  Land. ' Or ' ~ r t i ng  "le crop on t h e  s~~eeeeding Crops in (grnain and straw PrO"ce-Avera'es Over five courser (1884-1903). R,,O+,S 

aortion~, where a I~ - Taking the  fig' conditions of farming clover of the crop .le rotation. 
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V.-GAIN OR Loss OF MANURIAL CONSTITUENTS TO TEE 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 potasli-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 LXXIII, 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 addecl except in the one case on Plot C where the Swedes are manured. TABLE LXXII1.-.ATit ~ogen removed 6y C:rqps ,qrown in rotation, AgdeZZ .Field. Averaage of eight Courses, 1852-1883. Roots carted. 

M. a* 1 Unmnnured, bl~neruls only. Complete Manuro. I -- I O' 
Lb. Lb. Supplied in Manure . . . 0 140 I 

T o h l  in rotation . 97-1 1 , !::: 1 24.3 1 .S Pep acre per annum . . -? 64 lb 

Removed in Crops :- Swedes . . . . . Uarley . . . . . Fallow . . . . . Wheat . . . . . 
I Y 

It will be seen that on the unmanured pl nitrogen is chiefly effect has the crop of roots be over the whole four years of the rotatio2t of nitrogen intro- over 19 lb. per acre per annum, which : indication that  the with the average annual removal of been ~~cl 'eased unrnanured plot in Broadballz where whe&nce we can con- after year. When mineral nlnnures are use&"' deding with, 

11.5 28.1 
36'6 

34.8 23 '3 %:o 
75.5 39.2 
4.2 :l 
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the loss of nitrogen to the soil during the rotation is greater' amounting to over 24 lb. per acre per annlun, illcrease being almost wholly clue to  the much lailger Swede crop which is oi~taiued by the help of the mineid 1 1 1 n n ~ l ~ ~ ~ .  Coming to the plot which receives a nitrogenous manure the Swede crop, we find the average removal of nitrogen becomes 40 lb. per acre per annum, a slightly ,nreatJcl> rlt1"'* titg than is supplied by the manure, so that tlre net loss is about 5 1b. of nitrogen per acre per amurn, npproxinldely the amount annually restored by the rain, Thus, if JVC Con- sider this plot alone, an almost; exact b:ilance is obtaine d between the nitrogen supplied alld the nitrogen rerno~~ed,  that the fertility of the land should be closely mninlained. There are, however, other sources 09 loss which the above figures do not take into account-losses by the removal O f weeds, losses by the mashing away of nitmtes, especially during the bare fallow, and possible losses due to the decomposition of nitrogenous materials in tile soil with 

evolution of their nitrogen as gas, Possible sources of gain are the absorption from the atmosphere of ammonii" other than the ammonia washed down in the rt~in, and fixation of atmospheric nitrogen by soil bacteria which do require the co-operation of a leguminous plant. It is difficult to  decide whether the fertility of this plot is really falling 0g 
Or notl so great is the effect of seasons in causing fluctunlions 
in yield which cannot be gauged ; the last four root crops 
have actudly been greater than the first four, the bas been somewhat less, while the barley has given in the later 
Years less than half the crop of the earlier ones. The seasons in the laLer years Were, however, against the barleg crop, so that one can come t o  no very definite conclusioll as to whether the recuperative agencies indicated above are sufficient to con'- Pensate for the unest~irnated but inevitable losses. Turning now t o  the plots on ml~iich clover or beans are grown, it becomes Still more difficult to estimate the gain 0' loss of nitrogen t, ' the laml, since the leguminous Crop &aa 
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amount of nitrogen for the land which we have no means of calculating, but which me know is su%cient 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. 

TABLE LXXIV.-lVit?sogel~ ~emoved by GYPS ,qyozon in ~otatior,, A.gdelZ 
6 .  Ave?.aye of ei@t Courses, 1852- 1883. Roots carted. 

Removed in Crops :- Swedes . . . . . 7.6 33 -3 80.6 1 Barley . . . . . 30.4 23.5 40.7 Bcans or Clover. . . . 41 -4 61 -5 89.5 Wheat . . . . . 32.8 35 ' 9  41.7 / 

0. Unnlnrlurcd. 

Total in rotation . 112.2 154.2 254-5 Per acre per annum . : 1 28-1 1 39 .G 1 69-6 1 
On the plot receiving mineral but no nitrogenous manure the removal of nitrogen is now nearly 40 Ib. 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 tlie nitrogenous manuring for the Swedes the annual removal of nitrogen amo~ults to nearly 64 lb. per acre per annum, or again excluding the amount contained in the clover or beans, to about 41 ib., of which the nitrogenous manure used for the Swedes provides 35 lb., reducing the net loss to the soil to about 6 Ib. of l~itrogen per acre per annum. This is easily compensated for by the anlount of nitrogen intro- duced by the clover crop, and there is every illdieation 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 are dealing with, 

Lb. Lb. Supplied in Manure . . . O I 0 

ar . BIinorals only. c. Comploto X~nure .  
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when farmed on the four-course system will rise rather than 
fall in fertility if during the rotation it receives manwe supplyiflg 150 ib. of nitrogen per acre, even though the roots are a h o l l ~  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 tllus attained is not a very high one, and that if the land is to be kept in higher "condition," with a generally larger production throughout$ then the losses of nitrogen by drainage sod ot\~evwise will 

also be greatly increased. IIence i f  the higher level of produc- tion is t~ be maintained it will require an additional expendi- ture of nitrogen as manure, not merely enough to malce up for the larger amount removed in the greater crops, but a consides- able surplus in order to compensate for the increased wastage- When the mineral constituents of plant food are considered --the phosphoric acid and potash--there is no difficulty in estimating the annual loss or gain to  the soil, beciluse we know that there are no recuperative sgenoies at work to increase the original stock of such mineral substances in the soil, nor, On the other hand, are the only possible losses, those by drainage, of any moment. The anuual draft on the soil can then be estimated with accuracy if we know tho 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 the loss of phosphoric acid is about 7.5 lb. per acre per aonum Under the rotation, a figure which is very close to the annual withdrawal of phosphoric acid from the unmanured plots where wl.~eat and barley are respectively grown year after year. On the continuous wheat plot the amount removed in the crop is 8'9 ib. per acre per annurn, on t h e  barleg it becomes 7.8 lb. per acre per annum. Again, as regards the potash, the average removal from the unmanured plot under rotation is 13.2 lb.9 whereas continuous wheat plot similarly unmilnured loses 14'3 ib-3 and the continuous burloy plut 1.1-6 ib. per acre per 81111Ulkk. 
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I t  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.-Jj'hosphoric Acid and Potash removcd 6y Crops grown in Rotation. Agdell Field. 

perannum . . . . 
manlzrial constituents will be about the same whether the land is put under n rotation or grows a cereal crop every year. Of course the rotation plot in this ca'se 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 mmanured plots in question. As regards the manured plots growing clover or beans, we find that a little more than 80 lb. 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 withdmllrn by the crop ; but, as the phosphoric acid ill dullg 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 owte 

TABLE LxXVL-Fertilising Constituents removed under vuriozls s~s t e r f l l . ~  of C~oppin!i. u~ma./~v,rcd &'&Es. - 1 I 9 

or so of superphosphate per acre if a good average crop of roots is to be obtained. The withdrawals of potash fronl soil dming the rotation are more considerable, al~~oullting to 
nearly 200 lb. per acre, which in this experiment are only partially replaced by the 150 lb. given in the manure for the Swedes. We can assume, however, that even if this is not supplied by the 15 toils of farmyard manure, which we haY0 been assuming as necessary to  rniintain both an average yield and the fertility of the land, yet it will not be necessarY afford any artificial supply of potash on a soil like that of Rothamsted. The reserves of potash in such a strong soil al" enormous-at least 50,000 lb, per acre in the top 9 inches soi1, which 12,000 lb. is soluble in hydrochloric acid-and a little of it becomes available every year under the actiol~ of the weathering induced by cultivation, 

Agdell-Rotation (Swedes, Barley, Fallow, Wheat) Broadbalk-Continuous Wheat . . . . j I-loos-Continuous Barley . . . . . 

PRACTICAL CONCLUSIONS The following cwclusions may be drawn from an examina- tion of the results yielded by the Agdell Rotation Field :- 1- On land continuously cropped withollt manllre the swede crop is the first to feel the want of manure, yield being reduced to a miniinurn almost immediately, The leguminous 

Lb. 19-1 17.0 17.7 
Lb. tb. - 1.3'2 - 13.20 8.93 1.1 '29 7.80 11-04 
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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, chieay in virtue of the two fallomings 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 cIover and beans are dependent on the supply of minerals, particrrlarjy 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 a]] the crops of the With beans in place of the clover, no .beneficial effect is produced on the succeeding crops. 5. The effect of sue12 residues as are left by an organic manure like rape cake applied to the Swedes, or those left on restoring tlre Swedes to the land, or the residues left by a clover crop, is to be traced in the three following crops at  least. I n  the third crop they are, however, becoming small, even in the second year after the application of the manure the effect of the residues becomes masked by any additiorl of nitrogenous manure, although they may still remain and go to build up the "~ondition" of the soil. .6. The losses of nitrogen to strong h ~ ~ d  farmed on the four- course system are almost made up hy the growth of a crop of clovel; mill be more than repaired by a dressing of 15 tolls 
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of farmyard manure or its equivalent during the rotation. The losses of phosphoric acid and potash would be similarly made up, though it is well also to use about 60 lb. of pl~osphoric acid per acre for the Svede crop, which is specially dependent on a large quantity of available phosphoric acid. 7. As the standard of farming is raised, however, it is 

. necessary to give further supplies of nitrogen and correspond- ing increases in the supplies of phosphates and potash. 

" Rotation of Crops." Jorri. Boy. Ag. Soc., 55 ( 1 8 9 4 ~  585, noiin,rsid &h.oirSj Vol. VII., No. 7. 



CHAPTER XI  
NITRIFICATION AND THE COMPOSITION OF  DRAINAGE WATERS 

I. The Process of Nitrification. 11. Denitrificution. 111. Nitrates in Cultivated Soils. IV. Nitrates in Manured and Cropped Soils. V. The Nitrates in Drainage Waters. VI. Other Cor~stituents of Drainage Waters. References. 

THE 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 comuiercial scale for the production of nitre. Many of the conditions under which nit~.ification talres place had been worlred out by the men in charge of the old saltpetre beds before Boussingcault and other investigators considered them afresh from the point of view of agriculture. The presence of calcium carbonate or some other base, the aeration of the soil, warmth, and a certain proportion of water had been shown to be necessary, while it was known that much. organic lnatter 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 appeamnce of their paper, Warington, who was then working in the nothamsted laboratory on the subject of nitrates in the soil, proceeded to a further investigation of this important subject. IIis  first experiments confirmed the conclusions reached by Schloesino. and Miintz, and showed that the amount of nitrates tl, "7 
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in a soil increased when puxe air was led through it, hut no increase was observable when the air contained a of an antiseptic like ol~loroform or carbon bisulpl~ide. Fuylhcl' experinlents cast light on the conditions under wbicll nitrogen in ammonium-salts mould thus pass over into 
nitrates-a preliminary seeding from a previously nitrifying solution or from soil or natural waters is necessary--brigbt light inhibits the process, and the drying up of a soil, even at the ordinary temperature of a room, is sufficient lo destroy the agent of the change. All these facts showed that change to  nitrate was etrected by living organisn~s present iu the soil and in natural Jva'ters. It was dso shown that certain food substances, puticularly phosphoric acid, are recluilsed the nitrifying solution. About the same time also, showed that the organism can obtain its ca~bon fro111 purely inorganic sources like the carbonates of ammonia or calcium' acquiring the necessary ellergy for splitting up the car ban dioxide from the combustion of the ammonia to  nitrous and nitric acid. This remarkable fact mas after~vards more r igo ro~dy  demonstrated by Winogradsky, wllo established " relation of about thirty-five to one betmeen the nitrogen oxidise d and the carbon assimilated, I n  the course of Warington's experiments he observed t113 when a comparatively strong ammonincal solution (cant J n i n g  also l?hos~hates, ek.) was seeded from a soil, the first the oxidation was lasgely, if not wholly, nitrites, and that these nitrites were converted into nitrates at a later stase when most of the original ammonia had been oxidised. 'rbis ~ e e m e ~  to indicate that the reaction takes place in tn.0 stagesf a preliminary oxidation to nitrite being followed by a seoOncl independent change of the nitrite into nityate. waringtol1 succeeded in sepavaking by repeated cultivations one ageat "at carry OD the first oxidation from to and a second that would o=idise nitrite into nitrate but not attack the original amlllolliscsl solut io~.  Warington was not able at, that time to isolabe in a p11re 



state the organisms respectively carrying on these reactions, but his experiments proved that the ordinary process of nitrification in soil, etc., must be due to two distinct organisms, the nitrous and nitric, 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 organisnls present in 'enonnous 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 aeration, 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. 

During the progress of the investigations on nitrification Wa~ington fou~ld that under certain conditions soils possessed the power of destroying any nitrates which had been formed previously. This had been observed before, and s b o ~ m  to be due to the action of sundry ,living organisms which are univer- sally distributed in natural waters, sewage, and soil. The main corlditions necessainy 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 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-loggecl condition, any *itrates added to i t  would be rapidly destroyed with the evolution of nitrogen gas. The action of a number of organisms was studied by iintro- ducillg them into beef broth containing some nitrate and protected from the access of Oxygen by a layer of paraffin oil. 
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Under these conditions, of thirty-seveil 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 furtller 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 iiitratc of soda is used as a manure in conjunction with organic materials like dung. But, notwithstsnding the presence of denitrifying bacteria in the soil, the conditions under which they become active-absence of air, a high tenlperature and the presence of large quantities of soluble organic matter-are so rarely realised that ddenitrificstion probably plays no large part in practice. F O ~  example, on the Rothamsted *langold plots) where large quantities of nitrate of soda are used in conjun~tioD with dung applied every year, the recovery in tho crop of the nitrogen supplied in the nitrate compares favowably with the proportion recovered when nitrate of soda alolle is used (see PI?. 113-14). I n  other words, the nitrate of soda prod~lces almost as large an increase when added $0 a dunged as to aD un~anured  plot, hence very little of its nitrogen can have been wastefully liberated as gas, Besides denitrification proper another type of loss of nitrogen occurs. Under partial aerobic conditions the decomposition of organic bodies containing may in the loss of nitrogen as free gas, such actions probably go On in soil, and serve to account for the fact that there seems to be a limit to the nccumulati~* 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 tllese bacteria. For example, it is found that the of nitrogen acculnulated in the soil of the Park, 

which has been ill gl'aSS fi.0111 time immemorid, shows no 
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tendency to increase and is but 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  t h e  annual increment of nitrogen. A state of equilibrium is eventually attained, when the destructive 
agencies find the conditions so favowable 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. 

The nitrifying organisms are in the main present only in the surface soil which is subject to cultivation ; a t  depths greater than 9 inches from the surface the organisms become more scanty and less effective iu inducil~g 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 surfacee; 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 going on in a comparatively close soil like that of' Rothamsted takes place in the first 9 inches which gets stirred about and aerated by the action of the plough. ~t will now be realised that the most favourable conditiolls 
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for nitrification occur when the land is suljjected to a bare summer's fallow; the land is being thorougl~ly woslced, Lhe temperature is high through the complete exposue to the sun's rays, ancl the soil also retains sufficient moisture for because it is not being dried by the growth of n 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 nlld the improved tilth of the soil, the main effect must be attributed to the accumulation of nitrates during the summer. The following table sllows the amount of nitrogen as nitrate fouad in various Rotllamsted soils after fallowing :- 

! i Alternate Wheat and F n l l o w .  C O ~ U ~ U O U '  W l ~ o a t .  1;;- 1 supor. ",.t,","P 

- 

The ac~umulat~ioll of nitrates in the surface soil of the uncropped lancl as the summer advances is to be seen plainly from the figures : the lowest amount of nitrate mas in the March sample, and both the July samples were poorer than that 
drawn in October. In  October also the continuous n~heat land had been broken Up, and nitrification thus started afresh. It is also pldn that the fallow land was mucl~ richer in nitrates than the plot which had been under continuous crop, a l t l ~ ~ ~ g h  the I accumulation of nilrates was greeter on the last plot where the 

I land had been manured and was in good condition tllan on the 
other plots, all of which had long been unmanured. i 

/ I * 1 have retained these figures (obtained by )varinvt-,fOu their historic 
b interest. More extended recent observations confirm them. (See p. 239 for lieferences.) 

- -  - --- 
Aftor Crop --- - 

J----- 
Fallow ~ 0 r l i ~ ~ '  - - - - - ---- 

F a l l o w  Portion. - - - _ .  / %irrcli i878. 188L. - I First 9 inches . 28.5 7.0 Second ,, Third ,, 3 -1 - - - - - - -- - 

~ u t y  1 J U I ~  1813. 1884. 

17.1 3.6 2'7 

Oct. 1S7S' 
30'0 18*8 ... -- O C ~ .  1851. 

9.9 5'2 2.8 

~ c t .  ~ c t .  1893. ' 1878. 

9.6 9.2 2.7 

-___--..----I 
22.3 14.0 ... 

- - --  
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I t  has already been 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 tbe sommer. Should a wet autumn and early nrilzter succeecl, the nitrates are washed so far down in the subsoil as  to be out of reach of the crop, which then shows a ve1-y snlall 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 tlie removal of the wheat crop the soil in which it is growing contains only little nitrates, but if rain falls when the ground bas been broken up after harvest the con- ditions become extremely favourable to nitrificatiou, because tbe soil is warm and me11 aerated by stirring, and possesses a suitable degree of moisture. Hence heavy autumnal rains, before the Iand is again occupied by a c~*op lo take up the nitrates, may easily result in serious loss to the land, 'and some quick-growing covering crop like mustard is valuable, because it seizes upon the ready formed nitrates. At a later date the nitrogenous compounds the mustard has formed from the nitrates, which mould otllerwise have been washed away, 
are to the land, either by being ploughed in or fed 
off, and become available on their decay for the nutrition of the succeecling crop. Even a free growth of weeds on the stubble will diminish the loss of nitrates to the land. 

I n  several instances, as, for example, in the Broadbalk field in 1893, soil samples have been drawn to depths of (3 feet, alld the distribution of the nitrates in the successive 9 inches cletermined. Table LXXVIII. shows the results for certain of the $ots sampled in October of that year, after a very dry summer yielding s crop much below the average, aild also after a fall of about 4$ inches of r a i ~  between harvest and the time of sampling. 
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TABLE mXvIlI.-,!!rit l-oye?~ U-s Xi t~u,  tes in B/.onclbccll; 1 J%~rt .! h?(jils, Octobcr 1593. Lb. per u,L~'G.  

-- 1__1__- ---- 
Plot 8. 28. 1 10. I 0. I 6. 7. I . I 

--I____--____-_ 
- v- 

1 s t  9 inches . 9.64 10'53 2nd ,, . 9 . 2 2 4 5 . 3 6  3rd ,, . 2-74 12.26 4th 3 ,  . ... 5th 3,  . ... 6th 9 ,  , ... 7th ,, , ... 8th ,, . *., 9th 9, . ... 10th ,, , ... 
Total 1 to 90 . 

-"-- * TO 70- inches only. 

I t  has already been pointed out that nitrification is pract'- tally confined to the surface sail, wherk only do the desirable conditions prevail of humerous organisms, free aeration and stirring of the soil, and nitrogenous matter easily attacltable by bacteria. This opinion is also borne out by the fact that the drain-gauge with soil 60 inches deep yields pract icdl~ thP same amount of nitrate as the shallower gauge where the sol1 
is only 20 inches deep. From this i t  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 oases shown in the table tbe second 9 inches contains a larger amount of nitrates t ban the surface soit, in some instances even the third 9 inches me richer than the surface. This is merely due to the d o w n n ~ u d  dis- placement of the nitrates produced after the harvest by the 
heavg rain which had fallen immediately before sampling. It will also be noticed that in several cases there is a break in 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 renlove the drdnilge water 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. 

Thus we have evidence that practically the whole of tile 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 domn 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 matel: Just in the same way the nitrate supplied to Plot 16 in excess of the of the plant gets also washed down to a consider- able depth in the  subsoil. The large quantity of deep-seated nitrate showll in the analyses is no longer available for crops on the Rothamsted P 

TABLE L ~ X I ~ . - f l ~ t ~ o g e ? ~ ,  16. pcr acr i  1893. 
X6. 

115.5* -- 90,3 11.7 
102.0 86 

Plot. 6. 7. 
As Nitrate in Soil to depth of 90 inches , 25'2 74.3 - 
Excess of Nitrate over Plot 5 . . . ... 49.1 Nihogen in Crop, excess over Plot 5 . , ... 12.9 
Nitrogen accourlted for in Soil and Crop, excess over Plot 5 . . . 6200 Nitrogen suppl~ed in Manure . . . ... 56 --- * 7 2  illCLas ouly. 

8. .--..- 
107.3 -- 
82.1 14.8 --..--. 
96.9 129 

--_1__1 
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soil, probably because the closeness of. texture perrllits but little capillary movement of water to take place. This Xe learn from the comparison of the yields on Plot  5, receiving miDerals but no nitrogen every year, and on Plot 17 or 1% which receives alternately minerals and ammouium-salts. AS 
has already been pointed out (p. 52)) io the years this plot 17 or 18 receives minerals hut no nitrogen, its clmop sinks almost exactly t o  the level of the crop on Plot 5, altllougll it had received 86 lb. of nitrogen as ammonium-salts the year before. Clearly, then, on the Rothamsted soil ammonium-salts are not retained as such for more than the seasun of :~pplica- tion, nor are the nitrates resulting from them able to return 
the surface to feed the succeeding crop. On other soils of better texture for allowing the movements of water by capi1- larity it is possible that the nitrates in the subsoil "ate': niay 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 sulphntc of ammonia, ~vhich so readily wash away as nitxa~es, are entirely without action the succeeding crops. Because of the very face that they cause a large growth, there is left behind in the soil a coyre* sponcliogly large development of root and stubble, which will decay for the benefit of succeeding crops. Especially is this the case where some consiclerable proportion of the crop grown is not harvested, but is retuned at  once to the land, as is done, for example, with the leaves of mangolds or the hatdm of potatoes- A striking example is seen at Rothamsted, on tbo plots which grew potatoes for twenty-six years, from 1876 to 1901, and were then sow11 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 (oats), after the manuring had been discontinued. It will be seen that the change from potatoes to barley was followed by enormous crops of grain pvherever nitjrogenous manure has bean used for the potatoes ; the two plots which 

had previously been dunged gave over 70 busllels of gl*ain 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 

T A B L ~  LXXX.--To'olul p~odme luithoztt iMnnu~e, following Potatoes 
.nt'anurcd f o ~ ' 2 6  ?jea?s. I I I 1 ~ b .  per ncre. 1 Nnnuro npplied to t h o  Potatoes, 1676-1001. Oats. I 

1 2 3 

previous years gave between 25 and 35 bushels. I n  the following season these differences were still to be seen, and the 

Unmnn~~red . . . . . . . Unmnnuretl, 1552 llnd since, previously Dung Dung alone, IS83 andsince . . . . 

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 socla 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 fkom the superiority of the crops on Plots 7 and 8, where minerals had accompanied the nitrogenous manures, over Plots 6 and 6, where the same nitrogenous manures had been used alone. When are being cropped out, the size of the cereal grown is almost wholly determined 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, they had initially the same supply of nitrogen. On 

4 Dung alone, 1YS3 and since . . . , 5 86 lb. N. a s  Aln~nonium-salts . . . 6 I S6 Ib. N. a s  Sodium Nitrate . . . . 7 8 9 10 
86 Ib. N. as Ammonium-salts+-Minerals . SG Ib. N. 3s Sodium Nitrate-f finerais . . Super hosphate only . . . . . cornpfete Minerals. . . . . , 
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the other hand, the rapid decline in the production of Plots 5, 6, 7, and 8, following the discontinuance of the manure, is more consistent with the existence of a of nitrate rather than of slowly-decaying organic material derived from the haulm of the potatoes. Soil sanlples 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 obtsined. 

TABLE LXXX1.-Nit~oyen as Nitrates per million in clqy Soil of fofllLes. Potndo Plols, lieb~ua?.y 1903. 

I n  this case the samples were taken in the early spring after a winter of fair rainfall, which had distributed tlle nitrates throughout the soil ; the total, however, present in the first six depths roughly corresponds to the variations in the barley 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.  be   road balk wheat plots, for example, are comparatively narrow, being %bout 
7 yards in breadth, separated by paths of 4 feet in width. Yet, as is seen in Table LXXVIII., Plot 5,  l ~ h i c h  no nitrogen, shows no trace of the influx of nitrates by diffusion from the much richer subsoil water below the immediately 
contiguous Plot 6, even down to the depth of 9 feet, Just  

Depth of Soil. 
- -- 
1st 9 inches . . 2nd ,, . , 3rd ,, . , 4th ,, . . 5th ,, . , 6th ,, . . 

Means . 
La- 

Unmnnured. 
Plot 1. 
1-82 1'68 0.78 0.76 0.67 0'56 --- 
1'06 

;\'itmeo of orll~'. --./ 
P l o t  8. --- 
1 .OS 2.03 1 . ~ 1  0.86 1 #ti 7 3 ~ 6 7  - .------ 1.85 

--/ 

- 
Dongod. 
Plot 3. --- 
8 %  5-13 2-97 2.23 1 #47 3-24 
3.97 

- -- 

hmmo~~ium.sn l tu  OIIJY. 
Plot 5. -..- 
1'63 1.94 1.18 3.18 2 '1 11 5.75 __--_____- 
2'64 
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in the same way the amount of nitrates present a t  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 sllows 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. 

The processes of nitrification in soils can also be studied by the exainination of the drainage water beneath cultivated land. It has long been known that all the soluble compounds of nitrogen %re 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. A t  Rothamsted the water which percolates through the drain-gauges is stored, and the nitrates are r e g u l a ~ ~ l ~  determined in proportionate samples representing the percolation for the month. These results have been combined for twenty-six years, 187s-1903, ancl the averages are set out in the acconlpanying curves (Fig. 45), which show the rainfall, the percolation in inches through 20 inches of bare soil, the concentration of the pemolatjng 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 qater retained by the deeper 

FIG. qj.-Rainfall, Percolation, and Nitrogen as Nitrate in Drainage through 20 inches of Soil. &thamsted. 26 years (1878-1903). 
soil the drainage from the 60-inch gauge is more uniform concentration throughout the year, the main discharge a1 comes a little later in the year. Inspecticl~~ of the curves shows how great is tho varisti 
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nlollth 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 a t  a very low temperature and has been thoroughly washed by the winter's rains. I n  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 masinlurn 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 t;he percolation is a t  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, under each plot of which runs a tile drain a t  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 Elow from tlle 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 rumling the concentration is always changb~g, the earlier discharge being sometimes stronger and weaker than the later, i t  is impossible t o  make any ,,,t account of the quantity of nitrogen removed by each 

drain, By combining, however, the results obtained over the 
,hole of the determinations, an approximate idea of the of the discharga 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 ~0111- paratively true from plot to plot. Table LXXXII. shows the amrage concentratiou of the nitrates in the drainage water from four of the wheat plots, and 

TABLE LXX.XII.-f l i troycn per mi l l ion pwts of Broadbalk l)?*ainag@ w a t e r .  

Table LXXXIII. the average number of days in each month on which the drains of the same plots run. 

__ -- 
___^-- 

September . . . October . . . November . . . 

TABLE L X Y X I I I . - N ~ L ~ ~ ~ Y  of Days with D~ai"age, B ~ o a d L N c  .P'dct. Avaruge ove.1. 36 yenys. 

I Plot  7. M~nerala Plot 8. Dnrnnnnrcd. ' ~ ~ ~ ~ ~ a O f  In Spring. - -_ - _ _ I . ---I___ 3-9 7 -8 I 5.0 i 8.8 7.0 

September . . , October . , November . . . Dece~nber . . , January . . , February . , , Rlnrch . . . , A r i l .  . . , &Pry . . . . June . . . . July . . . , August .  . . .  

P lo t  9. Mlnornls + Natrate of Soda. - 
10'5 12.8 17.7 

Considering first the unrnanured 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 same time the coucontration of such water as does find its W a y  

---- 
~ l o t  a. 

16 64 94 107 103 69 50 21 16 17' 15 13 

Plot It. ~ l n o r a l v  'Su'phntc Of ,\mmon\n ~ a t u m ~ .  - 
7'8 16'9 14.7 17.7 9 .O 9.2 12'2 30'5 9 -1 6.8 8 .o 4 '3 

44'0 50'3 23.7 17 '7 1 2 - 9  9 .G 6 '6 1.3 2 '6 2.7 
-- - - 

20.5 12.7 8.1 9-4 14 -3 8 -4 8 '8 3 *2 7'4 

December . . . 5 'u 

- 
~ 1 0 t  7. 

12 51 84 103 111 73 43 21 12 10 9 11 

January . . , February . . , March . . . , 
June . . . , J u l y .  . . . August . . . 

4 '2 4.0 2 1 *7 0 -7 0 0 -5 o *9 

plot 9. 
14 63 86 107 116 77 56 18 17 9 9 10 

- 
plot 18. 

__C 
S 35 5 4 68 60 45 23 9 9 0 7 G 
/ 
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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 conceiltration of the water is comparatively high, and as the drains begin to run freely during this period when the crop is o f f  the ground, great losses of nitrate are likely to  occur. Nitrification goes on tliroughout the winter ; even in years when the rainfall of the early autumn is 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 mhen- ever the rainfall is heavy en0ug.h 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, nitmtes begin to appear in the drainage water immediately after the application of the manure. Even ill autumn an application of ammonium-salts is cu~lverted 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. Qn October 25th of that year, mixed amrnoniunl-salts con- taining 86 Ib. o f  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 draill beneath the plot was m n i n g ;  other &in fell a t  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 l~ours of the application of the manure, some ammonia was to be found. This is a very exceptional occurrence, but the large excess in which tile chlorine mras presenlt in the lr'ater showed that the decomposition of the ammoniunl chloride and retention of the alllmonia by the soil had progressed considerably. 
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Nitrification had also set in, since the earliest running con- tained nearly twice as much nitric nitrogen as mas found in the sample taken a fortnight earlier, before the applicati~n of the manure. The proportion of nitrate continued to increase, and reached its maximum in the discharge three weeks later, by which time the nitrification of the ammoniunl- salts must have been far advanced towards its cornp1et;ion. 

The last column of the Table shows the relation betwee* the nitric nitrogen and the chlorine in the drainage "ater The chlorine is derived from t l ~ e  ammonium-salts of the manure, and as it is in no way retained by the soil its appearance in the drainage indicates the movements soluble salts in the soil independently of the production 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 becabe washed out? and by December it had again reached the normal level it had showed before the manure was put on. Meantime the proportion of nitrate was being maintained by constant n i ~ i -  fioation in the soil, so that the ratio of nitric nitrogen to chlorine in the drainage water rose rapidly towards tile end of the winter. 

TABLE LXXYIV.-Nitrogen and Chlorine in Drairnage 7 ~ u t e ~  front Plot 15. Parts pcr riillion. 

When amu~onium-salts we applied as a top-dressing in Lho 

- 
1880. October 10 . . . . 1880. October 27, 6.30 ,I.JI. . . 1880. October 27,-1 p.31, . . 1880. October 23 . . . . 1880. October 29 , . . . 1390. November 15, 16 . . . ISSO. November l9 ,26 . . . 1880. December 22, 29, 30 . . 1881. February 2, 8 ,  10. . . - 

_C_ 
Nltrogon as Pltr*tcs t o .  100 c111onn~. ------ 

37'0 Q .2 11'1 17'5 20 '9 93'7 72'7 93'5 11S 'O  
4 

Nitrogen as ammonia. 

None 9.0 6 '5 2 '6 1'5 None None None None 

Nitmgon as nitratus. 

S '2 13.5 12.9 16.7 16'9 50-8 34'6 21'7 22.9 

Ch'orioc. 

22.7 1,16'4 116'6 95 *3 80'8 54'2 47.6 23 -2 10% 
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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, bnt the growing crop both diminishes the percolation and takes up the nitrates as fast as they are produced. The figures, however, for P lo t  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 con~bining the figures obtained for the concentration of the water flowing from the Broadbalk field drains with the amounts of water parcolating through the drain-gauge con- taining 60 inches of bare soil (see p. 221, an estimate can 

( n o t .  ( N n ~ ~ u r i n g  pcr ncre. 

3 Unman~tred . . , , . . . 5 &Iit~cr;tls only . . . . . . . 6 R'Iinerals + 200 lb. Ammonium-salts . . . 7 Do. +400 lb. do. . . .  9 Do, -1-550 lb. Nitrate of Soda . . . 10 400 Ib. Ammonium-salts alone. . . . 11 400Ib. do. +Superphosphate . . 12 400 Ib. do. do. and Sulph. Soda 1 ,100 lb. do. do. and Sulph. Pot. 14 400 Ib. do. do. and Suiph. Mag. 15 Plinerills-t.400 Ib. Amm.-salts in Autumn . - 
Estimated Drainage-Inclles 

be formecl of the losses to the land by drainage under enell system of manuring, an estimate rendered erroneous because i t  does not take into account the drying effect of the crop. However, the figures tbus obtained, tllough imperfect, are instructive, and are set out in Table LXXXV. for two years, each divided into two periods : first7 froni the date of sowing the uitrogenous manures up to harvest ; secondly, from liarrest round to the sonring of the lnanures in spring. The seasons were rather exceptional, the summer raiufall 
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and drainage in 1879 sod the ninter rainfall in the follomi% year being both above the average. It will be seen that the loss was greatest from Plot 9, receiving 550 lb. of nitrate of soda, and this excess of loss mas chiefly in the summe? drainage water : the figures are, however, exaggerated by the fact that half the nitrate plot received no mineral manures, and therefoye grew but a scanty crop. The losses during the winter months are more nearly the same for all plots, and represent to a large degree the nitrificatian of the organic residues in the soil. The n losses from the plots receiving minerals and varying amorulls ammol~iuro-salts (plots 5, 6, and 7) increasetl lvith each aljplic* 
tion of nitrogen ; the losses from the plots receiving amlnoni" and various mineral msnures (Plots 10, 1.1, 1.2, 13, and 14) diminished as the mineral manure became a more coll?plete plant food, because the greater growth of crop which resulted removed more of the nitrates as they were formed, besides hindering nitrification by drying the surfwe soil. 

Perhaps the most striking result that emerges f l ~ m  these analyses of the dr$nage waters is the rapidity with d l i c b  nitrification takes place of such substances as the salts of ammonia; even in the colder autumnal and winter soils nitrification is so active that great losses of nitrogen are sure occur if such manures are applied in the autumn, hence the justification for using ammonium-salts only as s spring dressing It also serves to  show that any differences in the effectiveness of the nitrogen of nitrate of sods and of ammonium-salts is most likely to be due to the differences in habit of of the plant induced by the two manures, since the con~rersioo of the ammonium-salts into nitrate is so easily and completelY d&cted 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 nitrification as to make the s r n r n o ~ i u ~ - ~ ~ l t ~  a less valuable saurce of nitrogen than usual. Again, we see how cereals, and especially wlleat, are specially clepahdent on supplies of and have ~ % ~ ' l l ~ c l  thu characler of baiug eslrsustillg 
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crops. Their growth is almost completed before nitrification has reached its greatest activity (from nowering time onwards the cereals take no more nitrogen from the soil), and being harvested in August or early September, they leave the ground hare a t  a time of rapid nitrate formation, thus exposing it to all the risks of mashing away by the autuliinal rains. 

Complete analyses of the mineral constituents of the waters draining from the varions Broadballi plots mere made at various t i l l lev  by the lale Dr Vnelcker and by Sir Edward Frankland ; these analyses still constitute alnlost our only information as to direct losses of &he land by drainage. Table LXXXVI. gives an average o f  the five anal~~ses made during the years 1866, 1867, and 1868. 
TABLE LYXYY1.-C071zposition of Drainage Wcztcrs f ~ o m  f?ze Broad6alh TI7~eat Plots, in p a ~ t s  per million (Dr A. Yoelclcer). &eun of )we (or 

fc20~1~) Collections-Becenzbe~* 6,  1866 ; Bfity 21, 1867 ; Junua?y 13, d2379il 21, a71,d Bccen~ber 29, 1868. 
d B o Plot. 

A, regards constituents of' manurial value, it has already heen noted that practically no nitrogenous compounds occur in draillage water except the nitrates ; phosphoric acid is 
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also present in but snlall amounts, even in the plots receiving a great annual excess of this substance, while potash was found in slightly greater quantities. The mean annual loss, howevel; cannot be estimated at more than about 2 lb. of phosphoric acid and 10 lb. of potash per acre, both of which in norrnal cases would be arrested in the subsoil below the drains. Dr Bernard Dyer's analyses of the Rotbamsted soils and subsoils woulcl also inciicate that all the excess of phos- phoric acid, applied as a manure and not removed in the. crop, still retnaios in the soil very near the surface, the potash having sunk a little further, and bciug 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 slnount which is increased in the water from the dunged plot, owing the greater production of carbo~ic acid from the decay of the dung and crop residues. Where ammonium-salts like the sulphate and chloride are applied as a manure the soil suffers great loss of calcium carbonate, the calcium being removed in the drainage water combined with the sulpl~uric or hydrochloric acid of the manure. This reaction is the necessary to the arrest of the ammonia in the soil and its subsequent nitrification. In  the absence of a sufficiency of calcium carboilate in the soil to bring about this reaction, ammonium- 

salts become injurious to plant life. The salts of potassium, like 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 sulpbate and chloride, which are no longer retained by the soil, Since the llealthy condition of the soil depends on a due proportion of calcium carbonate being present, these losses caused by the use of natural and artificial inanures are of tb@ greatest importance ; many of our fertile soils mav easily 103s much of their power of producing crops nnless their proportion of calcium carbonate is restored by judicious liming at intervals. 
Determinations of the calcium carbona& in samples of the 
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soil taken at various intervals between 1865 and 1904 indicate that on the unmanurecl plots the normal loss of calcium carbonate in the drainage water amounts to about 1000 lbs. per acre. When ammonium-salts are used as a manure, the loss is inc~*eased by the amount required to combine with the combined acid in the manure. The calcium carbonate, how- ever, which is required for nitrification, gets returiied to the soil by the growth of the plant itself, and by the decay of calcium compounds in the crop residues. 

(' On Nitrificatiorl " ~ ( R .  Warington). 2 ' 7 ~ 7 ~ .  Chem. Sac., 33 (1 878), 44. ' 

"On Nitrification," Par t  11. (R. Warington). TrtL?rs. Che~n. Soc., 35 (1879), 439. 
a On Nitrification," Part 111. (R. Wa~ington). Trans. Ckenz. Soc., 45 (1SS4), 637. " On the Distribution of the  Nitrifying Organisms in the Soil (R, warington). T m n s .  G'hm. Soc., 61 (ISS7), l l S .  On Nitrification;" Part  IV. (12. .Warington). T T ~ w .  Chewz. Sot., 59 (1 sg]), 484. '(On the Amount and Coznposition of the Rain and Drainage Waters col- lected at  Rothamsted." Jorrr. hj. Ag. Sac., 42 (lSSl), 341 and 31 1 ; and 43 (1 882), 1. Rokha~nsked &Ie~aoirs, Vol. V., No. 16. "Determinations of Nitrogen in , t h e  Soils of some of the Experimental Fields a t  Rothamsted, and the bearing of the Results on the Question of the Sources of the  Hitrogen of ous Crops." Report of the American Association for the Advancement of Science, 1882. Rolhansted J!le?)toi~r, Vol. V., No. 19. $con the  Productive Powers of Soils in Relation to the Loss of Plant-food by Drainage" (A. Voelclcel; Ph.D., F.R.S.). J o w .  Chew,. Soc., 24 (1871), 276. cCSix Lectures on the  Investigations a t  Rothamsted Experimental Station, delivered under the provisions of tile L a w s  Agricultural Trust, by R. Warington, F.R.S., before the Association ok American ~gricul lurnl  Colleges and Experiment Stations, a t  vrasllington, D.C., h g .  12-18, 1891." Experiment Statioll BuUetin, No. 8, United States Departl~lent of Agriculture. 

t r  The Composition of the  Soil Atmosphere " (E- J.  Russell and A. ~ ~ p l ~ ~ a r d ) .  Jolcr. i l g i c .  Sn'. (1916), 7, 1-48. c ' ~ l ~ ~  Nature and Amount of the  Fluctuntio~ls in Nitrate Contellts of Arable Soils " (E. J. RusseII). Joz~r. /Igric. Sci. (191 4), 6, 18-57. 



THE FEEDING EXPERIMENTS 
I. Relative Valuc of Nitrogenous and Non-nitrogenous Constituents of Food- 11. Relation of Nitrogenous Food to Work. 111. The Source of Fat in the Animal Body. IV. Relation of Food Consumed to Live-weight Increase. V. The Co~nposition of Oxen, Sheep, and Pigs, and of their Increase during Fattening. VI. The Manure Value of Foods. VII. Miscellaneous Feeding Experiments. References. 

AT the date of the inception of the ~ o t h a m s t e d  Experiments even less was known about the lams of the nutrition of %nilrlals 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 stoclr 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 i11 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 comp~ativs value of different foocls, with the view of ascertaining how far one could replace another. As an exanlple 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 i.ecognised cattle foods, ranged in order and marlred to show how nluch of each was equivalent to 100 parts of hay taken as 

al standard. Tbaer's bay values were based partly on his own experience ns 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 deternlining the proportion of nitrogen present in a large n u d e r  of feeding materials. Careful practical trials were then made with a few selected .foods, and as a result he published a revised table of h3.y values, based on the amount of nitrogen the foods contained, and cbeclied 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 compsmtive values of food-stuffs are determined rather by their nitrogenous than by their non-nitrogenous constituents. I n  this subject Boussingault's was the pioneer work, and Liebig, who in many respects must be reg,zrded as the originator of any general theory of animal nutrition, in the mail, arrived a t  his deduct;ious from Boussingault's results. Liebig also, and perhaps even more strongly than Boossingault, loolred a t  the nitrogedotts matter as the most illlportant constituent of food for the production of botll increase and of work. I n  this position was the science of animal nutrition when Lames and Gilbert began their experilnents on feeding, and natural$ the direction their experiments toolr was nlaiilly determined by tlie views then prevailing. The most notable 

characteristic of the Rothamsted experiments on animals was that  from the first they were coucerned with animals increasing in weight than with animals whose food rations were adjnsted to maintain them in a constant condition. The 4 
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practical side was thus prominent : they were trying to give a scientific basis to the morlr of the g~azier by ascertainin:: t o  what source the increased weight bf an animal mas 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 mere fed upon specified rations of different foods, one of which mas always fed ad libitzmz, so that the exact composition of the ultimate ration was clelerminecl by the animal itself. The nitrogen and dry matter in the fbod was dcterni i i~~d,  and the weight of manure prodwed both in s fresh and dry condition was ascertained. In  all, about 600 sheep mere employed in the experiments, 160 pigs, and 200 oxen, many of the latter 'being fattened on the Duke of Bedford's farm a t  Woburn. The experiments with sbeep came first, and tended to show that the prevailing impression of the special importaoce to be attached to the nitrogenous constituents of food was not correct, but that it was rather the supply of non-nitrog~llous food which regulated both the amount of food consunled by a given live weight in a given t i n~e  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 arnides, etc., which are abundant in roots, but of whose feeding value nothing was known. That the exactitude of their experiments was limited by these consiclerations, was pointed out by Lames and Gilbert ; at the sams time, the corrections necessary would not invalidate the soundness of the general conclusions they drew. The experiments on pigs indicated still more clearly that the carbohydrates weye 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 

alhnminoids consunled were without olnch ctrect on the result, 
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when once the necessary minimum of nitrogenoos matter in the ration had been passed. The rations fed t o  the various lots of mere so arranged as to su1pp1y very different propo~tions of nitrogenous and starchy food. I n  some cases the food was main$ highly nitrogenous bean or lentil meal, in others very starchy barley meal or maize mas employed; in another set 

NitrogenOurSubrtmr~. [J Nan-nitmgenrus Substance 1 FIO. 46.-Dry Matter and Nitrogenous Substance consumed per 100 Ib. Live \Veight per week. Pigs, 
I. Bean and Lentil Meal, ad lib. 2. Maize Meal, limited. and Lentil Meal, ad lib. 
3. Bean and  Lentil Mea[, limited. Maize Meal, lib. 4. Bran, liniited. illaize Meal, ad 1 5. Barley Meal, ad lib. 

i 6,  fiInize Meal, ud lib. I of esperirnents, actual starch or sugar was added to the I rations. I n  all cases the pigs had an ad Zihitrnz supply of one I food or &her, so that they could regulate the aoloonl and to I solne extent the composition of their 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 lb. of increase, and allso the prol30rtioll of it which can be reckoned as nitrogcuous matter. It will he seen from these diagrams that, spezking liroadly, neither the amount of dry food-stuff required for maintenance 

rn Nitrogenous n N o n - n i t r o g e n o u s  x.--,"x Ratio of non-ni t ro enous Substance Substance. to nitrogenous matter In food 
Fro, 47.-Nittogenous and Son-nitrogenous Matter in Food required t o  produce 

100 1b. Live-weight Increase. Pigs. 1. Bean and Lentil &leal, ad lib. 2. Maize Meal, limited. Benn and Lentil Meal, ad lib. 3. Bean and Lentil Meal, limited. Maize Meal, ad lib. 4 Bran, limited, Maize Meal, r~d  lib. 5. Barley &leal, ad lib. 6. Maize Meal, cul lib. 
per 100 lb. live weight of the animal nor the amount required to  produce 100 lb. increase in the live weight varied very widely7 
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 a certain minimum could have been replaced without loss by purely non- 



NITROGENOUS FOOD AND 
nitrogenous organic matter. I n  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 hasis of its nitrogen content only. 

The very special iniportance that rvas originally attached to the nitrogenous constituents of foocl mas also seen in the views of Liebig with regard to the source of the work, either external or 
internal, performed by an animal. He put forward the view that the alnount of work done mas 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 m*ine, since the albuniinoids and other nitrogen conl- pounds in food which are digested and undergo change in the animal are excretgd as urea. Lawes and Gilbert, by their studies of human dietaries, were led to conclude that this view mas mistaken, and that the fats and carbohydrates, which are oxidised and leave the body in the respiratiorl products, supply the energy for the work performed ill 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 ; the nitrogen in the food and hhe nitrogen excreted in urine and fzces respectively were determined. The food was so adjusted tbat one pig receivecl about twice a s  much nitrogen as the other (Table LXXXVII,). The animals were obviou~Iy under equal conditions as lmeg;zrds exercise, both being at  rest, yet in each experiment the 

animal receiving the highly nitrogenous diet excreted rather more than twice as much nitrogen as urea. Thus the amount 
of nitrogen in the urine, which measures the amount of nIhuminoid~ oxidised, could hardly be taken as a measure of the amount af work performed by the respective animals. The ,question was afterwards systematically attacked in various directions by other investigators, and direct proof was obtsilled t i ~ a t  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 

TOLE LXXXVIL-Experiment8 at Rothumsted with Pigs ill 1854 (md 1862. Quantities per hem? per day. i NiLrogen I NitroCon Foods. i n  ~ ~ ~ d .  U'Ca Voided. U I ~ .  

June to A u y s t  1854. 

August to  September 1862. \ 

Days. a 3 
1 0  10 

NO. 1. Barley and Bran 20.4 No. 2. B a n s  and Bran . 66.0 1 4Ie8 1 
NO. 1. Barley a n d  Uran 62.3 1 211.4 No. 2. Beans and Bran . . 54.4 

No. 1. Lentil Meal . . No. 2. Barley Meal . . 
No. 1. Lentil Meal . . No. 2. Barley Meal . . 

amount of energy obtainable from each food can be d i r ec t l~  measured by the heat it will generate when burnt, and 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 wor l~  has to be rapid and at high pressure, it has been found advisable to include a fairly high proportion of easily digestible and concentrated albuminoids in the food ; as Lawes and Gilbert put it in 18529 6 6 a somewhat Concentrated supply of nityogen does, howevel', in some cases, seem to be required when the system is over- taxed." 

Qmms. 123.0 58-9 
120.6 .i 1 *2 

The source of the fat stored up in animals, or given out 8s "'ilk, was also for a long time a matter of contra- 

Grams. 134.0 61.6 
141.0 52.1 

Orrrtns. 62.6 28,7 
65.8 24 '3 
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Yel'sY- I t  was clear that the fat supplied in the food in  ma^^ cases, especially with herbivora, insufficient to supply all fat produced by the animal, and though Liebig on general grounds argued that the starch, sugar, and other carbolzydrates the food could be elaborated into fat, f i r  some time the view W a s  lleld that  the extra fat could only come from the trans- fol'mation of alburninoida This view was strongly opposed by I-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 t]le whole of the fat and albuminoids in the foods, To take one example, pigs were fed upon maize meal or barley meal ud la., wit11 the following results :- 

per 100 increase in Live Weight. ' -- :I ~ 1 b ~ r n i n I  in I . d  , . . . - . . 2, A l b ~ n > i ~ ~ ~ d ~  in incresed Live Vreight . - . . . 

I , . , . . . Carbon in Fat formed (6) Carboo in F~~~ ,4~bilminoid;c3), iesl barbon e x c ~ t ~ ~  in Urea ' 
Carbon in Fat formsd dlrring ~ x ~ a r i r n c n t .  not de"va"e 'Om Fat or . '  . . Albuminoid . . . . . 

Thus, after crediting the fat put On by the allill2d dlu.ing the Oxperjment the of the fit in' the food, and with 
maximum that could by any P ossibilit~ be generated o ~ t  of the albumirloids ill the food, theye still renldns about per cent' 



248 THE FEEDING EXPERIMENTS 
of the fat formed which could only have come from caJ"O" hydrates in the food. Similar but less decisive evidence nraS adduced from the sheep-feeding experiments, and the viem which Lames and ~ i l h e r ~  maintained on these gronnd~ since been amply confirmed by the experiments of Ki th  and others. 

Taking the ordinary foods available on tile farm, La~ves and 
Gilbert found that oxen, sheep, and pigs digeyed in 
their powers of consuming food, and in the rate a t  which their live weights would ipcrease. During the whole fattening period oxen will consume per 1000 lb. of live weight 120 to 1.50 lb. of 
dry food per week (a.g., in the experiments, 25 lb. cake, lb' 
clover h q ,  and 350 lb. Swedes), and should produce about lo lb. live-n7eight increase per meek. Sheep, per 1000 lb. live weight, mill consume in the same time about 150-160 ib. of dry food (44 1b. calre, 52 lb. clover hay, and 70 1b. swedes) for a 
proc1uction of 17-18 lb. increase per weelr. The same live -ley weight of pigs, consuming 260-280 ib. of dry food (300 ib. meal), will produce 50-60 lb. increase. These results may be expressed in a table as follo\v~ :-- 

These estimates, drawn up from a very large number of tyials carried out in the ordinary way of farming, have bean generally verifieci by the later exact work of the German expori- 

TABLE LXXXlY. 
Nu$ber 
Experi. Nurnbor of Animals. --- - - - -  

Averago duration of Experi. 

D ~ ~ S .  Lb. 
204 Pigs . 33 5 8 48 

Dry Substance of Food consomod. 

* Dry Blattor of Ealid Exoromant nud Urino sxc~us\. ,~ of ~ t t o , . .  

Lb. 9 '4 17.2 56'2 
- 

Incroaso pcr ' ~ ~ ~ '  Weight per weak. Per Read par week. 

Lb. KO 5 4 €3 ----- 

X l ~ ~ r ~ i l ' ~ *  per lou0 Ib' L ~ V O  ~ c i g l l t  par \,reeK. 

1'b. 121 159 270 
Lb. 13.0 9.2 4.8 

Por lT:\?> 
per week. 

To produce 1 lh. Xncreaso in Veight. 



FOOD REQUIRED BY STOCK 
"eaters, if allowance be made for the superior fattening qualities of the English stock. Probably at the present day both the estimates of the amount of food required per diem and 
the rate of increase should be raised, because of the im~rove- 

I merits that  have been effected in the breeds of our sheep and cattle. The nlodern farm animal is in fact a more efficient meat- ~ro[ lucing machine than it was fifty years ago, capable of dealing with more food and of growing more rapidly to nlaturity, thus shortening the time dming which food bas to be 
cOnSllmec1 for purposes of pure maintenance only. I t  is in this direction that  new experiments aud additional data are generally l~eeded, for me know nothing of the relative capacities of 'nodern breeds of far111 animals as meat producers or of their digestive powers for various foods. Due economy in feeding is only possible jf the man can checlr his opinions by reference from tinle to time to exact determillations of the re- quirenIents of different aninlals a t  various stages of  their growth. 

Others of the pig experiments showed how much less of food is utilised for increase as the fattening advances, partly because as the animal increases i n  size it consuines more h o d  for purposes of warmth and internal work than before, Partly also because the increase made during the latter period is Inore fatty therefore drier than in the earlier stages. The followin,o table shows the rates of increase of pigs fed 

- Increase in Lire n'oight. 

- 
First Fortnigl,t . Second r;'ortnigl~t . . 30 '9 13.3 Third Por tn ig I~ t  . . 27 '4 12.9 P o u r t f ~  por tu ight  . 11.9 Fifth pol.tnight . LI___C 32'0 14.1 -_____ .  -- 
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on an unlimited supply of barley meal together with a fixed ration of 1 lb. per head of pea meal per diem. 

~ . - T H E  C O B ~ P O ~ I T I O ; ~  OF OXEN, SHEEP, AND PIGS, AND 01: 
THEIR INCREASE DURING FATTENING. 

The most importa~lt work carried out at  Rothamsted on the nutrition of animals mas the determination of the composition of ten farm animals in differenl stages of growth and fattening 

Fat Half.fat Fat Far Store Hdf.fai Fat Very Tat Slora  Fat  Calf. Ox. Ox. Lamb. Sheep. Sheep. Sheep. Sheep. Prig. PIS 
Mlneral Matter X m ~ i t r o ~ e n o u s ~ u b s t a n e a  3 Fat % m'ffatcr" 

FIG, 48.-Percentage Composition of the Whole Bodies of Oxen, Sheep, and Pigs* 
For this purpose the following animals were selected-a fat calf, a half-fat and a fat ox ; s fat lamb, a store sheep, three others in the half-fat, fat, and very fat condition ; s store and a fat pig. These animals after slaughter were carefully divided~ and the weights of th'e carcass and different parts of the offa1 were determined. Afterwards the proportions of water, fat, nitrogen, and ash in each part were determined, the composition of the ash of each part being determined later. A surn*larY of the results is set oat in Table XCI., while the diaglaam (Fig. 48) shows graphically the conipositiol~ of the entire animals. 



PERCENTAGE COMPOSITION 251 TABLE XCL-Per/.ce?ztu+qs Composition o f  the Gurcusses, the O$nl, and the A'nti~c Boclies of t e n  Animals of cl~firent descaiptions, or/. in uTi$e~e?zt conditions of Matzcs~ity. 
w $ A  / "&" g 2 2"$ F= 1 z s ~ ;  1 s;,g d" 

0' 2 - s 
!5! 2 E %, 2' D 

Description of Animnl. 3" 6 
3 0 G U % ? z a e 3  .- rn 

2 Z 2,: fia - c 3 g .- - r. 

s C 
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It is obvious that from these results a great deal of evidence can be obtained as to what goes on clurinu D the fattening process, if we can assume that the particular animals selected for analysis are typical of the ordinary run of live stoclr a i d  represent the normal change in composition of fattening animals. It is obvious, for example, that the fattening process is properly so called ; even mimals in the store condition contain rather more fat than nitrogenous substance, but as the fattening process advances the proportion of fat to albuminoicl rises until it beconles two or even three tinles as great. Of course the gross a m o u ~ t  of alhuminoid. in the animal continues to increase somewhat, but the increase in the fat is 

SO much greater that the proportion of sllxuninoid in the finished animal has been reduced. I t  will be seen also that the fat animal contains less water than the same animal in store condition ; lean meat possesses, in fact, a considerably higher proportion of water than fat does, so tllat the a c c ~ m ~ ~ l " -  tion of fat tends to reduce the proportion of water in tho whole body. From the figures obtained in these experiments the composi- tion of the live-weight increase during fattening can be deduced This is set out graphically in the diagram Fig. 49, from which it will again be seen how much of the weight put on by animal (hxring fattening is made up of fat itself. I n  oxen, when the fattening process begins while they are young, as is the case llowadays, the increase of weigllt will consist of about one-third water and two-thirds dry substance, the latter being made U P  of about 15 per cent. of nitrogenous matter and 75-80 Per cent. of fat. For the final fattening stage, when the animal is full grown, about three-quarters of the increase will be dry (renous matter, containing only about 10 per cent. of ilitro, matter and 90 per cent, of fat. 
In the case of sheep, rather more mineral matter is contained in the fattening increase, because of the large content of woo1 in alkaline salts ; but despite the nitrogenous nature of wool, the 

?mount %.. of llitrogenou~ matter in the increase is less for sheep 
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Ash % 
Nitrogeno"5 Substance /r 7 Fat I C water i FIG. 49.-Oxen, Sheep, and Pigs. 
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th, for oxen, the balance being made up by an extra prop0fiio1' of fat, which may ainount to 75 per cent. of the inc~casc. 1" the  case of redly fat pigs the increase will contain about 70 per cent. of fat and 7 per cent. of nit~ogeoo~s matter, being eve11 less nitrogenous and more fatty than with sheep. These experiments on the con~position of whole animals, which form the fundamental basis of our linowledge of the nature of the animal's body and of the changes taking place during growth and fattening, have never been repe;tted. 

+ VI. -THE MANURE VALUE ov FOODS. 
In  order to form any estimate of the value of different cattle foods, it is of much importance to lrnom bow far their various manurid constituents-nit~ogen, phosphoric acid, and potash-- find their way into tlre manure heap, and so back to the farm. I n  the experiments previously described it is seen how small a proportion of the nitrogenous constituents of food is retained in the increased live weight of the a,nin~J during fattening, by far the largest portion being passed undigested- into the faxes, or excreted as urea in the urine. When the animal is producing millr, 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 co&esDon~l- I ingly poorer. At the other extreme is the case of a working horse or a store beast not gaining in weight, when the whole of the nitrogen supplied in the food will be voided in the fsces or the urine. As regards the mineral matters of the food, after the animal has withdrawn a certain small proportion for increase or for millr, the remainder must  find its way into the manure ; but in the case of the nitrogenous compounds there is always the ~ossibility of loss, because some of the nitrogen may pass into volatile ammonia, or even into gaseous nitrogen, during t l l ~  ~rital processes. 
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a t  ltotl~amsted in  1854 with pigs, the anilllsls being confined in 
n frnine rcsting upon a slopiilg zinc bottom. They were matched day and night during the experimental period, and the voidiogs \veime collected as soon as i,assed, and analysed a t  regular intervals for diy matter, ash, and nitrogen. The results were, llolvever, not satisfactory ; there =as s considerable portion of tlie niti-ugcn of the food unaccouiltecl for in either the increase of weight or ill tlie excrements. The results seemed to shorn that: tllc loss was probably doe to tire difficulties of proper collection and analysis of the excreta, so that the experiment was repeatecl with greater precautions in 1868. This time the losses of nitrogen were much reduced, and when allowance was macle for the many unavoidable sources of erroi; the results supported the idea that the whole of tlze nitrogen of the food not stored up as increase passed over into the manure, Other oxperinlents were illade with sheep ; but again it was impossible to avoid some n~echanical losses, and to  eliminate the uncertainty to lack of exact lrno~vledge of the composition of the anilnnl a t  the beginning and close of the experiment. Later esperi~nents on the Colltinent hove indeed set the point a t  rest, and shown that there is no decomposition of nitrogcnons matter of the food into nitrogen gas dnring the vital processes, but that the whole of tlie digested nitrogen which is not *tilised for increase, mill<, etc., is voided in the urine. The practical question which greatly occupied the attention of Lames ailcl Gilbert was that  of the lnanure value of the many purchasecl cattle foods cornn~only used in this country, and particularly the oompeilsation to be paid to an outgoing tenant for their consumption in the latter years of his tenancy, before lie could be supposed to have obtained a return from thein in the shape of the crop. Lawes and Gilbert therefore prepared a table showing the coi~lposition of u o s t  of tho cattle foods coi~~rnonly in use, and calculated what proportion of the nitrogen, phosphoric acid, and potash present mould under normal conditions be retained by fattening stoclr consuming the 
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food. Thus when stock consuixe linseed cake, Lawcs 
Gilbert calculated that every 6 lb. of food produoad 1 lb. 
increase in live weight containing 1.27 per cent. of uitrogen ; so that if 1 ton were consumed, out of the 106-4 lb. of nit130gen in the cake the animals would retain 4.74 ib., and pass on to the manure 101.66 lb. The same ton of linseed cake \~~olzlcl contain 44.8 lb. of phosphoric acid, of which the fattening animd ~ ~ o l l l d  only retain 3.21 lb., and 31.4 lb. of potash, of which the animal would only retain 0.4 113. 

When dealing, however, with less concentrated foods the amount required to produce 1 lb, of increase would be muoh greater and the toll taken by the animal of the nitrogen in tile food would also increase. For 1 ton of oat stralv contains 11.2 lb. of nitrogen, of which the animal would retain 
1.6 ib. and pass on 9.6: lb. 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 calie. 

From data of this kind Lawes and' Gilbert were able to calculate for each of the named foods the anlount of nitrogen, phosphoric acid, and potash which would go to  the manure. The experiments before meritioned had gone t o  show that there is no loss of nitrogen during the actual feeciillg Process. However, it had been ascertained that even under the best conditions (as in the cattle-feeding experiments at Wobum before alluded to) there were great losses of nitrogen in mal<ing the clung before the manure reached the land, these losses being 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 t l ~ e  lzndigested food residues in the faze& decay so slowly in the ground as to have a lower manure value. Very few data existed from which to determine how large enese losses are under ordinary farming conditions, but Lawes Gilbert felt safe in ilssuming that a t  least one-half of the lllarlllrial lrlsterisl 
voided by the anillla1 is lost during the Iliaking alld storage of 
"le dun& and '0's not come back to tile lalld in the manure, 
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valuable as a food because of the carhollydrstes and fat i t  contains, has but a low manure valuc, since it is conlpirrstivcly poor in nitrogen and ash constituents. Tlms the custom of paying half the last gear's cake hill would result in paying too highly for linseed cake and maize and too little for cotton cake consumed on the fa~rn. As an appreciation of these facts gradually spread anlolig practical men in consequence of the Rothamsted p L ~ \ ~ l i c i \ t i o ~ ~ ~ ,  

and as recently legislation rendered it imperative to put this question of.compensation due to  the outgoing tenant on a souncl scientific basis, the matter has latterly received more a,tbe.teulion from farmers and professiond valuers. Mow data have also been accumulated as to the natu~e and extent of the inevitable losses of nitrogen in manure making, so that it has been to construct a modified version of the original compensation 
tablej which now seems to be gene~ally accepted ill principle by 
the valuers chiefly concerned. 

The above summary by no means exhausts the lllanY experimellts upon animal feeding which, were c12~ried on at Rothamsted. One set of trials, for example, was arrallgecl to  test the relative values of stare11 and sugar as foods, with the result that they were found to be sensibly equd, as we should nowadays expect in the light of the equal caloritic vdue and similar chemical composition of these foods. Other trials chiefly dealt with practical points, as f o r  exanlple the long series of trials on the comparative fattening qualities of different breeds of sheep-Hanlpshires, So~thclowns, Cotswolds, Leicesters, and crossbred Leicester-Southdowns- being selected for the purpose. Experiments on the use of coaciirne~~t~ in cattle feeding proved of great Prackical vzdue, as they sllowed the exaggerated nature of the cldms which were being by the. mannfactur~s of some of Lhe patent er\ cattle foods, Other experiments dealt with the comparative value 
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of s(t\~ngc-illl~igatcd alld ordinary meadow grass, with the use of rllalted f'oo(ls, with the value of ensilage ; but tliese mill he dealt wit11 separately. Speal;ing generally, these feeding cxperi~nents of Lames and Gilbert, 1,-hile they will not ],ear the exact analysis to which l:~'elm espcl-iments carried out in respiration c h a ~ ~ ~ b e r s  can be Sul~jcctled, so tllnt tllc cligestibility of the foods a.nd the portions "'llich go to  maiutcnsnce, increase, a11d work respectively can be ascerlainecl, yet gave 2 sound gene~al  idea of the broad Pyinciples of :~nilnsl nutrition as they affect the fanner. They are n o t e ~ ~ o r t h y  for tile illtuition with which correct opinions of tile general processes more deduced by statistical n~eans from canied out in the main under ordinary farming Col~~litions, opilliolls have in a11 cases been abundautly - verified by later and more accurate research. 

( r  A@'icultural Cllemislry : r'ig-Feeding." Jotrr. BOJ. i l g .  SOC., 14 (1853),  
< c  4-59. I?o/hc,~l/,y/ed Afc~~roi,:~, VO~.  II., No. 5. ~ ~ l ~ ~ r i m e o L ; t l  Enquiry illlo the  Composition of some of the Animals Fed and SIaII;.lltered as Human Food." P/d. %us., 149 (1S59)j 493. 
c r  Jblh(tr,rs/erl iIf&,roirs, Val. III., 4toJ No. 1. On tlre Composi~ian of Oxen, Sheep, and Pigs, and of their Increase whilsi I:ntlening.ll Jaw. Roy. As. Soc., 21 (ISGO), 433. Rolhn.lsled 
cc . Jlcntoirs, Vol. I I . ,  No. 12. l'lle Feedilrg of Animals, for tile Production of Meat, Milk, and Manure, 
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CHAPTER X$II 
MISCELLANEOUS ENQUIRIES 

1. Experiments upon Sewage Irrigation. 11. Experiments upon Malt and Barley. 111. Experime~lts upon Ensilage. 1V. The Composition of Wheat Grain and its Mill Products. References. 

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 Royd 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 
$0 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 the value of the sewage-irrigated grass for feeding stock. The experimental station at Rothamsted was mucll occupied *ith lytical the superintendeuce of these experiments and with the aria and statistical work involved. The generd conclllsion fr 0122 the experimellts was that broadcast irriga,ki,tion on p a s s  land Was the best way of dealing with sewage, the highest being ohtai~ied when large quantities of sewage, as much as goo0 tons per acre, were employed. 260 
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As I O  ihc grass-tlls~ grown in sewage mas found to be more natriy tlrall tho unsen-aged grass ; hence, of equal weights 

Of @'eel) grass, the uusenraged produced the most increase in OXPI,. But calculated on a basis of equal weights 
of d1.y matter, the sewage-irrigated grass gave the better Tho best returns were, however, obtlaiued when the @'ass was kcl t o  inill;ing c . 0 , ~ ~  ; seaage irrigation mas fouud 
to increase the alnount of nliilr which could ire produced 1 acre of land tllree- or four-fold. The llerbage of the Sewage-ir~niysted meadows was found to Change rapidly ; the LegUninosz disappeared, as did most of the llliscellaneoos Species, while tile grasses became restricted to two or three vigorous species, which constituted the whole lregetation, as r ~ u g l ~ - ~ t ~ l l ~ ~ d  lneadow grass, couch grass, cocksfoot, liopltsllile fog, and rye grass. 

I I . - - E ~ ~ ~ ~ ~ ~ ~ ~ ~  UPON MALT AND BARLEY. 
In 1863, at the request of the Boaril of Trade, experiments "ndeytelren to ascertain the relative feeding value of malt and of the barley from rvhich it was made, so as to see if any- thirla b IVns gained by t]le process of malting. It had often been asserted, alld I T T ~ ~  the opinion of many practical graziers, that even if there were some loss in the process of converting ba le7  1Qlo malt, yet tile superioIl digestibility of the malt  and its 

aCtioll upan the other items of the whole food more than 
Compensnted for this loss. The investigation was divided into two stages-(1) an illto the nature alld amo unt of the losses during the nlalting process ; ( 2 )  comparison of the food value of the 
Pesulting lllalt alld of the original barleg. '€ wo lots of barley mere se]ecbed for the experiment, om @'lti'lg barley of fair quality, the other a thinner, lnore nitl-0- 8% barley, such as would only be used for feeding. The ''altinD b (ion@ in the  ordinal*^^ may, at Hertford, and samples Of 25 I,., each were taken of the grain before steeping, tbrotvQ out after steeping, at intervals during gl7owtJl, a'' 
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finally after dqing 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 calculated back to 100 parts in the original material. 
TABLE XCI1.-Loss of Constit?cents at certain Stages, and at the conclz~ion of the Halting Process. P r o p o r t i o n  t o  100 before Steeping. 

Barley No. 1. 

For example, dealing with sample No. 1, we see that 100 parts of grain yielded 79 parts of malt and 2.2 of m d t  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 lo0 parts of dry matter in the original material 91.8 were recovered in the and malt dust. During steeping 0.4 per cent. of dry matter was lost, consisting of mineral matter (largely dirt 
washed off the grain), a little nitrogenous matter, and the eady - formed sugar in the barley. During the process of growing 01' 
the floor something over 4 per cent. of dry matter is lost ; for instance, shows a faU from 99.6 parts of the oTiginal dry to 95'9 parts, by the eighth day. This loss is due the respiration process accompanying growth, and represents 

Barley No. 2. 

18'87 8-20 

- 
AS Sampled . 3.21 l77.83 T o b l  Dry or solid ~at . ter  . . 3..11 1 01-19 Nan-nitrogenous Organic Mawr . 2-68 1 90-81 Nitrogenous Matter . . 7.1.1 t 92.60 Mineral Matter . . . . 12-02 196'78 I 

! 1 75.93 2.20 81.13 89.45 2.35 I 91.SO 

22-17 8.81 9-19 7.34 3.22 

135.4 95.9 As Sampled . . . Total Dry or s o l i d ~ a t t e r  . . 59.66 90.61 77.68 
95.7 99.0 89.4 

Non-nitrogenous Organic Matter , Nitrogenous Matter . . . Mineral Matter . . . . 
100 101) 143.2 99-6 100 100 100 

99.9 99.6 90.3 
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t''c c O l l l l ~ ~ ~ ~ t  i011 of n ccrinin nnlount of starch into carbonic acid 

wabe~', wlriclr escape into tile air. During the kilning and drying Process tllere is a, furthcy loss of dry matter, this time 
3 mccllnnical loss due lo malt dust, which falls through the ~ ~ r i ~ c  ijoor into tile file, The further figures shov  tllnt of the nitrogenous materials is a little loss by solulioll in llle steep-water, but little or 

"on"l~on the fioor, where theye mill be no production of free n ik lgen  as long as the process is proceeding 
r 7 P'o~ler~~. 1 llc chief loss of nitrogenous material is mechanical, 

I". the drying and screening process. Similarly with the mineral matter : after the first loss in the steep no others are Possible save those of a mechanical nature. It should be noticed, humever, rnllch of the nitrogen and mineral matter into the malt dost ; the young slloots of the barley plant CQmpnlatively kr richer in nitrogen and mineral matter the wholo grizin. The &her changes, which take pkce ?'ying mnlt,inA and not show11 in this table, mould be the '"l~ient conversion o f  solno of the starch into malt sugar (it is 
1cnown tllnt a comparatively sweet taste)and !he hlig~ation of a large portion of the albumi~loids of the grain ''to sQlllble nitrogenous c o l l ~ p o u ~ ~ s ,  chiefly amides alld amino acids, the nutritive value of which is certainly less than that 

Of the albuminoids from which they were derived. The malt 
large amounts of diastase, the enzynle which starch into sugar during "mashing," the next brewing Process 

figures thus for the changes during 
tnsltiog process aaree a those generally accepted by 
l'altstep~ to-dny, who to lose 10-11 per cent. of 111ateria1 ( distributed as follows :- Loss in steep . . 1 per cent. 

Loss by respiration - . 4-5 5, Bfalt clust . 4 >, Waste . 1 ,, The waste has heen by* the employment of 



Boors to the kiln instead of woven wire, but the great loss "Y is a necessary part of the process. problem then remaining was to ascertain if the inevitable loss thus produced in the dry matter of  the orjgillal 
barley ~vould be for by an increased digestibility of the malt, Experiments with stock were made as follows :- (1) Milch cows, two lots of ten, each aninla1 receiving either 3 ib. of barley or its equivalent in malt per diem. The experinlent lasted for 10 weelcs, slid the amount of illilk pYocluced 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 lb. bean meal, 14 Ib. clover chaff, 7 or 8 Ib. straw cha£f, aand 50 Ib. Swedes per head per diem. (2) Two lots of three-year-old bullocks were fattened, receiving respectively either 4 113. barley No. 2 or its equivalent in malt, in addition to  a general ration of clover chaff, cake, and Swecles ad lib. The experiment lasted 20 weeks. (3) Five lots of twelve Hampshire Down wether lambs under cover. Lot 1 had for 16 weeks lb. and for 4 weeks 1 lb. barley No. 1, per head per diem. I10t 2 an equivalent in malt from barley No. 1. Lot 3 had. 

similarly $ and then 1 lb. of barley No. 2. Lot  4 had the equivalent in malt. Lot 5 had the same weights of 
of two parts unrnalted and one part malted No. 2. The general ration was 1 lb. of clover and cut Swedes ad lib. (*) Six lots of eight pigs for 10 weeks. Lot 1 unmalted 1 ad lib. Lot 2 had the malt Ram the salfO also ad Zib. Lot 3 bad both barley No. 1 and ltS separately ~d 281. Lots 4, 5, 6 were sirnilal; save that No. 2 and its malt were substituted. All the pigs in addition had 1 lb, each of pea Ifleal Per diem. I* these trials the final differences in the weigbbs of the 



KO (;-lIX D1'E TO MALTING 
C""'~l 'r"~~f-i~~' I[)ts, i . r v ib iv i l lm  $9 011 tile hand balaley and on the ~'flllal ~ I I ' L ~ L I  ity tuyned into inslt, were snlsll, aod not "f"c'l l'c'lllc)\.c(i fi.0111 t l l c  incvitiXble enqoi. in  experiments of this lr'nr'. n[lt, as a rule, tile diffii~*cllces were in favour of the 1 
)''''~~ so rllat we in;tj7 conclncle tllnt nothing hail been p i n e d  tl'c cll;l~>fithz r v i )  icll tile malt undergone which mould Co'"~'o ' ls;~~~n for t,]lc of. (lry illibtt~l; 'J 'jli~ is illdeed 1v11~t we "'Ou10 haw c s l ~ e c t , ~ d  ; 1r.e ilow know tljnt tho whole of the 

i s  easily digestible except a, certsiu anount of hud;. TI . , 'Is l"'"c is unaffected by tllc nlnlting process, and  is not ' t h v e b y  more digestil,le. The lilalting changes, in 
col ls ih t  in a tlestlbuction of so~lle of the most soluble and 

I'endily digestible carbohydrates, together mill, a ir;lnsformation 
Of  alblllllilloitl illto nlllide~ a,nc] other nitrogen compouncls of less m"lsiliv~ ynlllC. TllLIS tj10 gellernl conolusioil may be dralvn thnt . . I t  ' 8  n o t  econolnicnl to grain before usirrg it as food 
fop stoclr; since, putting one side tire cost of' the nlnlting 
ppoccss, the l-esLllt is only a loss of some of the most valuable Parts of the pain. It 'us, hoRrever, beell poillted ollt by Dl' T. I'rom" 

o f  
it 

n ollce the food 118s passed the pyloric orifice. 

pre-exi~tent in the  grain. Under conditiolls this 
in l>linilllal qoant.ly, ill which case the addition 
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the food of a material rich in cytase may he expected indirectly to aid the more ready dissolution and assimilation of tlre sturcl1- Such a material is malt, provided it has not been kiln-drier1 at too high a temperature, for, during the process of germination to which it has been subjected, there is a considerable prodoction of cytase in the g ~ d n .  But the rations used in these experi- 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 benebcia1 effect. 

During the early eiihties in the last Century, owing to a succession of met summers, the of ensilage came prominently before the agricultural public, and farmers were urged to convert theii* grass and forage crops into silage instead of running the risks of loss and of wasted time illcident 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 mith 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 malting of silage has been revived some- what, the idea being to utilise maize silage instead of roots, as is so largely done in the eastern states of America. Experiments on silage were begun at Rotl~amsted io 1884 with the construction of two rectangular tanks calcu1,zteci to hold 

about 100 tons of silage each. These were fillecl-1-one with red clover? both first and second mop, aid the other with meadow grass ; the materials were chaffed and weighed as put in, and number of samples were talcen froin which to ascertain the average of the mixture entering the silo. The silos were between December and the following April, when 
in the same way the inaterial leaving each silo was weiglled and The allalytical rcsults were not wholly satis- factory as far as the dotermina~ion went of the loss of dry matter during the making of the silage, such material, both 



;IS I-)'' ' I 1  nl l ( l  t a l i r~  out, is subjecL to such vsl~ia~tions in Wa'c'r-p"lltcnt tllat :I very I :LIYY~ h 11111111381- of samples are required 
"''ic" '0 ob~i~i i l  ii f i~ i l *  j\-CI;1gc f ~ 1 *  bhO ~ ~ ~ n p ~ ~ i t i ~ ~  tile Whole. 

1)~ l'rstllts ~ ~ ~ ( ~ i c n t c d  that the losses mere not so glneat as ti'en cO1l~ll()llly supposprll ; not more than 5 per cent. of ti'e tut'll ( 1 of t , L 16 per C B I I  t of the 
'l" ' of' tJie gi-nia ;lpge;imrl to lost. : ~ ~ i e  analyses air0 
Indicate" a certiain loss of nitrogenous mattel: the chief change, 'lorn ever a1 b "Onsistcd in a conversion of a. l ~ l g e  proportion of the UminOicls illto nit,l~orrcnous 3 pompounds of lower grade, amides i'ind'*p(l hodics. TIE loss of dry matter chiefly fell upon tll, 

ttcr . r'""l"itrogenous conslituents, hut the evidence nras all the iden that any of tire woody fibro was converted into a i'l(ir"dtlble and digestible forl~l. TI le nes t  step in tile esperilllents consisted in testing the feedin, ek of' the silage a~zcl for this puppose pe'iment~ n7el-e both witll fattening oxen and with nlill~. TWO lotS Of five Oxell were picked out and h d  R'th fi ]b ~ a l ; ~  44 ~ b ,  barley meal each pe l  dieln. I n  "dition, the boasts in lot received 65 ib. of ciover silage, alld th A ' beasts in tho lot 12 lb. of clover chaff and 50 of Ssedes ,, I h e  e~peri inent  lasted 114 days. b final result Fvas in favour of the silage; the b peceiving diiane an z v ~ m g e  i ~ ~ ~ i ~ i i i ~  01 15.6 lb- pel' "el< per 1000 ib. mean live-Tveigllt, as a3%in2inst a correspolldi~g 'Qcpeas of 14-8 ib. the beasts receiving roots and ' other experiment COWS, two lots eacll of 20 bit.:ve'e ~ d e ~ b ~ ~ i ,  to obtaiii tliu111 I~€WIJJ possible ~ e ~ ~ ~ ~ ! ' ~ ~ l  mill< yields Blld equally advanced in the lactation 
In each lot,.  hi^ could hardly be realised mith esgctitude~ C i a l ' ~  as fresll cows bad to be brought in during the expepin> en we Of' concentrated food each COW l'eceived Ib- . ,  ' lb. bmn, and 10 ib. cllatf (11.2)' and straw mise'') "'age lot got froln 4. to 50 jb. of clover silage, the otIlers 75 Lo 
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90 ib. of mangolds, quantities arranged to supply lot mith 
equal amounts of dry matter. The cxperimellt lasted 13 w e c h  and v a s  'immediately continued for another 6 weeks with meadow-grass silage, a reduction being made in the clraff frolll 10 to 7 lb., because of the larger amounts of woody fibre intro- ducecl by the grass silage. The result seemed to show tbat the cows on the clover silage tended to fatten rather more thail those on the mangolds ; though giving slightly less milk they gainell in live while the mangold-fed cows lost slightly in weight. With meadow-grass silage, however, T there was not the same tendency to fatten, the cows losing weight; the mill< yield mas practically equal horn the two locs 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. Tile general conclusions reached were, that good food would make good silage without much more loss of dry matter than usually takes place in hay-malring, etc, ; also, that good silage is a useful food for both fattening oxen and cows in milk. It did not seem likely, however, that i t  would pay Farmers to grow crops specially for silage rather than to grow roots. 

The question of the food value of the various materials grown on the experimental plots mas one always before Lawes aad 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 origillal plan of their investigations included a study of the influence of and upon the composition of the wheat grain, . . alld a forther study of the varieties of wheat and their adapta- tion to various ~1inXIkes an4 locdities in the great range of the earth's surface over which wheat is grown. 



C:OMPOSITION O F  WHEAT FLOUR 
I ~ ,  lL p;lper yublishc~~l ill 135'7 they gave the results of series of itrpprim~nt;\l nli\\incs "- of wheat $ ~ & i ~ x  f i . 0 ~  tb.Yef of the 

~~~" t+- -k l i c .  nnmnnured plot, that which receives nitrogel1 only in the sllapc of nrnrnoninm-salts, and one that is coillpletely manured wit11 both minerals and srn111011iun1-salts. The grind- ing was done by an ordinary millstone, then the only method of grilldillg wheat. Figures were obt,sined showing the relative ~ e i g l l t s  of the nine inill 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. Eoller-milling, also, iro longer bruises the bran in the uray that was inevitable jT;it11 stone grinding, so that the composition ellen of tlle finest products 
has been to some extent altered. F~l r ther  determinations 1vel.e then nude of the dry matter, ash, nitrogen, and phosplrol~ic acid in the various products, as had previously been done for selreral seasons ~vi th the whole grain. ' B e  results showed that the percentage of nitrogen ~ v a s  lowest in the products a t  tlie head of the dressing-macbine, i .e. ,  in the flour itself, but increased considerably ill tlle more branny portions, being at its highest in the sisth proclt~ct, the so-called " coarse sharps." The ash incrensecl to 8 still greater degree in the coarser portions, being 
ten timcs 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 whicll has never ceased to be promulg&ed as a sort of creed-that the mbole meal of the wheat grain is the most ilutsitive 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 highelm per- 
celltage of nitrogen in braan than in fine flour has frequently led to the reconiinendation of the coarser breads as Inore nutritious than the finer. Tlie have already seen that the 
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more branny portions of the grain also contab a mucb larger percentage of mineral matter. . . . I t  is, howevcr, we think, veyy questionable whether, upon such data alone, a valid opinion can be formed of the comparative values, as food, of bread made from the finer or coarser flours froin 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 tlre peristdtic 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 clifference in nutritive quality (navvies for example), it is distinctly stated that their preference for the whiter bread is founded on the fact that tlle-browner passes tlrrough thein too rapidly, consequently before their systems have extracted 

from it as much n~~.tritious matter as it ought to yield them. It is freely granted that much useful nutritious matter is, in the first instance, lost as human food, in the abandonment of 15 t o  20 per cent. of our wheat grain to the lower animals. 1% - should be remembered, however, that t l ~ e  amount of food SO applied is by no means entirely wasted. Alld furthey, we think it more than doubtful, even admitting that an increased proportion of mineral and nitrogenous constituents would be 'an advantage, whether, unless the branny particles could be either excludecl, or so reduced as to prevent the clearing action above alluded to, more nutriment would not be lost to the systeln by this action than would be gained by the introduction into the body, coincidentally with it, of a larger actual amount 
of supposed nutritious matters. In  fact, all experience tends to show that the state, as well as the chemical of our food, must be considered ; in other words, that its digesti- bility~ and for asriirnilation, are not less inlportalrt 

, qualities than its ultimate composition. 
"Of Course, if the bramy portions were to a 
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lfi'l'fcct stilte of f ine~~css ,  2nd it nrere found tllal this presented - tlla il!,anicilt actioll, and tllnt other evils were not; induced, or b ~ t t e r  still, if more of the food material can be separated from tlie bran, ancl in either case without more cost than the saving \\-oold bc worth, t1iex.e might be some advan~age. But, to suppose tllat whole nrheat n~eal ,  as ordiilarily prepailed, is, as llas gc~rcrally brcn assulkled, weiyllt for weight, more nutritious than 01~tli1ra1.y b~*cacl-flour, is nn iltler fallacy, founded on Lbcol-eticitl test-book dicta : not only entirely unsupported by expel.iencc, but inconsistent with it. I n  fact, it is just the Pool>eln fed ancl tlie harder ~vo~*lt ing that sbould have the o ~ ~ d i n a l - ~  flo11r bread rather than the whole-meal bread as hi~llerto prepared, and i t  is the over-fed and the seclentary that 
sllolllcl hnvc sucli nrlrole-meal bread. Lnstly, if the whole @'sill were finely ground, it is by no nleans certain that the peloccntnge of really nutritive nitrogenous matters mould be higller than in ordinary bread-flour, and it  is quite a question ~he t , l re r  tile excess of earthy phosphates would not then be i~ljurious.)~ iden that tlle b ~ s n n y  portions of the grain Possess a. higher nutritive value conies from trusting in the cmdc cllellrical view of a century ago, that the percentage of "itrogcn alone measures the value of a food, without taking any accoul~t of its cligestibility aild the mnouot of these nitrogenous ~vhich can be assitlrilated by the body. As to tile extra of the phosphoric acid, there is no evidence lo  show tllat the ordinary dietaries are in any way deficient in pl~ospllates. The whole subject ]>as, during the last fern years, been elsborately tested esperi~lientally in the course of the nutrition illvestigcztions of the United States Department, of ilgriculture, with the rewlt  that Lalves and opinion of the  superior nutritive value of ~vhite bread 

has bee11 fully confirmed. TIle question raised by Lanes  and Gilbert in the 1857 Papep, tllat of tlle effect of the differellt systems of nlsnuring upon Llle bslring qt~ality of the wheat nlld the differences in 
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between English and foreign-grown wheat, l ~ ~ n s  again in 1904 made the subject of invesl igat io l l  at 1Zo~llalll- sted. It f'oulld that these qualities were very little influenced by manuring, but that to a considerable estent they are inherent in the plant itself. The problem of controlling the milling quality is thus one for the plant breeder, and from this point of view it has been studied by Biffen at Cambridge and by others. , 

"On Some Points in the Composition of Wheat Grain, its Prod~cts  in tile Mill, and Bread." Jaw. CjZaa. sou,, 10 (18571, 1. noldrrrrsled Afc7f/ob.s, Vol. I., No. 10. Bread Reform." 30x7. s ~ ~ .  Arts, jnnuary 21) 1881. noti~fi7)trlrd nlcrtoia, Vol. V., No, 16. "On the Selvage of Towns (Third Reporb and  endice ices 11 2~ 3~ of 
the Royal Commission, presented to  paY)iament), 1865." R o ~ ~ ( f n l s t c r l  fvemoirs, Vol. IV,, No. 2. " Report (presented to Parliame*) of Experiments undertalien by Order of the Board of Trade to determilie the Relative Values of ~ ~ l m a l ~ ~ ~ ~  and Malted Barley as Food far Stock, 1866." ~otha,nsicd Mev~oirs, Vole IV., No. 3. 

i< on Ensilage conducted at Rothamst&, Senson 1884-5:' Agrir- Guzette) April 27 to  Aug. 10, 1886. Nothn?risted ilfc~r)oirs, Val. I?'-9 No. 12. "The Question of Quality in Wheat." A. D. Hall. Jota. qf' Boord of Agrt,c-y Val. XI. (1904), No. 6 ,  321-337. 



CHAPTER XIV 
'FfILC RLICENT IVORIC ON THE Il[OCHEMICAL PROCESSES 

O F  THE SOIL 
I. Soil llrotozoa. 111. Biochemical Reactions. 11. Sicli Soils. References. 

R ~ ~ ~ R E N C E  has idready bee11 made to the fact t>hat nitrification, process by which the nitrate indispensable to plant growth is lnikde in tlle soil, is the work< of micro-organisms. The investiga- tions of Scilloesing and Miintz, of TVarington and of Winogl*adsliy, led to a prodigious number of others, and soil bacteriology has now grown into n very large subject. I t  is "ow l~~~~~~ that tile soil is teeming with l i fe, ancl that i,2 single sal~spoonful of it contains rnillioils of organisms, living, ,,,al,ing, and multiplying, and among other activities bringing about various clrnnges absolt~tely indispensable to plant gromlll, The development of the subject lras talcen place in tlxee directions. Efforts llave been made to  discover and then to describe the organisms concerned in the processes. Chemists have tried to find out the steps by ~vlhich the decoiliposition Pluoceeds, At Rotllalnsted investigation has been directed to the cliscove)?y of the collditions under which the organisms live and worlr, with the view of nltilllately obtainillg some deg11ee of control over them. So imp~essecl were the earlier investigators with the great Part played by bacteria, that these came to be tacitly regarded as the only organisms concer~~led. Bat a number of difficulties and ailornalies arose when the work was carried from the laboratory into the field, and efforts were made to connect the 
278 s 
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fielci observations with the known activities of bacteria. The 
recent work at Rothamstecl has satisfactori\y expl,lainccj lllese - difficulties by showing that the micro-organic population illust be regarded nut as one, but as two or more groups, some of which are detrimeiitd to the useful organisms concerued in the processes of ammonia and nitrate for~nation. The investigation begall in the first instance as the result of an accident. In virtue of its large population of micro- organisms soil absorbs a considerable qtian;ntitty of oxygen evolves a corresponding amount of carbon dioxide, An experiment had been arranged to demonstrate the well-known 

fact that soil heated to 130" C., and tllerefore 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 a),sorbing o ~ j g e l l  
showed a considerable increase. NOW tile steam oven did not kill all the organisms, but spared those capabla of forming Spores, i.e., sterilisation was only pa~t i s l .  Partial sterilisation by means of volatile antiseptics gave the same result. The ~ODclusion was drawn that partial sterilisation increased bacterial activity, consequently the amount of decom- position. The incrkased q~~an t i t y  of plant food thus formed. is shown by the amounts taken UP by the plant. Table XCIII. contains a, typical series of results :- 

T l i B ~ ~  ~CIIL-w4iyht a%& ~~mposition of Ci.ops grown. on Pa~tinlly Sterilised Soils. 

Buckwhoat. ' Untreated Soil . treated with' Car- bon Disul~hide. . 
Xustard. Untreated soil . , Heilted soil , . --- \ 

------- 
Nreiglit of ~ u t r t e n t a  t*?lCen by t l l e  p l o n ~  f r o ~ i ~  Sot1, gram'' _ D~,, weight  of Crop. -- 

Grams. __ -_ 
18-14 
23-27 
16.88 24'33 

perceotag<: ConiPoqltion of ~ r y  Mattei. 
lhO. 
/ 

1'019 

.668 1.221 

- --- 
N. I ~ , O D  K20. 

-----2_ 

5.62 
5.97 
4.20 5-02 

____ 
.499 
,133 
a 3 B r  1.077 

- - - - -  
N / P2°6' -- 

-339 
.644 
,159 '506 

- 
2.75 3-15 
2-30 4.43 

--- 
1.81 
2.34 
1-00 20.8 
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1 '. l!urthur i~~vestigations led to  thc following conclusions : 1. Partial sterilisstion of soil, i .~. ,  heating to a temperature of GO C. or more, or treatmenL for a short time with vapours of ~lltiseptics such as toluene, causes first a fall, then a rise in - ljactcrial numbers. Tile rise sets in soon after the antiseptic has been l*emo~~ed alld the soil conditions are once more favourable for bacterial drselopnlent; it goes 011 till the 

l l u u r b e ~ ~  cousidersbly those preseut in the original soil 
(Tables XCIV. and XCV.). 
T h n ~ ~  XCIV.-W~rnbcrs o f  Bacteria and Amor~7~ts o f  Amo~o~~irc P~otluctiol~ in Partially Sterilised Soils. 
I - - / N~irnborb of O T ~ ~ I I I - I I I ~  poi  gram of  D I ~  Soll, i n  millior~s, Gclntrrr P l r~ to  Ctilturos. 

- Pup- 

A U ~ I I I O I ~ I D  ~ K O ( ~ I I C L ! ~  111 9 dnys, in pnrlh pcr lll,lll,,11 of Dry Soil. 1 

2. Si~nultaneously there is a nlarked increase in the rate of 

- --- - -__I_ - - 

TABLE X C J T . - A ~ ~ ~ , ~ ~ ~  allci Nityate nccumfclnting iin a Soil kept twenty- three days at 15" C. b a moist condition; pn?,is pel million of 
.Dyp XoiL. 

accumulation of arnnlonia. This sets in as soon as the 

---  - - - t Aftor 4 days. 

- 
9 -8 6.3 

40'6 
2.6 

Untreated Soil . . . Soil heated to '38" , . . Soil treated wit11 Toluene, which 
\V"S subsequently evaporated . Soil treated 1viti1 Toluene, wlllch 'Vasleftin , . . -  -- - 

numbers begin to rise, and the connection between ++ The details are given ill two  papers by Kussell and HutcI~insoil in J .  Agric, 3 (1909), 111-144, and 5 (1913), 152-221. 

6 '7 ,0003 
2 '6 
2.3 

----______ - 

8.1 6.S.l 
38.0 
0 '3 - 

Tot31 Pi~trogen present as Arnirtonia ntirl N~trate .  

0.7 3.2 I 
17.1 6 '5 

- -- - - __- 
'?treated Soil , . . Sofl heated 2 flours t i  980 C. . . tl.eated with Toluene, which was then eva o ~ e d  . . . . Soil treotedP with Toluene, which was "Otrernoved. , , . . \ 

-- 
d t b c .  glnutng 
13-6 19.5 
17.0 

N1trogt.n preseut us Nillate. 
Atbe-  ginllrrlg. ---- 

12 13 
12 
11 

Aftpr 23 cloyti. 
17'7 55'8 
39'8 

Nitrogen present ns ,&mrnonra, 
Aftor 08 dnys. 
16 12 
12 
10 

Gninin 23 days 
3.9 56'3 

22'8 
13.2 24.6 I 

~ t b e .  ginrling - 
1.8 6.5 
5.0 
7.2 6'3 

d f t u r  23 days. 
1.7 43.8 

27'8 
14.5 
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the two quantities is normally so close as to indicate s causal relationship ; the increased ammonia production is, therefore, attributed to the increased numbeys of bacteria. There is no 
disappearance of nitrate ; the ammonia is formecl from organic nitrogen compounds. 3. The increase in bacterial numbers is the result of ilnprovement in the soil as a medium for bacterial growth and not an improvement in the bacterial flora. Indeed, the new 
flora per 3s is less able to attain high numbers than the old. This is shown by the fact that the old Bora, rrhen reintroduced into partially sterilised soil, attains higher numbers and effects more decomposition than the new flora. Partially sterilised 
soil plus 0.5 per cent. of untreated soil, or an unfiltered aqueous extract of untreated soil, soon contaills higher bacterial numbers per gram and accumulates ammonia at  n faster rate than partially sterilised soil alolle. 4. The ilnprovement in the soil brought aboot by partial sterilisation is permanent, the high bacterial numbers being kept up even for 200 clays ool. more. The improvement, therefore, dicl not consist in the removal of the products of bacterial activity, because t l~ere is much ]nore activity in partially sterilised soil than in untreated soil, Further evidence is &fforded by the fact that a second treatment of the soil some months after the first produces little or no effect. It is evident from (3) and (4) that the factor lilniting 

bacterial numbers in ordinary soils is not bacterial, is it any product of bacterial activity, nor does it arise spontaneously in soils. j. But if some of the untreated soil is introdnced into partially sterilised soil, the bacterial llulnbers, after the initial rise (see (3) ), begin to fall. The d£'efect is rather variable, but is. usually most marked in moist soils that have been well supplied with organic manures; e.g., in dunged soils, greenhouse soils, 
Sewage farm soils, eke. Thus the limiting factor ,-,an be re- introduced from untreated soils. (Table XCVI ) . . 6. Evidence of the action of the limiting factor in untreated 
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soils is vhtni~lctl  Ly stutlying the eEecb of temperatme on ljactei'ial numbers. Unt~eated  soils were niaintainecl at  lo0, 20 , 30 C:., etc., in a well moistened aerated condition, and perio(lica1 couilts \veibe ltlacle of tlie ilumbers of bacteria per SfiLln. Rise in  teluperature rarely caused any increase in 1)autcri;rl ~rombrl-s ; solnetilnes it had no action, often it cs~lsed 

Zunlber of Bnctcrin in rnilliolls, Ilt!r Gain in gr:1111 of Dry Soil. Arnrl1011i:1 I I .- nrrll S i t  tntv 
I 

I ( ill &i d:iyr. Aftor ' Aftor  ~ i f t e r  2Odnya. 1 38 dnys. ; G 1  3: ly~.  

3 fall. ~~~t after the soil mas partially sterilised the bacterial l1Umbers showed the normal increase with increasing tempera- tllres. Similar were obtained by varying the amoul~t 
of moisture but; lieepillg the teinperatt~re collstaut (20' C.). Tllc bacterial numbers in untreated soil behaved erratically, Lended yatller to fall tljan to rise when the conditions mere made Illore favourable t,o trophic life ; on the other hand, in Partially sterilised soil, the bacterial numbers steadily increased with illcreasing moisture content. Again, when untreated soils are stored ill laboratory or glass-house under varying Conditions of tempemtllre alld of nloisture coiitent the bacterial OUmbers fluctuate erratically ; when partially st erilised soils a'e thus stored the fluctt~ations are regular* 7. Wllen the curves obtained in (6) ale esaniined, it becolnes evident that the limiting factor in the untreated soils is not the lack of anything * but the presence of something active. 8. This factor, as already shown, is put out of actioll by --- -- 

-A The soils included fertile lo;llns well supplied with organic matter, carbonate,  pllosphates, etc. 

'rolllcned Soil alone . . . Toluc~led Soil .I- extract: fro111 Un- treated Soil . . , . . 'Yolrlc~lcd Soil .t 5 per cent. Untreated soil . . . . . . . 
24.3 
43.7 
20.3 

2S.O 
61 -3 
32-0 

31 ,S 60'1 
4 5 2  ( 166'6 
46'9 I 4s '0 
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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 af 35", treatmellt with organic vapours less toxic than toluene (e,g,, hexane), incomplete treatment with toluene. I n  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 lilllit,ing 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 :- (a) I t  is active and not a Iaclr of something (see (7) ). (b) I t  is not bacterial (see (3) and (4) ). (c) I t  is extinguished by heat or poisons, and does not reappear if the treatment has sufficed to Itill sensitive and non- spore-forming organisms ; it may appeal; however, if the treatment has not been sufficient to clo this+ ( d )  I t  can be reilztroduced into soils from which it has been per rnanently by the addition of a little un t~a t ec l  
soil. (@) ~ ; t  develops more slowly than bacteria, and for some time may show little or no effect; then it causes marked reduction in the numbers of bacteria, and its final effect is out of all proportion to the amount introducecl. (f) It is favoured by conditions favourable to trophic life in soil, and finally becomes so active that the bacteria becollle 
unduly depressed. This is one of the conditions in glasshouse " sick " soiIs.* It is difficult to see what agent other than a livillg organism 
can fulfil these conditions. Search was, therefore, made for larger orgn.nisms capable of destroying bacteria, and considerable numbers of protozoa were found. The ciliates amceb;e are killed by partial sterilisation. WlluWovor tlley lcilled the d~!t~inlf%lt~~l factor is fouud to be put out of action, the * This is dealt with fully in J. Agric. Sci., 5 (1912), 2Tm47, B 6 - ]  
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bactcrinl t n l ~ e ~ s  ~ i s e  an tl llraintaiu a l~igll level. Whenever the (ltil~rimental factor is not pal out of action, the protozoa are not killed. To these rules n-e have found no exception. Further, intermediate effects are obtained when a series of Organic liqnids of varying degrees of toxicity is used in quantities gl'adllally inweasjng from snlall ineffective up to  coinpletely doses. The detl*imental factor is not completely NUP1)ressecl but sets up again after a time, so that the rise in bacterial numbells is not sustained. But the parallelism with slid alnabre is still preselaved : they are completely killed TYben the detrimental factor is completely put out of action; oreater are not completely Liilled, but only suppressed t o  a g 
Or less degree, when the detrimental factor is only partly put Out of sct;ion. NOW illis parallelism between the properties of the detl'imental factor and the protozoa is not proof that the Protozoa collstitute the limiting factor, but it affords sufficient P r e s ~ l ~ n ~ t i ~ ~  evidence to justify further examination. The test of cultures of protozoa to partially sterilised 

was made, but no depression in bacterial numbers was 
; instead there was sometimes a rise. Bnt in view of the ]listory of investiptions on malaria and other plxotozoan diseases no great significance mas attached t o  this early failure, At this stage the investigation was divided into two Parts :- 

1. The study of the soil protozoa. 2. ~b~ affects of t;hc limitirig factor on the biochenlical 
processes- on the soil. No attempt had ever been made in any of the above 
Oxpel.inlellts to idelltiYy t]le protuzo&, Ul. even to iucel'lain 
hhether any particular form existed in the soil in the trophic State or as cysts. The vayiety of forms was considerable, and 
It $0011 becanle evident that a defil~ite protozoological S U Y V ~ Y  of the soil mas required. This was accordingly put in hand. I n  order to give the 
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survey as permanent a value as possible the investigations mere 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 tropllic protozoan fauna norinally 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, b ~ r  Martin and 
Lewin establisl~ed the following conclusions : t - 1. A protozoan fauna in a trophic state normally occurs in soils. 2. The trophic fauna found in the soil cliffers 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 aics cellsu, the forms predominating in the hay infusions do not necessarily figure largely i11 the soil. 3, The trophic fauna is most readily demonstrated, and is therefore presumably most numerous, in moist soils well with organic manures ; e.g., in dunged soils, greenllollse soils, sewage soils, and especially glass-house " siclc " soils. Finally, the latest experiments by Goodey $ have shown that when this trophic fauna is introdt~ced into partially sterilised 

soils the bacterial numbers are brought down. The earliest attempts to carry out this experiment failed, as already stated, only one successful experiment by ~unningham$ being on 
record. I t  was not till Goodey discovered the conditions for successful inoculation that i t  could be carried out, Goodey found that mass cultures of protozoa failed when introduced 
-- 

* Goodey, Roy. Sot. P?-oc., H. 86 (1913j) 427-451, i Martin and Lewin, Phil. Tmns., 205 (1914), 77-94; mrd J ,  iigrie, hi,, 7 (1915), 106-119. : RMI. 80e. P~oc., B, 89 (1916), 291-314. Cesk Brill. Par., August 1914, and J.  Agiic. hi., 7 (1915), 49-74. 
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has already bee11 observed by practical men in various countries that certain soil conditions harmful to the growth of orgi~oisms were ultimately beneficial to productiveness, such as long continued and severe frosts, long drought (especially if associated with hot weather), suficient heat, treatment with .appropriate dressings of lime, gas lime, carbon disulphide, etc. Further, it has been observed that conditions wliich ase undoubtedly favourable to  life, such as the combination of warmth, moisture, and organic manures found in &ss-llouses, lead td reduced productiveucss after a time. This phenomena is spoken of as " siclrness " by the pmctical man. It is diEcult to account for these results on the old view that the useful plant food-malting bacte~ia arc 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 pitclr (such as cucumber houses), and less slo~vly at  a lower pitch (such as tomato houses), has been investigated in some detail owing to its great 'technical importance. It was traced t o  t w o  causes: an accumulation of various pests, 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 &e other hand, some remarlrably interesting protozoa and dlied organisnls have been picked out from these sick soils and described 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 been investigated 
and are now in use in practice. Steam heat at present proves most convenient, but the suitability ant1 cdetailed effects of linle have been studied by Hutchinson and MiLennan, slid of 
V E ~ F ~ O U S  antiseptics by Buddin, 

While these laboElJOry investigations are going on, a &tailed 
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S L ' l c l ~  uf t.he plnuc.rsscs ti~ltir~g p1:1,cc in field soils is also iu prOgl'ess, alrd fi~eqoent d~te~~minat ions  are made of tlie quantity nitrate present. But as  soon as me turn to the field Conditions and try to follow the production of nitrate in the 1natte1-s arc complicated by the fact that the nitrates Procluced do nol all renlain in the soil, but are liable to be out or tillten I I ~  by plants. 3n:ilgticnl determinations, t'rcl'efOre, only give tile tliff'erence between the amount formed and the a111ou11t lost,; they do not sllom horn much is actlunlly produced, nor give the rate of production that we desire to 

ObLaill-  F*l sonle time we could see no way of getting over Ihis d i f l i ~ u l t ~ ,  but a simple solution mas ultimately found. It 
IS evident that if tile curves showing the amount of some other Substance p/*o&eed t/1c sams w(hy ns tha nitrate, blit lost b (6 d' * tfle)'ent WCJY, are of the salne general shape as the nitrate CU1'ves, tilen the &ape is clue mainly to the production factors ; 
lf9 the other ]land, tile two sets .of curves are different in then the loss factors control the situation. The carbon d ' 'Oxide in soil tllese requirements; it is PToc1uced lilre the nitrates, by bacterial action, bnt it is lost 1 ay&ly by gaseous diffusion, and only in very bad weather by leaching. Carbon dioxide was therefore determined simul- taneously with nitrates, and the curves show a marlced S1milnrity except that the increases in nitlate come later. Th US me may conclude that t h e  curves both for nitrate and 
carboll dioxide are in the main productio~i Curves. The alnount of car130n dioxide in the soil air, which, as just seen, indicates the rate at which it is p r ~ d ~ ~ ~ e d r  f ' l l o ~ s  the soil temperature duril~g the winter month ,  but ' 

during tile summer; indeed, during hot weatlrer 
amount is distinctly low, It sho~i~s soilre connection with 'l'e ,,i,ture content, but it is more closely related to the Painfall, Rain is a saturated solution of oxygen, and wllell i t  

0. the soil it not only sulpplies the needful water but also "elle"~ the stoclc of dissolved oxygen, and thus gives the micro-organisms and the roots new k%ses of activity. 
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Tlrese observations throw important light on the effects of season and climate on the production of nitrstc in tile soil. It is uotoriously ciifiuult to generalise about seasonal cffects, but as a rule the activity of micro-organisms is greatest in late spring and in autumn, and lowest in suninler and winter. The winter minimum is easily intelligible : thc low tempera- ture limits the activity of the organisms, and as we have dready seen, any rise in temperature isnmediately evokes s response, so that the curves for tbe production of carbon dioxide r u l  closeljr parallel to the teir~perature curve. The spring maximum is renlarkably interesting. It begins 

to 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 to he involved. During winter the cold and the general unfavourable conditions have had their partial sterilising effect on tlle soil population, and also have resulted in a certain ailiouot of disintegration of the soil organic matter. Bverything is therefore ready for great outburst of activity. But in our clirnate this does not come suddenly. Before the soil call be warm it has to be dry, and by the time it is warm ellough for much bacterial action the chances are that 
it; has dried too much. I t  is tfierefore necessary to wait for rain to supply the needful water and to renew the clissolved 
oxygen in the water round the soil particles. It appears to be this cornbination of temperature, moisture and oxygen sopply, following on the beneficent changes effected in the Jvinter 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 the heat and drought of the summer. In  consequence of these various activities tile soil is left pretty rich in nitrates at  the end of the autumn, provided the sunlnler has heell reasonably dry. If these remain they form 
a good supply for the young plants of the following season. 
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Rut in a mct winter part is wasllcd out and the youilg plant is dcprivetl of solne of its food. W e  thus have part of the espln.nalion of the liarrnfnl effect of a wet nrinter, aild one of the ileasons n-11y the l~usl~ai~(1mml iu all ages has hoped for clry winters. " A wet suininer and c2 fine winter," to quote from the Geoygics, " sllould be the fi.ri11er.s' pray elb. Fro111 winter d u s ~  comes great joy to  the corn, joy to the land. No tillage +ves Mgsia such amsc fos boasting, or Gsrgaros for ~vonclering b at his own harvest." Englisll f;~rmers would ask for the wet spring insteacl of the wet summei*, but they would agree entirely as to the winter, and out  of their experience they have evolved a variety of similar expressions. Again the  111t~l1 of science has annotated the poet, and Sir Napier Slinw has ~vorked out a, niatllelnatical expression showing honr lnuch tlnnlage is donc on an average by minter rain. The trouble can be met by a system of green manuring, whereby plants are grown in the a u t u ~ n n  to  take up  the nitrates, aI~c'l are then ploughed into the lancl ready for the operation of the soil organisms in spring. A field experiment with tlli,cj pmpose in view has been put in hand. 

"'rile Effect of Parlial Sterilis:ktion of Soil on the Productiorl of Plant Food." E. J. Russell and H.  B. Hutchinson. J. ilg1.i~. Sci., 1909, Vol. JII., 
Part 2. "Tlle Effect of Partial Sterilisatioll of Soil on the Production of Plant Food. part 2, The Limitation of Bacterial Numbers in Normal Soils and its \ 
Consequences." E. J. Russell and H. B. H~tchinson,  J. ,4g,.;c. sci., 1913, Vol. V., Part 2. " Partial Stel-ilisation of Soil by Volatile No"-Volatile Antiseptics." W. Buddin. J. i1gt.i~. &i., 1914, Val- VI.J ]'art 4. 

< I  investigations on 'Sickness ' in Soil. I. Sewage Sickness." Em J. l]ussell and J. Golding. J. i.lgric., Sci., 1912, VO~.  V., Part 1. 
(' Investigations on ' Sickness ' ill Soil. 11. ' Sicliness ' in Glass-llouse Soils." E. J. llussell and F. 11. Petherbridge. J. ,fg~.ic. Sci., 1912, Tio]. v., Part 1. - " Georgics, Bk. I., 11. 100-103. 



SECONDAKS ACTIONS OF ARTIFICIAL MANURES 'UPoN TEE S O l t  
1. ~~~s of calciunl Carbonate. IV. Action of the I1lant on the Soil. 

11. Soil Acidity. V. Final Consideratio~rs. 111. Nitrate of Soda and Tilth. lief6rence. 
THE study of the interaction between the fertilising con- stituents of manures and the soil begins with a paper by J. T, Way in the Journal of the Royal Ag~icul tu~*~l  Society for 1850 (I. 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 excepb of nitrates and the compounds of nitrogen which rapidly change into nitrates. Way fixed upon the double silimtes 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 bases, 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. himself, in'a later paper, concluded that carbonate of lilne in the soil did not intervene in the process ; but in later years, 

as it appeared that sulphate of ammonia reduced the stock of carbunate of lime in the soil, it began to  be thought that there muat be a direct intxra~tion between sulphate of 
2S0 



SUPI'LY O F  C,J_LCITTM CARBONATE 287 
tllc curbonate gf liine, i~~steacl of the zeolites, as soon as the former was applicd to tlkc soil. Tllst the use of ammonium-salts as manure does directly cause the removal of' carbonate of lime froni the soil nlay be learnt from n detailed esamination of the amounts present in the soils talien fro111 t,lle Rothamsted plots at successive dates during their Ilistory. At itothamsted the carbonate of lime the soil, the &moul t  of which varies from about 3 to about Per cent. in different fields, is all of artificial origin; for though tire (<red clay .y \ r i t l l  flints," the drift formation out of which has arisen tile soil a t  Rothamsted, rests on the solid cllalli rucli ; ~ t  a depth of 10 to 15 feet below, yet both soil and Sul~soil in a natural state are almost wholly lacking in carbonate lime. Such naburn1 soil may be found on the neighbouring Nurpenden Co~~~nlo l l ,  which has never been cultivated nor to any in~provements ; and again on the grass land and a few of the other arable fields on the estate ; in a11 these analysis sllows only about one-tenth per cent. of car- bonate of lime in soil or subsoil until the underlying 
c h l l <  lmoc~c is reacIled. It is, however, on record that up to the 

years of the nineteenth century i t  was a regular custom 
'Q Rertfordshille fnrllling on this hill land to sink pits tbrongh tlle clay illto the chalk, extract the challi, and spread a layer Pe~resenting six to ten tons per acre over the arable lind, the Process being repeated a t  intervals of a few years. The c c dells " or holloms in the fields, which represent the fallen-in pits, are evidence to-day of the old practice, and much of the friability and dryness of this heavy land, through which alone it llas been possible to Beep it under the plough, is due to the thus done for the present generation of fanners during seveuteellth and aig12teenth cellturies or even earlier. d s  

col~sequence, the surface soil of the Rothamsted arable now contains 2 Der cent, or more of carbonate of lime, visible to some exten; 8s tiny rounded fragments from the size of s pin-head to that of a pen, bat niainly present in Particles too small tb be seen : the subsoil, however, colltains 
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none of this carbollate of lime, it has rel~lained only in the layer stirred by the plough, and has never worked cio~vn~vards. 

, The old maxim that lime sinks in the soil is only t r~ l e  of lime 
on pastures, where i t  is buried by the slow but persisteut action of earthworms bringing up mould to the surface ; in arable land, as the Rothamsted analyses prove, the lime wastes but cloes not sink. The very special distribution of carbonate of lime in the Rothamsted soil affords, however, an exceptional, opportunity of studying the rate at  which this important soil 
constituent is removed by natural causes, and also of how the natural removal is clecreasecl or accelerated by the constant use of certain artificial manures. Samples of soil from the 
Rothamsted plots were not taken a t  the very beginning of the experiments, at  least none have been prese~s~red ; the earliest which are available date from 1856, and later saiuples from the same Broadballr fielcl mere taken in 1865, 1881, 1893, and 1904. Samples from the othcr fields date bacli to 1867, 1868, and 1873, so that in h u r  cases tve can ascertain the effect of thirty years' actiou 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 tlle analytical figures; soil sampling is never a very a e c ~ ~ r a t e  process, and in comparing samples taken at  long intervals, a new efror is introduced by possible changes in the consolida- tion of the ground. But the figures agree b e t t e ~ ~  than migllt have been expected, and the results nlay he regarded as 
accurate to within 20 per cent. or so. Table XCVII. shows the actual anlounts of carbonate of lime7 calculated as poullds per acre, in the surface soil from certain of the plots in the various Rothainsted fields a t  the dates given, while the last column of the table gives tho average annual loss deduced from these figures. ~t will be seen that the unmanured plots agree fairly in sl~owing a loss of 800-1000 lb of carbollate of lime per acre, due to the mashing action of the rain alone, or rather to the solvent action of rain-water after it h u  becornp barged 
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with carbonic ilcici cshalecl from the roots or arising from the 
d t k ~ i ~ y  of o~*g:~~lic matter in the soil. Of course, there are m:my factors which might modify this figure in other soils ; it must to some exlent depend on the actual amouut of carbonate of linie in the soil, on the magnitude of the drainage t brough tlie soil- this being lessened with larger crops on normally i~ianured land-and also on the proportion of carbonic acid in the soil glues, ~irhich proportion ~sould be increased with nlnnwed 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 liliely to suffel; and we may now 

TABLE XCVI1.-Loss cf Ca?-lro.~~atc of L i m e  from Rotl~amsted Salts. 

H ~ O s ,  1881 . 10 Unmanured . 86,800 63,900 1,000" 1 1 a l d 4  A m i u m - a  54,300 "7,500 1 '77; I 1 and  4 N Nitrate of Sod& . 59,500 42,600 

- - ---- -- -- 

proceed to  consider how far the loss is affected by the use of ammoniul?l-salts as  manures. At Rothalnsted a mixture 
Of sulphate and rnuriate of ammonia has always been 

and tllough certain minor differences - may be traced in tile .,tion of ttle two fertilisers, in the main the two together will behave towards the soil of the plant just like sulp1lste of ammonia alone, though in a slightly more Concentrated form. The table only gilres a selection of the 
Plots froln which results are available (for details see Hall and Miller, P~oc. Ray. Soc., B. 77 (1907), l), but it is clear that the use of ammonium-salts causes increased washing 

E'lolrl. 
--- -_ _ 
Broadbulk, 1865 . 

Ab.dell, 1867 , 
tittle Hoes, 1873 

O u t  of the carbonate of lime ; in fact, from the original figures T 

Plot. 

3 2b 6,7, 8, 10 9 

Jln~~urirtg. 
-- - 
Unmanured. . Dunged . . Amrnoniurn-salts Nitrate of Soda . 

----- - -_- __ - - - - -- A t t ~ L l ~ ~ ~  plot, Dloro fnil.ly co,,ir,nmblo with t l ~ c  plots ivlrrch follolr, lost nt tlio mte of675 Ib, per acre. 

a - .  .,. 

Cnrbo~lnto of Limo (11). por acre). - 
Enrllcst Dntc 
110,500 100,400 85,300 106,000 

Unmanured . 
Unnlttnured . 

-- 
100'k' 

90,200 85,100 61,800 92,700 

159,400 
103,000 

.&\,erngo h l n u a l  h s s .  
800 590 1,100 565 

117,700 
70,500 

930 
1,046 



290 ACTIONS OF ARTIFICIAL MAxURES ,, calculate an average figure of 117 lb. of carbonate of lime removed from each 200 Ib. of ammonium -salt This figure ~vuuld indicate that the carbonate of lime removed is the chemical equivalent of the ammonium- salts supplied as manure, which suggests that wllen 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 ( ~ ~ u  ancl Gimingham, T~ans. 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 anlrnonium sulphate behaves like an acid, and removes from the soil whatever amount of carbonate of lime is required to combine with the sulpl~uric acid it contains. So far the matter of tho wastage of carbonate of lime is clear enough ; but anotller 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 amnlonium salts for about twenty years, had become actually to litmus paper (see JOUT. Boy. Ag. Sot., 60 (189g), 515, and 
62 (1901), 286). The acidity thus developed rendered the land unable to carry barley, though its capacity to do so was restored by a comparatively small dressing of two tolls of lime to the acre. Naturally acid soils had been known before, chiefly in peaty water-logged areas, but the first example recorded of a soil becoming tllrouglr Par- ticular axuse of treatment. That ,the had developed the W 0 b ~ n  plots and not at nothamsted, where the 
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same manuring lrnd been continued for even longer periods, was obviously due t;o the fact that the soil a t  Wobmv contained practically no carbonate of lime a t  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 Wobum soil there is no base present to ljlaiutain the iieut~~ality should auy agency arise' to procluce acid, whereas in the Rothamsted arable soils, as we have seen, there has always been sufficient cajbonnte of liille to keep up a neutral condition and pot out of action any acid as fast as it was produced. IIo\vevel; it was observed later that one of the Rotbamsted 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 Earl( having ever carried anything but grass, and analyses of the soil at  the lllargins 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 regnlar chalkings which allusion has been rnacle earlier. The soil, therefore, 
of the grass plots had started with but a sillall proportion of 
Carbonate of lime, s n  a~~ loun t  comparable wit11 that present in the Woburn soil at  the outset of the experiments there, and the acidity has developed itself on this soil just as i t  has at Woburn. It is not at, first sight how free acid can arise by the interaction of ammonium - salts with any of the constituents of tho  soil ; amnloniunl sulphate and chloride are both neutral Salts in which acid and base are firmly combined a t  ordinary temperstlu.es. Certain p]ly sical and chemical possibilities had been suggested, and these were first exainined in some detail (see Hall and Giminghanl, Zoc. cit.), using clay, sand, humus, and other soil constitue1~ts separately, b ~ ~ t  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 tool< place as already described, but the resulting liquid remsinecl perfectly neutral ; with homus a similar interchalrge took place, also giving risa to no free acid. The humus of normal 
soils consists of calcium salts of the indefinite acids grouped together as hurnic acid; when attacked by a solution of ammonium sulphate or chloride, calcium comes out into the solution, while an equivalent amount of ammoniul~~ goes into combination with the humic acid. Even tvhen tho mixtuses of homus and amlxonium-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 acicl took place. I n  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 orgauic 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 ordex. to  obtain it they split up the ammonium-salt8 and set free the acid. It 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 ss could be ~roduced 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, and several species were separated and identified, all of which would ,attaclr ammonium - salts and liberato acids, though to a different degree. FurthcI' %3mination of the Rothamsted acid grass soils showed that in addition to the smdl of acicl 
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"hic11 cuulil bc cxt~acted by water, the anlouut of which "as greatest in the spring soon after the application of the nlanures alld diminislied as the  year progressed, there mas Present a much larger quantity of comparatively insoluble hurnic acid. Clearly this had arisen hy the action of the mineral acids, set free year by year from the ammonium- 

up011 thc neulral hullius or calcium humate originally IJrc'sent in the soil, and the .hnrnic acid had been able to accmulate  because it is but slightly soluble in water. without discussing the other details bearing upon the question (see 13~~11, Miller, and Girniugham, P ~ o c .  BOY. Soc.7 
80 (1908), 196), it became pretty clear that the acidity of the Rotllamsted grass soils has arisen from the action of various 

I "icro-fungi upon the ammonium-salts that had been annually "'plied to tllese plots ; such fungi have beco~ne very abundant the soil, anti are able to attack ammonium-salts and set free 
the acid, tal<ing the an~rnonia to themselves to supply the n i t r o g e ~ ~  they require for nutrition. At  Iiotl~amsted the acid Soils hwe llot been rendered absolutely sterile ; the ground is still covered by herbage, but it has a very unhealtl~y appear- a Q ~ e ,  and resembles in t]lo *lost interesting llltbnner the vegeta- tion of nnturally acid soils, The grasses have a characteristi0 
dap~c  ugly colour and grow in tufts with bare spaces between, the surface of the p o u n d  in these bare spaces being occupied by 5 1;lyer of peaty vegetable matter, as though the dead grass 'ad beell unable to decay in the normal manner. Half of of the plots has been limed-2000 lb. per aC1-e of ground lime having been applied in January 1903, and again in 

1907. Table XCVIII, shows the great increase of 
which has followed liming, the effect of which is seen in tile restoration of the herbage t o  a normal appe.21.- 

""~e and a, close sward, accompanied by the disappearance of the peaty layer. The cause of the infertility of the acid soils 
be set down to the fact that they are ~e lmeated  by the micro-fimgi which can grow in an acid medium, whereas the 
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bacteria which normally people the soil and require a neut~al medium for their growth are 'largely pushed out. The fuugi 
in question compete with the higher plants like the p n s s  for the manure applied to the soil, and being active and abundant, they take so much that the crop suffers. At the same time, 
the higher plants are doul~tless injuriously affected by the suppression of many kinds of bacteria which are useful in preparing food for crop. For example, the llitrifying bacteria, which change ammonia in ?he soil first inlo nitrites and then into nitrates, are wholly inhibited by a aery slightly acid medium. A number of experiments were made t o  if nitrification was still going on in these acid 

TABLE XCVI11.-Z'ect of Lime upon rot ham st^& G?-nas Plots. 
I I 

Rothamstecl soils, both by testing for the organisms whicll 

Relative Yield of Hay on the Limed Portions, the Unlimed Part being taken as 100. 

cause nitrification, and by putting large salnples of the soil under conditions favourable to  nitrification and seeing if any nitrates were found. Small fragments of the acid soils rarely &owed the presence of the organisms, but the bulk samples in all cases but one did gain some nitrates during the course of the experiment, showing that the process of nitrification was not entirely suspended. Extracts from the soil, however, refused to form nitrates even when fresh active organisms were introduce~l. On the whole, the evidence points $0 the fact that s little nitrification is going On in tile soils, because a few 
tiny fragments of carbonate of lime exist heye tllere, maintain a neutral condition in the soil with which are in immediate contact. These nuclei seme to keep limited 

- 
Plot. 
4-2 
9 

11-1 

- 
Nnnnring. 1908. 1004. 1 1905. I 1906. 1907. I 1005. 1000. 

400 lb. Ammonium-salts + super . . . . 400 lb. Ammonium-salts+ Complete Minerals. . 600 lb. Ammonium-salts + Complete Minerals. . 
124 121 116 

111 110 103 
118 128 120 

111 142 206 
1 1 3 )  127 106 , 118 
167 I 115 

237 150 119 



PLANTS AND NITRATES 295 
J k ~ l l l b c ~  of' tlic 0rgi~ilis111s still active, but in the innin the Pl'oc(iss: of nitrificstion is at s standstill and no nitrates are being pl*otlucctl. Now thc geuerally received opinion is that Such uoi*lnal plants as constitute our crops take in their nitrogen 
"111~~ in tlic form of nitrate, so tllat the freedom of their growth is entirely dependent on the rate at  which the nitrifying Organisms ilr t,llc soil first do the work of i~lanufacturing ."itlutes. 'l'llis is pleobably too hard and fast an opinion. 
Without doubt most pl;~nts feed on nitrates for choice, and soils 'Ontail1 very lnuclr more nitrates tllm ammonia, because as f''" tllc latter is set free by the bncteria which split up other nitroycnous conlpounds in the soil into ammonia, it is seized 'Don by tlic nit1.ifying bacteria and converted into nitrates. thcrc ,zlvc not wanting experiments to show that many plmts, especially cereals, are capable of utilising the nitrogen 
~ f '  a l ~ ~ m o n i ~ ~ ~  compomlds directly, and later evperinlenters (Nutchinson nlld &filler, J.  Agric. Sci, 3 (1909), 179) have in growing plal~ts with amnioiiium-salts as the sole S O u r c ~  of iiitrogen under sterile conditions, excluding "1 bacteria nrllich could change the ammonia into other c o ~ p u o & .  ~~~t plants, however, prefer nitrates to alllmollia their source of llitrogcll, and the reduced yield 011 the acid Soils lnny bo partly due to the fact that the grass is driven to f on ammonium compounds instead of the more usual hitrates. ~ h ,  cause of tile infertility of the acid soils cannot, llol~ever, be regarded as completely established ; the competi- tion of the filllgi for the manures is doubtless a factor in the but that hardly seem to account for the total 

of barley on the Woburn plots. I t  was surmised that fungi might produce snbstal~ceS ~ O ~ S O ~ ~ O U S  to  the growth of bigher plants, but eHperilllel~t~ to test this point have so 
~ielclecl a negative result. Allot~ler example of these secondary actions between 

fertilisers and the soil, m]lich are not immediately apparent, is by nitrate of soda. The rehtion of nitrate of soda to 
the plant may be regarded as the siiiiplest possible; we 
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know that the compound need undergo no change in order t 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 enter 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 nlanure 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 met 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 qusntities of nitrate of +Soda which fXeln incredible to the ordinary farmer, as much as 10 cwto pey acre, 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 result ; 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 after miu, and clry with a hard glazed surface that r~~arks ofF the plots to the eye 

fro13 a considerable distance. I n  either wet or dry weather the nitrate plots c a ~  at once be distinguished on walking over them by their tread and feel to the sole of the foot, ~t is to multiply instances, as the effect is pretty gonerally recognised , usually it has been explained as due to the of of soda, for moisture. Nitrate of soda is alNays damp because of its fondness for water, and a hag ~f ihe salt left 
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in u~*tliu:tlly damp manure shed will somctirnev be found in :I pool of liquid, solution formed by the water whicll lllc contents liavc absorbed from the atmosphere. Such an cVlan;~t ion of the wetness of soil dressed with nitrate of is entirely hadequate, because the extra quantity of water retailled by the soil f'i*orn sucll a cause mould be imperceptible. S u ~ l ~ o s c  :LS muoh c ~ s  (1 ton nit]-ate of soda p~ acre was aP~ l i c t l ,  that i t  absorbed its own weight of water, and again 'en'ainc(l wholly in tile surface layer of the land 9 inches the  vate el- retained by the whole ton of 'nitrate of soda 

not amount to more than one in a thousand of soil, and not cause the slightest difference to the textwe. More- OYCc cI"terminat.ions llnve been made of the water actually Presehc in t,he liothsmsted soils on the rnnngold plots, and 
''o differences that could affect tile behaviour of the soil ]lave been detected, Tlie altered appearance and the greater 'P~arent m l l ~ t  tllerefore be due to solne other m~.~s@* Mecllanicnl analyses were nest made of the soils. I t  seemed Possible that the greater of tlie nitrated soils might be due to a, general disintegration of the soil into finer pnrtic1es, brollgllt about by the long-continued s~t i0I l  of tile fertiliser9 it Ivas to find tlie nitrated soils  we^^ distinclly slid regularly coarser, that i s  to say, they had been 

T h ~ ~ ~  YCIX,-i~ccha7LicaL Analy~es of Rothan~sted Sails, with U ? L ~  withozbt Sodium flitrote. 
\ -- ---- -- I percentages after Ignition. - - 

No S o d i ~ ~ r n  With  Sodium Menu of Five plots. Nitrate. Nitrate. - 

of some of finer pa~ticles. Table XCIX. gives the 
~ n e c l ~ a n i ~ ~ l  analyses of five pairs of plots filom the 

2 '1 6 -7 18.8 29 '9 13'9 15'6 

2.2 Pine Gravel . . . 1 6.1 Coarse Sand . , . . * Pine Sand . . . . . Silt . . . . . '  Fine sift . . . - .  C l a y .  . . . . 0 

18-8  29.5 14'0 17'9 
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different Rothamsted fields ; in each pair there D7as a 1310t receiving nitrate of soda to  conlpara with olle l'ccciving ammoninm-salts, while the olller treatment was identical on 
both plots. ~t will be seen that the percentage of clay is distinctly less on the plots which had received nitrate of soda, and though ,.he difference m q  not appear to  be great, it is without doubt a real one, because it was found to exist in each pair of soils used in the comparison (see Ttwlclbh'. C/LC~)L SJC., 85, 1904, 964), 31l.nJ it is contrary to what would have heen expected the behaviom of' the soils. Of the reality of the differences we have, moreover, another indication in the fact that when drains, which are laid beneath the whole length of the narrow strips constituting the plots on the ~roadhalk  wheat begin to run, the water flowing from the drains heneath the nitrate plots is always faintly lu~b id  and carries a very light cloud of fine mud, whereas the water from the plots receiving ammonium-salts is always cry stal-clear. Evidently the waslling out of the finest clay particles which we see going on in the drainage water bas been so continuous that the qant i ty  remaining in the soil has been definitely reduced by 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 tho unmanored plot ran more frequently than that below the nitrate of soda plot, whereas of late years, since so much of the finest stuff bas been washed out, the 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 clue to the different texture of the two plots. small equal Portions of soil from the plots were weighed out, and each was shaken with a large bull< of pure water; tile resulting muddy liquids weye then put to stanc.ud sepasabely jars* A certain time is occupied before suspended soil to the of the jar and leaves the water above ; 



''lr' liuvsl ijill*licles of clay ilsaally keep the water soulewhat troul'lcf' f,, 2 or two before they settle out conipletely. if t l l r  scttlc*~rent of soil from the nnmanured plots or fro'n plots 1-cceiving alnnlouiunl-salts was complete in two 'lays, it woul(l take tllrce or four days, or sometinles an indefinite lime, l o  bring about Lhe same clearness in the jars 
C'"~'linill~ soil f ivl l l  the nitrkLacd plots, Nojv it had previously b provc(l t i a t  there were fewer of tile finest particles in 'litrated soils, so tllst they should settle more q~ickly and 
"Ore conlplclely were tllere not some other factolb at morlc the precipiha(,inn. 
h scLt!clnell t of clay from its turbid suspe~lsions in water frequently investigated, because it finds a, good many Prnctical appljc;ltious in sucll matters as the textol8c of the tllc fitness of clay for pottery and brick-milking, etc., ant' the i ~ , ~ ~ ~ t ~ ~ ~  facts s1.e tllnt acids or certain salts hasten tl Is mllereas allialis will retard or even 

pre, ,cnt it. ~t is well icnomu, for exanlple, how 
a little a l ~ u ~  IviIl brill% about the clearing of turbid matel; and a trace of or of some of lime ~vill p r o d ~ ~ e  the 

effect, allnost rapidly, Tho pl'OCeSS Call be nratched the microscope as soon as the acid or salt is illtroduced, th 1' very fine particles,' before mere ~ 1 0 ~ i l l g  about in the 
Iquid ~~i thoot ever suddenly rush t ogetller and Q OCculate ~ ~ ~ ~ ~ l ~ t ~  into comparatively large and l leav~ gl 'ou~s which mill fall rapidly through the liquid. 111 clay soils that ale in good tilth the very fine  articles are togethey in this flocculated cofidition, and the soil in Conse- quence behaves as if i t  was more coarsely grained, dryi~lg inore and into a friable condition ;   her ens if the clay be 1 Cnoclred about or tempered mllon it is wet, the groupS we 

U p  and the day become$ defloccdated Tile of 1' Irne ill improving the texture of a soil, in rendering it dryer 
more worlcable, is due to 1' the fiocculating power Of the 

Ime salts which begin to  through the soil. R eturning to the experinlent, it wils pretty clear there 
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,,st be some substance in the soils from the nitrated plots which had brought them into a deflocculatecl 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 coulcl be extracted from it, this parLi~~lla,r plot being selected because the soil contained no carbonate of lime, which itself might give rise to a soluble alkali. Table G, 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 lb. of carbonate of sods per acre. 
TABLE C.-Carbonate qf Soda (Ib. per acre) .in Soil of $'lot 14, Parlc Grass Field, Rothamsted. 

I& will be seen that the total amounts to no less than Ib* of carbonate of soda, which is the chemiml equivalent of 280 lb. 
of of soda, or about one-half of the yearly application 
(550 ib. per acre) of nitrate of sods 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 soil, and both must wash out pretty completely during a wet winter. The problem then was thus fax1 cleared-it had been shown that the soils which receive nitrate of soda after- wards contain carbonate of soda equivalent to as much as one-half of the nitrate applied, and this carbonate of soda was in itself enough to account for the bad tsxture of the soils, a bad texture which is due not to any special efect of com- position but to  the deflocculation of the particles in the soil. The next question was to a c c o ~ ~ t  fop the formation of carbonate of soda, and here ce?tain facts 
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FORMATION OF  ALICALINE CARBONATES 
i 

an explanation-facts to which the late fi Waring- had drawl1 particular attention in a paper contributed to the Jozu'nd o f  the A.q~*ieultu?-al ColZgge nt Ci~~eneestm. in 1899. Warillgton had pointed out that when the con?- position of any plant is examined, the acids and bases do not one ~ ~ o t l l ~ l ' ,  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, magnesia,, iron-there is generally an excess of bases ; but this excess is turned into a deficit as soon as we bring into account the nitlogen in the plant, which being burnt off is not found in as]]. Yet in this connection it must be couoted as an acid because it entered the plant as  nitrate of lime or soda-one of neutral salts origilially present in the soil, which pass into in tile 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  O'dinary crop ,nust have taken from the soil a greater amount of the acids than of the bases contained in the salts presented to it as foocl, Table CI. shows this relation for four different 
a t  Rotllamsted, the figures given for acids and bases being equivalents, i ,e , ,  reductions to a comnlon measure in "hicll one of any acid combine with one of ally alkali, while in the last two lines the excess of base left in the soil is 'eca,lculated as ib. per acre of carbonate of soda and carbonate 

Of lime i.espectively (see  all and Miller, PTOC. Roy. SOC., B. 77 
(1905), 1). From these results it is apparent that if the plallt contains Such an ,,,,,, of ilcid it must leave behiild in the soil a corre- 
Spondi1lg excess of base, because the food salts in the soil are In main neutral compounds At this rate the plant ought to make a medium in which it is growing progressively more b aS1c, or alkaline if the bases set free happen to be soluble ; ' 

a'd some of the earlier observers like K ~ o p  and Stohnlanll Show that a culture solution containing growing plants mill b ecome allraline in course of time if the solutioll is not 
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changed. To verify these observations various water cultures were started in which vigorous growth was maintained for some months, at the end of which time analyses were ~nacle both of' the plants and of the liquid. The results all confirmed the older observations and the deductions that can be made from tlie composition of the crops from the field : the culture solution, which represents the soil, become more alkaline as groath ~rooeeds (or in the ma~ority of cases less acid, because for the success of the water culture it is desirable to start; 

TABLE CI.-ilcicls and Buses in G ~ o p s  reduced t o  EpuiuaZe.nts. 

the solution somewhat acid), and the greater the growtl~ the 
greater tlle amount of base left in the solution. I n  one details of which are quoled in the origi11,zl paper (106. cit.), wheat was grown in the same jar of solation from 3rd March until 11th June, until grain was fully formed and the plants had reached the weight of 93.7 grams ; by this time the solution had acquired an excess of bases equal to about 25 per cent. of the total prescut, while the Golltained a corresponding excess of acids. Thus t~vo distinct lines of evidence agreed in assigning the product. ion of alkali in the 
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So.i1 t''c gro\\'ll1 of tllc 1,Iunt itself; ~vhencve~ a plant is fed '\'ltf' of sotla sonre of t]lc bnsc mill be left behind in the 'Oil t'lc fol~ln of c:krl+jollate of sods, . Co'~n~cr;l l  cj-idcncc is ;dso fol-thcoming tllat nitrate of soda GLvcs to ;, f'1.r~ b;ise in tile soi]-eridence derived from tlie 

'ic'c""'inati()lfi of c n ~ ~ l , u l l a ~ ~  uf lillle ill  ihe Rot l l sms~ed soils, ''-f'ici' a l f l l s iOl l  1l:w ; ~ l y e ~ d ~  been innde. Ou lookiug bnok to &'le 'CV~L, it will bo seen t,h;li, tile plots receiving nitrate 
Of sod" I1;lvc becn losillg their carbonate of lime less rapidly than t'lc ~ ~ l l r n n u l ~ e c l  plots, 100-200 per acre per nnnuln less? "l"%ll too nlocll yelinnce cnllnot be placed on the j\rci~y] its 'alcuhtcd. TIlis rec-octioll in the amount of carbonate Of' l i ~ j ~ ~  . ""llually lBemoved from the soil is clue to the fact that t ' l e  C5'1~or1~te of sotla follmed from ihe  nitrate of soda bas done Payt Of tile LVol*li folb w]lich carboilate of lime is usually 'equiled 

J 51ltI ]ins thus indirect]g nflo~~ded it some protectioll Botil suhstsuces acb sli]<e in serving as bases for Such Pl'ocesses 3s iliti~ification. of Though the seiec~ive of the plant up011 the nitrate 
'Oda is the mnin sgmcST in proclllcing carbonate of soda in the 1 silnilar is brought ~ l j o u t  by bacteria, palticu- ""en tila ilitrntc o f  is in 2 water-logged soil ' a c ~ < i ~ ~ ~  acrntioll. ~ l ~ ~ ~ ~ h  no ,vllolesule destr~~ctioll of nitrates 

UPS under. field e'en a''e 
" C O ~ ' ? j ~ ~ ~ t i ~ ~  lvitll an excess of far~llyard nlanu''ey 'Onl' losses of the poi[ do Unc~Ollh~edIy OCCUL., LiS lllay be from Qitr the fact that in lllost experimellts the  hole of ' Ogeo as .itrste is not reco17ered in the crop even aoe. ere llas been no rvashing otlt of nitrates by drain 

c p  of ~l~~ of sod2l t1151 js not  talcell rlP 'J' the 
of' OP thepe W i l l  be of soda produced by c'e~itrification. M ~ ~ ~ ~ ~ ~ ~ ,  there are other bacteria the Soil . which will taxre the nit.ogeD from nitrate of soda; they 



304 ACTIONS OF ARTIFICIAL MANURES 
do not waste it by setting it free as gas, hut they convert it into proteins and similar substances out of which ihrk ow11 bodies are constructed; in these cases also the soda parrt of the salt is left behind as carbonate. This process is strictly comparable with the production of acid by the action of micro- fun@ upon sulphate of ammonia; in each case tlie living 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 action of nitrate of soda applied to the soil, an action which causes so great an injury to its texture when the land is at all heavy. The bad texture is clue 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 socla 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 indispensable to their develop- ment, and leave behind the soda base combined, wit11 the carbon dioxide which they excrete. The next point of importance is to find both a relnedy for the injul.ed tilth of the heavy soil, vhere 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 mahe matters worse. The flocculating action of lime on ordinary soils takes place when the lime gets washed into tile soil as bicarbonate; lime itself, when protected from carboll dioxide, has no flocculating action (see Hall M,orison, J. Agric- Sci., 2 (1907), 244). I n  this paticular case the flocculating action of lime would be largely inasltcd by the 
carbonate of soda which would still remain in the soil. llas been used in America as a means of getting rid of of soda in tllose unfertile and UnaorlCable soils known as 
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" blac.1: alliali " ; the two substauces interact to form sulphate of soda and carbonate of lime. I t  takes, however, a large and unl~rofitable alnouilt 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 tlle alkaline carbonate of soda, all(1 the gypu~n~whic l l  is also present will aid in the desired floccolntion 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 textwe of the soil, and a t  the same time the amnlollia salts that are present in the soot  are helpful in flocculating the clajr. AS a Pre- ventive, undoubtedly the simplest and wisest plan to f o l l o ~  is to use on ill1 strong soils, illstead of uitrate of sods alone, a mixture i11 equal proportions of nitrate of soda and sulphate of ammonia, especially where considerable quantities of concentrated nitrogenous manure are required for market- Gardening plrposes. Since one of these compounds tends to  Plloduce an acid and tile 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 tile point of view of the nutritio~l of the plant; of comse, the great value of nitmte of soda lies in its immediate availability, but when too much is put on it may easily form a solution that is injuriously strong in certain parts of the soil. Now the ammoniuln sulphate mixed wit11 the nitrate of Soda woulcl be to some extent temporarily withdrawn from by the soil, so that an applicatioil of a mixture of it wit11 nitrate of soda, would result ill a less concentrated soil 
Solotion than would be set up by an equivalent amount of nibrate of soda alone. Yet the sulphate of ammonia mould begin to nitrify very rpidly,  and would thus provide food for the plant as nitrate of soda was beginniug 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  up no i~jurious action, eilber 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  he practical farmer sometimes attaches to nitrate of sods as a stimulant exhausting the soil, even as a "scourge" as it has been called, is dne to its effect upon the tilth. ~ l t L ~ ~ ~ 1 1  nitrate of soda, when used alone, is a one-sided m2nm.e 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 bacl texture of the soil, which so easily leads to an inferior yield iu the folloving crop. The list, indeed, of thess secondary interactions between fertiliser and soil, which may have a potent influence on the value of the fertiliser in is not-ended with the changes I 

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 beell remarked by those concerned with field experiments that cases occur when the addition of potash salts to a mixture, 
so far from increasing the return, actually reduces it. AS a rule, these results may be set down to the large experimental error which is inevitable in all field trials; but so convinced have been some experimenters of the reality of the effect, that they have begun to speak of the " depressing effect of potash " 
upon the crop. NOW from the point of view of nutrition alo.lone, such a depressing effect is impossible; ill sollle the effect must be special to the soil, 2nd due to an unsuspected interaction between soil ancl potash ferti*iser. A due to the sort of action to be looiced for be found 
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in 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 3 little wetter after the applica- tion of Icainit or other potash salts. This apparent wetness llas been set down to the nrater-absorbing properties of potash ~"lls,  whicli are chiefly due $0 the magnesium cliloride always llrcscnt in tlicm ; but as already indicated with regard to 
"itrate of soda, the small amount of water which is absorbable '9' any ordinary manurisl dressing wonld be inappreciable "hen diffused through the soil. The wetness s~lggests deflocculation, and the appearance of many of the plots . potssh at Rothamsted would bear out this view. 
Ul1 the rna~~gold field in particular the characteristic defloccu- lation features sllowll by the plots receiving nitlate of soda, their way of drying with a tough glazed crust on are reproduced on the plots receiving snlphate 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 a large bulk of pure water, the opinion is confirmed that the soil of these potash plots is completely deflocculated. Another practical case has fallen under the observation of writer where the application of 8 cmt, per acre of lcahit to a piece of heavy land, which had not long before been limed, 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 alliali i t  must be that has brought 
t l ~ e  deflocculation, The illteractioll wit11 the zeolites 

Of the soil, by which Ingalls pot~ish is normally retained by soil, would not give rise to any substance of an alkaline nature, The' carbonate of lime in the soil nest suggested itself as a Possible reacting substance, and a series of experiments have that when wealc solotions of potash salts i.eniain in 
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with carbonate of lime a small quantity of free cad)onate 

of potash is procluced. As the extent of the chkinge that is set up depends upon the relative quantities of the reacting bodies in the soil, where the carbonate of lime mould generally be in great excess, the proportion of the potash salts converted illto would be comparatively large. Moreover, common salt has exactly a similar action, and this at once povides us with an explanation of the many unintelligible a;nd often coutradictory reports of the action of salt as a fertiliser. I t  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 s~metimes increasing but occasionally as diminishing the crop. These 
reports coincide with those concerning the action of potasll, and the ettect in both cases may be set down t o  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 cominon 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 reactiolls between fertiliser and soil to be completecl, 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 ofthe soil. awl Voelclrer's papers show that they are retained, and -j-jr B, Dyer, in his examination of the Eothamsted soils, found that of the potash applied and not utilised by the mop, very little been washed. away, even after fifty years of treatment. It will be noticed that all the effects of fertilisers upon soil which have been discussed are due to chemical changes of a. 
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Colkl~a~at ivcly minor ordelb, which mere overlooked or not '"y3ected d l e n  fertiliser actions first began to be studied, because lllost cases the agent in the process is that part of substance which possesses no value as a fertiliser. For ' f an l~ l% sulpllate of ammonia was considered as a source of ytrogen only, tllc sulpbmic acid it contained was entirely 'gnored and llegavdecl as of no account. Similarly with nitrate Of the nit~ogen is the inlportant part upon which its value a feltiliser depends; the mistslce came in supposing that soda was entillely without effect. The sane state of affairs 

'I"' OCCL1l.red over a l ~ d  over again in the history of science; broad concl~~sions reached by early generations of investigators, 
'vbicll bccornc the staple of the text-boolrs and the dogma of lecture rooms, and in the process always grow cruder and more hard and fast in statement than is justified by the original prose eventually to be no more than first approxima- tions to  the truth, To complete the story, a second, sometimes 

evell a Lhird, term to be introduced, the course of 
in nature being always much more complex than the nice Water-tight statements which our minds like to evolve u n ~ k ~  tile guise of laws. These second npproximations, which 

Q ~ J T  become large t o  the main truth, often 
rnalre themselves evident to the practical Illan, who deligllts in 

as proofs that theoly and practice do not square, though theory can never be more than a methocl of explaining and, in its turn, predicting the pl;zctiCe, a,nY want of agreernent betweell the two must only mean that the practical man is 
with an imperfect theory. Nowever, it is the duty of the scientific lnan $0 recognise 

pllactical ilairs will be stretching tho range of 
%kions upoll be founded his geneEd staten1ents into where they will no longer fit the facts, and b3' picking Up the hints of sue11 discrepancies as the practical man can Often s ~ ~ p p l y ,  tile theory may be founded on a more accurate bssis, 
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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 parmeate 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 neutral. 5. From the Rothamsted soils carbonate of lime is being washed out at the rate of 800 ta 1000 lb. per acre per annum, the losses being increased by the use of sulpllate o f  ammonia, but lessened by clung or nitrate of soda. 6. Nitrate of soda, when applied t o  heavy soils in large quantities, destroys their texture, 7. Some of the nitrate of soda gets converted into carbonate of so&, by the action of plants and bacteria, and ~ ~ r b ~ n a t e  of soda, by deflocculating the clay particles, destroys the tilth. 8. The best remedies are the use of soot or s~~perphosphate ; the best preventive is the use of a mixture of nit~ste of soda and sulphate of. ammonia instead of either separately. 
9. Soluble PO tash 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 remedy is to apply such manures in the minter or in conjunction with superphosphate.. 

"Some Secondary Actions of Manures upon the SoilJ'' by A, D, H J,R,A,s., 71 (1909). * >  
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during its first Five Years of Office " (J.R.fl.S., 57, 1896, 324). 
"Soil Inoculation" (by N. H. J. M., J.R.B.S., 57, 1896, 236). "The  Royal Commission on Agricultural Depression and the  Valuation of Unexhausted Ivlanures " (by J. B. L. and J. H. G., J.R.B.S., 58, 189'7, 674)) R. Jfcnl., Vol. VII., NO. 9. ('Production of Milk Rich in Fat ' '  (by N. H. J. M., J.R.B.S., 58, 1897, 655). '(The Valuation of the  Manures obtained by the  Consumption of Foods for the Production of Millc" (by J. B. L. and J. H. G., J.R.A.S., 69, 1898, 103)) R. llfe?~~., Vol. VII., No. 10. 

"The  Growth of Sugar-Beet, and the  Manufacture of Sugar, in t he  United Kingdom" (by J. B. L. and J, H. G., J.R.A.S., 59, 1898, 344), R. Mmu., Vol. VII., No. 11. ((The World's Wheat Supplyu  (by J .  B. L. and J. H. G., The Tistes, Dec. 2, 1898), R. lie?ll., 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 111. T h e  Cllemical Results- Section I." (by J. B. L. and J. H. G., Phil. T~nlu,, 192, B, 1900, 139), R. Jfe?lz., V O ~ .  11. (4t0), NO. 3. 
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((Wheat grown year after year on the same Land, a t  Rothamsted, England i without Manure, with Farmyard Manure, and with various ~ r t i f i c i u l  Manures" (by J .  R. L. and d. H. G., London, 1900). . - 
rC Experiments at  Rothamsted on the Changes in the Composition of ~ n n g e l s  during Storage" (by N. H. J. M., J.R.A.S., 61, 1900, 57 ; and 63, 1902, 135). 
a The Amounts of Nitrogen as Ammonia and as Nitric Acid, and of Chlorine 111 the Rain-water collected a t  Rothnmsted " (by N. H. J. M., P.C.S., 18, 1902, 88). 
"The Amounts of Nitrogen as Nitrates, and Chlorine, in the Drainage through Uncropped 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). CrThe Amounts of Nitrogen and Organic Carbon in some Clays and Marls" (by N. H. J. M., Quurt. JOUT. Geol. Sot., 69, 1903, 133). 
"The Continuous Growth of Mangels for 37 years on the same Land, Barnfield, Rothamsted" (by A, D. H., J.R.A.8,) 63, 1902, 27). 
"The Value of Unexhausted Manures obtainld by the Consumption of 

, Foods by Stock" (by J. A. Voelcker and A, D. H., J,R.I~.S., 63, 1902, '76). 
"The Manuring of Grass Lands" (by A. D. H., J.R.A.X., 64, 1903, 76). 
"The Mechanical Analysis of Soils and the Composition of the Fractions resulting thereforin" (by A. D. H., T.C.S'., 86, 1904, 950). 
cr The Effect of the  long-continued use of Sodium Nitrate on the  Constitution of the Soil" (by A. D. H., T.C.S., 85, 1904, 964). 
r c  The Comparative Nitrifying Powe~ of Soils " (by S. F. Ashby, T.C.S., 86, 1904, 1158). 
"The Analysis of the Soil by Means of t he  Plant" (by A. D. H., JOUT. AA~I-ic. Science, 1, 1905, 65). 
"Note on Calcium Cyanamide" (by A. D. H., Jozir. Ag~ie. Science, 1,1905, 146). 
"The Effect of Plant Growth and of Manures upon the Soil;  the  Retention of Bases by the Soil " (by A. D. H. and N. H. J. M., pwc. ROJ. Soc., 1905). rcOn the Aeeumulatioll of Fertility by Land allowed to run Wild" (by A. D- H.Y Jour. Agic .  Science, 1, 1906, 241). 

PUBLICATIONS BY OTHEIL INVESTIGATORS, DEALING 
WITH MATERIAL FROM ROTHAMSTED. 

I <  On the the Waters of Land Drainage of Rain" (by J. 'I'. Way, J*R.A.Say 17, 1856, 123). 
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"011 the Quantity of Nitric Acid aud Ammonia in Rain-water" (by J. T. Way, J.R.A.S., 17, 1556, 618). 
"On the Productive Powers of Soils in Relation to the Loss of Plant Food by Drainage" (by A. Voelcker, J.C.S., 24, 1571, 276). " Boclenstatik und Bodenanalysen " (by H, van Liebig, Zeils. Imidzu. Ye,.ei?ies, Bayern, 1872). "On the Composition of Waters of Land Drainage" (by A. Voelcker, J.B.A.S., 35, 18'74, 132). 
"Sixth Report of the Rivers Pollution Commission, London, 1874" (see results by Dr  E. Frankland, pp. 58-68). " Notes on the Botany of EsperimentaI 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. Dyel; Proc. C.S., 10, 1894, 36 ; and Trnns. C.S., 65, 1894, 115). " Manurial Conditions affecting the Malting Quality of English Barley" (by J. M. H. Muriro and E. S. Beaven, J.R.A.S., 58, 1897, 65). 
Cc Denitrification and Farnlyard Manure " (by R. JV., J.R.A.S., 68, 1897, 577). 
"On the Analysis of Soil as a Guide to its Fertility" (by B. Dyer, Trans. IiigIi.ln~~(1 m ~ d  Agric. SOC. of Seotlct~t7~d) Fifth Series, 10, 1598, 26). 
["Analyses of Rothamsted Soils"] (by A. Goss and H. Snyder, U.S. Dept. of Agric., Division of Chem., Bul. No. 51, 1S98, 7.3). "Some of the Principles which should Determine Compensation for the  Use of Foods and Manures" (by H. W., Lecture to Newcastle Farmers' Club, Vinton, London, 1895). 
'(Various Conditions affecting the Malting Quality of Barley" (by J. M. H. Munro and E. S. Beaven, J.R.A.S., 61, 1900, 185). 
((Results of Percolation Experiments a t  Rothamsted, Sept. 1870 to Aug.-_ 1899" (by R. H. Scott, Qnart. J~zLI.. By .  Met. SOC., 26, 1900, 139). '( The Comparative Value of Nitrate of Sodium and Sulphate of Ammonium as Manures " (by R. W., J.R.A.S., 61, 1900, 300). " A  Chemical Study of the Phosphoric Acid and Potash Contents of the Wheat Soils of Broadbalk Field, Rothamsted " (by B. Dyer, Roc. R.S., 68, 11 ; Phil. T T ~ T ~ . ,  194, 8, 1901, 235). 
'(The Determination of Avaiiabk Plnnt Food in Soils by the use of Weak Acid Solvents" (by A. D. Hall and F. J. Plymen, p1.0~. C.S., 1901; and T ~ a n s .  C.S., 81, 1902, 117). 
c c  Sur les phosphates du sol solubles A i'enu " (by Th. Schloesing, jun,, Coly t .  rmzd., 134, 1903, 1383). "Lost Fertility : The Production and LOSS of Nitrates in the Soil" (by R. W., T7.rr11~. Highlmld cmd Agric. Soc. oj' Scotland, Fifth Series, 17, 1905, 148). 
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OTHER PUBLICATIONS DEALING WITH THE ROTH AMSTEI) EXPERIMENTS. 

.r Versuche fiber Sehafitterung van John Bennet Lawes. Nncll dcm Engl. (J.R.A.S., 10,l) freibearbeitet" (by E. John, Elde~r .Jrrbr6., II., 2, 1841, 199-242). 
( L  u;ber die Zusammersetzung, den Werth und die Benutzung des sthdtischrn Cloalrelldiingers von J. B. Lawes und Dr J. H. Gilbert" (by J. von Holtzendorff, Glogau, 1867). 
( r  Rapport sur un memoire de M. Lawes de Rothamsted, concernant in thCorie minerale des engrais de 1,iebig" (by Count de Gasparin, Q, 1855, 11.) 16-24). 
c t M ~ ~ ~ i ~ e s  sur quelques-uns des resultants qui resortent des expkriences faires en Angleterse de 1843 h 1863 par MM. Lawes e t  Gilbert" (by C. Jobez, I\.fenz. Soc. Inzp. et Ceillrnle A'Agric. de Frunce, lS67). 
irEmploi d e s e m  d'igout pas MM. Lnwes e t  Gilbert'' (b~r H. Mangon, 1869). 
( r  Die Wirkung der Durre auf ungedunFtes Land und die reich init Mineral- diinrer versehenen Versuchsfeldes in Rothalnsted '' (by H. von Lirbig, ln,idlu. Vercincs, Bayern, 157 1). " Waehsthum der Gerste zwanzig Juhre aof dernseiben Felde von Lawes Gilbert" (by EI. von Liebig, Wie~ter l(utdzu. Zlg., 1874). ((The Rothamsted Agricultural Experimental Station" (G(l1'd. Chro,to, S V t .  22, 1871). ~ ' R ~ t h ~ r n ~ t ~ d - T r e n t e  Annkes d'Experiences Agricoles de MM.  Lawes e t  Gilbert" (by A. Ronna, Paris, 18'77). ((Notes sur Rothamsted" (by W. Grosjean, dm. I ~ s t .  .And. Apon. ,  3, 1878-9). 

cr  Oversicht von den Oorsprong, ]let plan en  de Uitlromste~l van de veld- en andere proeven genomen op de Hoeve en in het Laboratoriurn van J. B. L a w s  te  Rothamsted (England) . . . 1S79"  (by D. Bauduin, Hague, 1880). "The Farmers of Rothamsted " (by Cathcart, The Coulily Ge,~tle~,(tTciis &lftg., 1881, 83-85, 17'7-181, 289-294, 387-392, 485-488). 
c c  Die Resultate der haupts~chlichsten Felddiingungs-versuclle, von Lawes und Gilbert in  England und ihre Bedeutung fiir die deutsche 1.and- wil-thschaft'' (by Dr Paul Behrend, Berlin, 1881). 

I 
" Recherche5 recentes de MM. Lawes e t  Gilbert" (by J. Barla), ~ ~ ~ ~ . , ~ ~ l r ~ a ~ ~ ~ ~ h  1886, 161-1621. 
c r  Les recherches experimentales sur la composition des animnoa de la ferme 

et  des animaux de boucherie de Sir J. B. Lawes, ~ ~ , , t . ,  et du Dr ('y L- Glandmu, dim. &i. dgrojz., 1887, ]I,), 1888. "The IIotharnsted on the  Growth of Wheat, ~ ~ ~ l ~ ~ ,  and fie Mixed Herbage Grass Laud" (by W. Fream, London, 1888). (' Le BIC Rotha'nsted " (by Eu,okne Marchand, J ~ , ~ ,  d3d~g,ical~a,.e p?.ntigae, Paris, 1885-90). 
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" Le B11; l'Avoit~e e t  lJOrge r l  Rothamsted" (by Eugene Marchand, Jola.. d'dgric11/1111.c P~(cII'~IIc, Paris, 1889-90). " L'Azote d s~ i s  la Culture du Bl6 " (by Eugkne Marchand, JOZI*. d'dgricl~llur.e Prt~!iyue, Pal-is, 1890.'). "Lessons afforded by the Rothslnsted Experiments" (U.S. Dept, of Agriculture, Expt. Station Record, 7, 1896, 343 ; also J,R.A.S. ,  57, 189G, 140). 
"Die llutlm~~lsleder Versuclle nncll dem Stande des Jahres, 1894" (by K. Bieler, Berlin, 1896). " Concise Review of Principal Data on Hotheinsted Experiments as carried out by Sir J. B. Lawes and Prof. J. H ,  GiXbeit, based mainly on Prof. W. Fream's Book " (by Gustav Kottmnnn, Sydney, lS97). "The Rotllnmsted Experiments and their Practical Lessons for Farmers" (by C. J. R. l'ipper, London, 1697). "Fiirsolcsverksa~niieterl vid Rothamsted i England" (by H. von Feilitzen, Jiinlcoping, 1900). " Rothamsted-Un Demi-sihcle 8Espt;riences Agronorniques de MM. Laves e t  Gilbert" (by A. Ronnn, A?i?hakes tie In Science Aponomiqz~e jrnnsnise et 

dl~.n~~gtt.e, 2~ shie ,  6e a?~nCe, Paris, 1900). " Du Role des Elkments de Cendl-es dam la VkgCtation " (by A. Ronna, Jozx d'Ag~.ictlL/rll.c Prc~lique, 25 n u r i  ef 2 ?>z,zni, Paris, 1901). 
((The Geological Survey in Reference to Agriculture, with Report on the Soils and Subsoils of the Rotliamsted Estate" (by Horace 13. Woodward. Sumlnary of l'rogress of the Geological Survey for 1903, Appendix I., 1904, 143). 

cr Culture des plantes racines h Rothamsted "(by A. Demolon, Joul.. c l ' 8gr i c~d t~~re  Prnticltie, 1906,  New Series, ll), 706 n~awke, 1906, 690-592. '( Fran Rothamst;eds fijrsoksstation" (by W. Weibull, Xid8kr.J Lm~dnn., 1910, 
203-20s). 
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Rapid nitrification of, 225. 
In  drainage water, 233. Remove calcium carbonate from the 
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Bran in flour, food value of, 269. Briza media, 164, 160, 176. Broadbalk field, 31, 231. Analysis of soils, 27. 
Broluus mollis, 163, 177. Brown, H. T., cytase formed during malting, 265. 
Bushel, weight of barley, 84,89*  $ e i g h t  of oats, 93. 3Veeight of wheat, 55. 

Calcium carbonate : in Rothamsted soils, 27, 140. 
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Calcium carbonate-co~~titrrred. Loss from soil, 289. Removed in drainage waters, 238. 
Carbohydrates, in  root crops, 06. 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, 164, 100, 181. Chalk, effect of, on grass land, 158. In Rothamsted soils, 28, 140. Changes in herbage following changes in msnuring of grass land, 168, 170 261. Chlorine in rain, 10, 21. I n  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, 102,171. 

Composition of, animal carcasses, 250. Mangold crop, 115. Rothamsted soil, 27, 145, 214,222. Wheat flours, 268. Condiments in cattle feeding, 258. Condition of land, 90, 212. Coa t i~uous  barley, maintenance of yield, 72. Oats, 92. Boot crops, 95. Wheat, maintenance of yield, 36. Cytase in malt, 265. 

Dactylis glornerate, 162, 195, Denitrification, 115, 210, 219, Deschampsia csspitosa, 138, 141. 

Diastase in malt, 263. Diffusion of nitrates in soil, lack OF, 228- Diminishing returns, lam of, 46,  102. Drain gauges, 15, 22, 229. Drainage water, composition of, 237. Losses in, 50, 232. Nitrates in, 220. Drains in Broadbalk field, 231. Drought of 1870, 163. Dry  matter in mangolds, 116. Dyer, B., unulysis of Rotllamsted soils, 27, 64. 

Ensilage, experiments on, 266. Evaporation of rainfall, 22. 

Fallow, accumulation of nitrates during, 
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Effect of, on wheat, 62. And leguminous crop in rotation, 'LOO. Farmyard manure, accumulation of, in soil, 220. Effect on barley, 77, 85. Effect on grass land, 166, 165. Effect on potatoes, 125. EfFect on wheat, 39, 65. Losses OF nitrogen in making, 286. Recovery of nitrogen of, 54, 113. Residues left by, 78, 166. Value for mangolds, 97, 108. F a t  formed from carbohydrates, 247. In fattening animals, 250. Fattening animals, change in composi- tion of animals during, 252. Food required by, 248. Feeding experiments, 2-10, 258, 264,267.  Feeding roots on the larid, effect of, 206. Fertility of land, maintenance in equi- librium, 39,212, 221. Festucs ovina, 154,157,158,175. Fixation of nitrogen, by  bacteria, 140, 210. BY leguminous plants, 11, 143, X 9 9  200: 
Experiments on, 6, 8, 13. Flocculation of c lay,  299, Flour, food value ofJifferent grades, 270. 
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Stlbility o f  co,~lposition. 02. 
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Leguminous crops-corrti~rr~~d. Grown in rotation, 194. Injuriously affected by nitrogenous mnnurcs, 198. Leguminol~s plants in grass land, 159. Leontodon hispidus, 164, 160, 181. Liebig, l l~cory  of animal nrltritiotl, 241 
TIicory of plan1 t~utrition, 2, 14, 33. Lime, effect of. on grass land, 167. 

Little Hoos field, 9. Lotlrs corn icu la t~ t~ ,  154, 159, 177. 
Lucernc, 8, 1.11. 

~ f & p t  011 succeeding crops, 144. . 

glngnerium s n l b  in maoure, eifect of, 
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36, 61, 72, 154. 192. &&&ze for silage, 266. . Malt US food, 261. Malting. losses daring, 262. &IYlangolds, cannot draw upon the nitro- gen of the air. 99. 

Conlposition of, 115. Dependence on f u r m y ~ d  mnnurev 97. 
Grown col~tinuously, 9-5, 96. VrtIue of potash for, 115. 

fifanure value of foods, 254. Manures, composition of, as used 
Used for wheat plots, 34. BIvnurjal eonstitaents g"i11ed or lost by the  land, 200. Meehouiunl analysis of ~ o t h o m s t e d  soils' L 26. ~ ~ d i ~ ~ ~ ~  gpuIina, on rotation plots' L R t h ~ r l l s  Pratensis,  137.159, 179. 

Lihve3~ description of  n o t h u m s ~ e d  soil, 19s. 
24. Weed on whent plots, 3*. 

M,teoro~ogicaI observations, Origin of  Rothirmnted experiments, 4- ~ i j i  of wheat, 26Y Leaf and  root, proportion of, in man- &lineral manures, 51 8- a n d  sugar-beet, 112, 129. Effect of, on  barley, of, in  turnips, 119. of, on in rotation* lg6' LeguminoSe5 firntioil of nitrogen b ~ ,  ERect of, on grass land, 15S. 133, 143,  159, 210. Bifect of, on leguminous crops' lg7' Legulninous crops, ivjll no t  glvow con- ~ g ~ ~ t  of, on rnang01ds~ 109 t inuously, 133, 146. ggect of, on lpotat.oes, 1ZJ- Effect of mineral mullures on, 107. 
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Mineral manures-co~r/irllrt.& Effect of, on Swedes, 120. Effect of, on wheat, 48. 

Nodules on roots of leguminous plants, 
11. Nutrition of animals, 240. 

Nibate of soda, compa&on wit11 ammo- nium-salts, 44, 59, 60, 76, 82% 87, 107, 131, 167, 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, 61, 63, 223. Nitric acid in  rain, 18. Nitrificyation, 52, 19G, 217, 236. Of acid soils, 294. Of ammonium-salts, 225. Nitrifying organisms,distribution of,221. 

Nitrite-forming bacteria, 218. 
Nitrogen, accunoulated by  clover, 147. Added to the soil by rain, 20, Effect of, on quality in barley, 89. Experiments on fixation of, 0, 8, 11, 99. Gain or loss to  the soil, 38, 210. Gained or lost during feeding, 264. In barley grain, 84, 89. In  plant, sources of, 3. 

In soil, accumulated by wild tlerbage, 139. 
Of manure recovered in crop, 54,112 

Nitrogenous constituents of food, and fat, 247. In fattening animals, 250. And increase, 242. And work, 245. 
Nitrogeno'JsmanureS, comparative effect on barley, 76. Effect on grass, 161. Effect on mangolds, 97, 116. 

Effect of successive increments on yield of wheat, 45. 
Effect on wheat, 42. 
Injurious effect on  lewminous crops, 198. Injury caused by  excess of, 102, 126, 162. 

Oats, experiments on, 92. Orgnnic matter in rain, 20. In Rothamsted soils, 28. In manures, value of, 165. 
In  soils, effect of, on bacteria, 220. Oxen, composition of, 260. 

Partial sterilisation of soil, 274. Peas, 141. Percolation of rainfaU 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, 54. Removed from soil by crops, 38, 212. Removed in drainage waters, 238. Value of, in  wet seasons, 59, 87. Pigs, composition of, 252. Experiments upon, 242. Plant growth : effect on soil, 301. Plantngo lanceolata, 100, 181. Poa pratensis, 102,116. Pohssiurn salts, and carbolrydrate for- mation, 66, 117, 135. Depressing effect, 306. Diminishes incidence of fungoid disease, 103, 165. Effect of, on grass land, 160, 164,170 Effect on leguminous plants, 169. Effect on turnips, 120. 

Function of, 66, 69, 87, 105, 117,125, 129. 
I n  Rotharnsted soils, 29, 54, 214. I n  soils, set  free by lime, 168. 
Lost in drainage waters, 238. 
I t emwed from the  soil b y  crops, 3 8 3  212. 
Value of, for beans, 134. Value of, in  d ry  seasons, 59, 87. Value of, with mangolds, 105, Potatoes, continuous growth of, 95, 123. 
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Sugrrr-bect, 132, ' h rn lps ,  122. 
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Pusfl. experiments on nitrogen fixa- tion, G .  

Q u a ' i t ~  of barley craps, 83, 88. ,. Wheat cvrops, 56. 
sugar-beet, 115, 131. 

effect of, upon barleg, 87, 286. Effect of, upon grass Innd, 185. of, upon wheat, 80, 285. evaporated, 23. Records, 15. Wet a n d  dry yes,, 68.86. b i n  gauges, 15. R o n u n ~ u l u ~  ncris a n d  bulbosus, 160s 17g. Rape ca kc, a s  manure for barley, 70. * Character a s  manure, 101. Recovery of nitrogen of, 114. Residue left by, 205. of milnure nitrogen, 112, 209. of marlure constituents in 209. Residues, left by ammonium-salts, 62v 226. by farmyard manure, 78, 166. 
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