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H. Johnston
ABSTRACT: Studies on the chemical, physical
and biclegical properties of seil
organic matter.
Phe Do thesisz submitted tc the School
for Craduate Studics, Michigan State

University, by Harry He. Johnstcne
1958

In a greenhouse experiment, 121 and 25 tons per acre of
sawdust, acid-extracted ("lignified") sawdust, corn stalks, wheat
straw and alfalfa hay were added %o Cshtemc sand., Three levels
of supplementel nitrogen added zs ures werc used with non-
leguminous materialse One series of nots was not crcpped during
a LO0-week decompositicn pericd, 3epavate series wore eronped
to wheat or alfalfa. Pericdic goil samplings werc made for
estimation of microbisl numbers :nd oile All pols were planted
uniformly to wheat after LO weeks, Nitroger taker up was deter-
mined on the harvested portions 7 L13 wheat ool 2)l218: cropoe

Soil samples were talen 2t Lo ond of the yO-week decom-~

position pericds Sanples werc

ment 1, 3 and 5 years after eddi
sawdust to Sime clay lcam,

Laboratory determinaticns on field and yreenhouse soils
included total carbon and nitrogen, watcr-{lecetable materiszle,
water-soluble nitrate, fracticnation of nitreger in acia
hydrolysates and alkali extracts, and release of carbon and

nitrogen during contrclled incubation,



4. . Jdoknston

Microbial assimilation of nitregen during early stages of
decomposition was reflected by suppressed nitrogen uptake of
wheat, increased microbial numbers, increased microbial activity
(CO2 evolution), and suppressed mineralization of nitrogen during
incubatioﬁ. Large increases in acid-hydrolyzable amino nitrogen
were fcund in the field soil and in the greenhouse where micrcbial
numbers were unusually high in soils to which nitrogen was added
as alfalfa hay, or as urea with readily decomposable materials
such as corn stalkse.

Subsequent mineralization of microbially immoctilized nitregen
was reflected by increasing urtake of nitrogen by successive crops
of wheat and was closely associated with declining micrcehial numbers,
declining microbial activity and narrowing soil Csli ratioe. Release
of microbially immobilized nitrogen occurred earlier with mcre
readily decomposable residues such as cern stalks and wheat straw
than with sawdust. Earlier release alsc occurred when nitrogen
was added with carbonaceous materialse.

Associated with the inferred dissipation of energy materials
as decomposition progressed was an increase in nitrogen not
accounted for in acid hydrolysates. The quantities of non=acid-
hydrolyzable nitrogen found were directly related tc the level
of nitrogen treatmnent, the exvected lignin content of the different
organic amendments and their degree of deccompositione It apveared
that these acid-resistant nitrcgenous materials represented pro-
ducts of oxidative corplex formation between lignascccus substances

and smmonia or proteinacecus nitrogen.



H. H. Johnstor:

The quantities of non-acid-hydrolyzable nitrogen increased
as a continuous gecmetric function of decreasing soil C:N ratioc,
Resistance to microbial decomposition of residues in the soil
after LO weeks increased as a continuous geometric function cf
increasing acid-resistant nitrogen content snd as an inverse
linear function of soil C:N ratio.

Nitrogen taken up from a majority of treated soils by the

last crop of wheat was a sigmoid function ¢f the sum <f water-

(5]

soluble nitrate plus nitrate released during incubaticnes Secil
with high levels of non-acid-hydrclyzable nitregen released
nitrogen to the wheat at a rate in excess of the function described
by soils with lower levels of acid-rcsistant nitrogen,

Additional studies are reported invelving the applicatiocn
of infrared and ultraviolet abcerbarce phencmrna, raper
electrophoresis and high frequency titraticns in soil organic

matter research,
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GENERAL INTRCDUCTICN

Characterization of individuzl soil components is one of the
major goals of the soil scientiste. ith the help of X-ray, differ—
ential thermal analysis, and the electron micreoscope, clay campcnents
can now be fairly well identified and their structure written with
a reasonable degree of accuracye

Organic matter and clays together comprise the greater per-
centage of the "active Ffraction" of the soil; therefore it is
logical that an expanded pregran of research on these fractions be
initiated. Kncwledge cf the crganic fracticon of oolls is ox-
tremely limited, Its structure is mere postnlation ani as
easy or simple way has been devised to ceparate it fron the soil,

Fal

The degree to which variocus orzanic fractione ars altered during
extraction is nat known with oy certzinty,

Organic residves added to tho zoll are changed becavse they
are a source of feod znd erergr for micrcerganiemse, Haterials
resistant to decompositicn and by=-prodo of Jdecomposition renain
in the soil and impart to the scil some of Lte most Impertant physizsal
and chemical properties,

The fact that no single methed of isolaticn hiaz been found
for the separation and characterization ef soil organic matter in-
dicates its complexity, MHydrolysic of scil organic metter with acids
or bases has given the best informeiion reogardirg its conpesition
thus far., Extraction of soil crganic matier with alksli or neutral
reagents pemits the ctudy of sme of its physical preopsrtizcs as well

as its chemical prerertics. Tren if wnaltered organic matter could



be isolated from the inorganic fraction of the soil, its structure
would be so complex that nc one tocl cor instrument could icentify itc
structure and characteristics,

Studies cn soil organic matter must then be dealt with in
sterwise manner until encuy” ucoreabion ic availadle to ressonacly
account for its siructure, characteristics, and propertijecs, Two de~
finite approaches can be made: (a) Syrnthesis of postulated molel
campounds and comparison with nctural sell organlis mabiter [rachioms,
and (b) isolation of the cirganic 30il conshituents by new and ‘mproved
methods.

Objectives of tinis gwudy on sell organic matter include the
chargcterization of some of 1ts properties ap Influencol by organlic
amendments, soil type and nitrogsn supplr, wiih =zpecial emphasis on
nitrogen transfornaations; snd a cetailzd study of individual compon-

ents of certain crgauic matter Iroctlonse



LITERATURE REVIEW

The literature on soil organic matter is so extensive that a
separation of the various investigations into related sections

should give a clearer and more understandable presentation.

Soil Organic Pnosphorus

Soil organic phosphorus has preven difficult to determine
quantitatively because of it complexity, and the large amount of in-
organic phosphorus present in some solls. Present biochemical methods,
especlally the use of exchange columns, have permitted more detailed
study of specific phosphorus containing organic compounds, including
inositol phosphates (91),

Several methods have been devised for the gross determination of
organic phosphorus in soils. As yet no direct method has been intro-
duced. One of the first methods used was that of Pearson (78)e The
organic phosphorns is extracted with a2lkali and determined by the
difference between total and inorganic phosphorus content cf the ex-
tracte Another method based on extraction is that of liehta and Legg
(67) where NaOH is used for extraction instead of NHhOH. A more
recent method uses ignition (56) to determine the amount of phosphorus
before and after heating the soil to 2hOOC. Cnly the more labile
organic phosphorus compounds wounld appear to be broken down at this
temperature, however.

There still exists consideradle controversy abcut each of the
mentioned methods. Legg found 20 per cent more phosphorus extracted

with the Wrenshall and Dyer (118) method than by the method of Pearson.



b
Black et al (13) have prepared a comprehensive review of soil organis
phosphoruss. Further work is needed on procedures for the determination
of organic phosphorus.

Chang (28), working with pure culturcs of microcrganisms, found
that between 0.3 and O.U per cent phosphorus was assimilated in organic
form per unit of cellulose decompesed. Keila (53) reported similar
results with the use of pure cultures and ihe use of cther crganic
materials as sources cf carbone If the phosphorus content cf the
organic material was below 0.3 per cent phosphorus, then mineral phos-
phorus was taken from the soil and incoerporated inte organic forme
Xaila found that the retic of crganic carben %o crgenic phospherus in
mineral soil was about 100:1 to 150:1, The ratio of organic nitrogen
to organic phosphorus was sbout 8:1 to 10:1,

Predominant evidence indicates that most of the organic phosphorus
exists in the form of nucleic acids and phytin (15) with as much as L0
to 50 per cent in the latter fcrme The svalilability to plants of these
two forms has been tested (1%, 12) but nc definite conclusions have
been reached as to their effectiveness when compared to inorganic
forms. The presence of large amcunts of organic phosphorus in sme
soils would certainly warrant further investigation of thesc phosphorus

compounds and their relation to plart nutrition.
The Uronide Cr Polyurcnide raction Of The Seil

Based on the method of Lefevre and Tollens (55), which depends on
the liberation of carbon dioxide when uronic acids are boiled in 12
per cent HCL, many investigaticns have been conducted on the uronide
or polyuronide fraction of soil crganic matter. Shorey and Lartain (389),

Norman and Bartholomew (74), Waksman and Reuszer (111), and Fuller (L1)






have shown that from 10 to LO per cent of the total carﬁon may be
present in this form. Bremner has criticized the large portion of
the total carbon attributed to this fraction, zince no proof has been
given that uronides are stabilized in the soil to such a large extent.

ILynch (59) used a chromatographic technique to separate some of
the sugars present in the fulvic acid fraction of soilse The same
carbohydrates were found follewing various treatments of the fraction,
but mild acid hydrolysis gave higher yields of these materials,

Fuller (42), doing work on the uronic fraction, concluded that
this fraction is of microbial origin because of the high proportion of
CO2 produced when compared to plant uronides. He also reasconed that
if uronides were not intimately combined with other fractiomns, then
their isolation would be easily made. Fractisnation of the soil,
however, was found to bring into solution various other materials in
the presence of which positive identification of urconides was impossibles

Mattson and XKouttler-Andersson (A3) found that in beech lignin
the content of urcnic anhydride inecreased 2 to 10 per cent as a result
of auto-oxidation in alkalis This would show that sources other than
uronic acids are capable of releasing CCp under the conditions of
the Lefevre-Tollens determination for uronic carbon.

Fran the existirg eviderce it would seem that swmme of the
uronides are of microbial origin, but the method that has been used
for the determination of this particular fraction is too empiricals
The method in its present application gives no assurance that only
uronides release CO, under these conditions, even though uroric acids

are decarboxylated antitatively by~ this methode



Composition of Soil Organic Matter

Literature references to the gross organic fraction are rather
difficult to evaluate, since no uniform method has been accepted for
the isolation of the huwmus or huwaic acid fracticns,.

Previous to 1900, much work had been done on the characteriza-
tion of the dark colored material present in the soil buat little work
was done on the chenical compounds present in the organic fraction,
Schreiner and Shorey (90) hrought to the at*ention of investigaters

the fact that specific > constitvents could be isolated {rom

5
“—u

the soil. Robinson (86) fcund that acid hydrolysis of soils liberated
amino nitrogen. The amount of amino nitrogen rcleased increased wp to
a point and then decreased with further hydrolysise Cortner and
Morrow (70) fractionatcd the nitrcgen present ir minersl and organic
soil according tec a protein aydrolysise Their piuneering work

(Table 1) showed that a large part of the organic nitrogen present

was in the form of protein or proteinaceous conpoundse Cther work

of this kind led several worksrs to conclude ihat a large part of the
protein present in scil was in the form of yeast and vacheriae. Goriner
found that ammonia and sodium hydroxide deo nct extrzct the same sub-

stances from the soil, and that humus does nol consist of a black

colored campound alone, but that a portion of almest colorless pro-

‘J.

ducts is masked by ite. Little interest wes showm irn this work until
recently when similar studies on soil organic matter have received
considerable attention.

Hobson and Page (50), and Page (77) performed numerous studies

on soil organic matter and concluded that the humic materials contain
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a camplex of non-nitrogenous humic acide and proteins A smaller pre-
portion of the total nitrogen extracted from soils with cold soda was
found to be in the amino form than in proteins of animal or vegetable
origine From this they concluded that the protein was of a different
source than plart ol animal prc¢teins They also found that humic acids
prepared from sucroszo ~nd {urfural did nel benave as acids buat 4id
give a dark cclcr.

At about the same time dzksman and Iyer {107, 108, 109, 110)
postulated that proteinr existed in soils
ligno-protein complex, ard *nz2t this zccounted for Lts aprarent
stability in scil. frar ssmihetic preparations it was Zound that scel
complexes were more recictant to microbial decompesition and possessed
a higher exchange caracity than ¢ colgiual rectsin or Lignin,  How-
ever, other workers (77, 61) have failed to chserve an increase in
exchange capacity during Tformzation of such complexsse fecanse of iho
great influence of Woksman's work ¢a other workere in tnis a2res of
investigation (105, 113, 11)), 3t sas not wrtil recently th
ligno-pretein caapler traecrvy wis ounjected Lo serious criticism.

MeGeorge {(Oh) Jcund toatb the exchange ceoacity of Lignly orgraic
soils is approzimately o Tlinsor Juretics of s paroocnb of carbon in
the soil, He atbtributed iz snchar o activii fe Limnia or lignin-
hemicellulose.

The mechanism of clay—c¢r.aric .ombinaticn was studied with pure

Insm moer 2nd Jiescking (33).

<

e

clay systems by Giesek ng {(li3) exe
The organic molecuvles zand preteins wzad interacted with the claye

and resisted hydrolysis to a much greater desrse than e cvwbctarcss



themselves. There was sme question 2s to whether the c¢lay absorbed
the enzyme and caused its inactivation. Allisen, et al, {!) found
that inorganic cclloids exertod on influence on the decompositien of

some organic materials. Montmorillonite was meost effective in stabiliz-

2

¢
"\ N

ing carbon, and kaolinite the lesst, Iymch cb al, (A0) studied some
carbohydrate-clay complexes arl found that complex sugar mrclecvles
wers absorbed hy clavse

ikcLean (65) reported thei the activities of clay-hua’: svshems
were not decressed toc ek v Uhege of the clay itself. He stated
that the activibtics ol ions o Loo clay coudd silll be projected to
the whole soils iHe attrivutsl o decresse in exchangs capaclity of
the complex Lo reacticns btetweon Ule clay anl ithe ovganic materiel and
not to the mweciernical covering ol Lue exciange sitss oo lre clay,
Cillman (LL) used acetylaticn and metbylaticn to study the cuehenge
reactions of humic acide, imi: ccids were methyleted and acehy
and showed reduction of exchiange capzcity oy ob
reduction was less tran eaulivzlendt Lo the ilncroz=sce in acetyl and msthyl
content. More recent work a2leng thesce lines wo= conduciled by Zroad-
bent (26), wilk: the use of dicsimsthene and dimethyl sulfate, lie
found that, in scll Zreod fron ve lneorgenlc Trooltlon oy bydrofluoric

t

acid, diazomethane raduced tie cation uvvehange capazity te o grezter
extent than methyl sulfate, rowm this he coneluded tnat thz cxchange
activity in humic matcricis recides in carboxylic, phenclic, or enolic
groupse

Cottlieb and sendricks (%) tried ividregenation and alkaling

nitrobenzene reducticn =g 2 metlica for isclziicn of conpewnds franm the
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soil organic matter without too mach successe Thev concluded that
the lignin molecule undergoes condensation to form 2 fused ring
structure morz resistant than native lignin,
More recent work or acid hvdrolysis of =0il organic matter by

Kojima (54), Stevenson (96, 97, 98) and Zremmer {17, 13, 19, 20, 21,

22) showed that: (a) About 25 to 35 per cert of the teotal soil nitr—

[l oL

gen is present as alpha amine nitrogen; (b) thst = large pari of tre
ammonia in acid hydrolyzates ctd coms frer mpdrelveic of prebain or
amides so that the above Tigure is a minimom fer preteinacecus nitrogen;
(c¢) compounds like amino suzarc are present to some extent and may
account for 7 to 10 per <ot of i total nitrogen; and (&) that 65 t0o
80 per cent of the total nitrozen ia2 nydrolyzed in acid.

i ]

Hock {51), along witr o*h-op worlors, btricd te use b orloy of

s

alkali extracted materia® as sn “mi-w of o smoent of hwmus present.
Bremner (21) sihiowed that o-lor iz o peor ind v of orzanic matter

presert in sclvtione Iicol separated out wvaricos 202 v anic conpon-

ents on a starch colunn srd wsed vlte- sicdlel it Tep coaparisen of
the extracts from differsnt soily, Thic rethel srrears worthy of

further investigoticr, crpecinlly with o ~anivpment avoilatlic Teo
such separaticonz,

Forsyth (38, 29) cheractzrizad the fulvic acid fraction bv
selective adsorption and fourc =i Tzazt Tovr camnponents, dvzending on
the solvent used. :le selocted Lho polysaccrarid» fracton and studied
it in further detail, Tive sugars were 727 2%ed, along with galacturomic
acide The molar rollic of tha sygnrs iselated after hydrnjyvele sroonod

15 lid

- - Sh SN - b R . ., 4 - e 3 A >3 2o
to be a censtent Topr thlas Trzollcer-? grornore=t of fulvic acis in tle
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different soils tested.

In hydrolyzed coil husrbes, Sewien =nid itkirsoem (5
proporticn of amino nitvegen to tetal nitrogen to ve Sower Bhav vald
be expected if the seil witvogen ver combinsd leprgely in proteirs.
Sowden and Parker (9L) treated soils with 2, Lh=dinitre~Clicrchanse o

prior te hydrolysis, zccoxiirg

othed fov complexing
terminal amine acids, but rneo fre: Arinc grovwpc weve Joand n he

hole secil or the humic Traciione.

Puustjarvi (S3) At ol peats, Seun? o
appreciable difTcpenear o sio lowde nells loelateds  Thoo amellert
possible humic acid aclenile nad U Doyl :1ri?“ﬁlelitl}\- T

tentative postualalicn woo o-dc oorf vowrl neliz srs oralic ool
coming from cximethrliiriusile

Flaig =nc his group in rowwmy (MR, 2, 37) hove werled wiihogyn-
thetic substances and viih rofors? ootericlog o Choos s Thog O oo

Lo v et At
O L SV IRC S R U SR MV

postulated & Adegradaticze ol Vigaie o o

humic acids, Litrogen ceni~ b o ool seils ~orll srice from ¢ ico-

tine and indolic cempourdr wolat wore Tovud to o products of fuap ool
retabclismes
A great wany wevkars pavo concernel Woomoolves vIth the nypothesies

that the resistant Tigmir in rlant sl

S 27 [adpdl) o e s N N
part of the humic 2cid mlecule (31, 57)s 1% oc siom e o Uread-
vent (2L), Peevy and Norman (72}, wrd Itlomen 2ed cghol Los (W06 that
gererally the mothoxyl cortent ol Lignia decresces 2o Limin is de-

. ~ BN - s N e . Lo
cemposed, it cariens in celer andl Inoseacse v onpliftreocevn gomiont,

Matteon and Kouttler-snderssen {(62) fcund tic* alkal ine =
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of lignin changes its sclubility, and causes it to fix anmonia against
hydrolysis by strong acidse. Bemnnet (11} confipmed Liattson's work ¢n

oxidative nitrogen fixatiom by ligrine Iy =

matayialicn he
showed that this process most provsbly iavoiese phencl ic sroups.
Horman and Peevy (76) ¢viiied soils elih hyrelclite ca ¥on ore-
mise that ligrin cr ligiin-icrived mazterial wonld Le primarily in-
volved in the reacticn. icodiz (£2) used *:lc pethod Lo sbtod- verlcue
herizens in soils and {found sous dififzrences in ihe varicus horizors,

. - - . FERIY

The method is highly empivicai, It Lo Jdi7Tieslt to delermine pre=-

K

cisely what the hypeic

tibe iz oxidizing, or whether lignin is presest

in amounts bte justifly the m:tliol,

Carnen snc Vitvogoa 2onetelirs In fo0i0

. 18 e e
The isotope "7 has grestly faciliial_on the detailed stud;y of

nitrogen transformaticns i: zeils  ecent studles nave giown tnat

denitrification occurc in scils uncer aeribic, as well as anacrobic,

e
fmm N\ ' oNpee

conditionse Wijler and Delwicn (11F, shewed lesses of 177, and Arold
(5), by use of infrzred abzorpbtimm, letevslncl too Jegs of nitrous
oxide from soile Svcadvent and Stojarovic (27) ani Nomaik (72 heve
found that denitrification is gr2atly enhance’ 'oder anaerchic condi-
tiens, resulting in lesses up to 70 ;o vent v omere of nitrete
initially present within pericds ~f thiree dzvs to thyeo vecke. Peost-
uletions as to the stepwise reduction of NCy to 4 wore nmade by Allen

~ e
and Van Neil {]), Gased on M7 ogtwallias vl Frenaomonas ceenlog,

Bartholomew et als(10), used N7 as a tracer o Tollow th

(]

immobilization of minerazl ritrogen in soilse They fond (12t 27 o
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SL per cent of the N5 applied as fertilizer to greenhiouse pote was
taken up by the plants; the lower plant recoveries of fertilizer
nitrogen were found when crop residues were added to the soil.

ith an increased need [<1 an accurate nitrogen test, interest
has arisen in the nitrifiability of soil nitrogen. £Lllisem {(2) fovnd
that addition of organic materials caused a tying up of nitrogen, and
decreased nitratess. The addition of NalOq allowed the plants to grow
normally againe Since sc many factors con zffect the formation of
nitrates in field scil, %uastel (2)) uszed tre apparatus developed by
Audus (6) to study the biochemistrv of nitrificaticn under maximally
standardized conditicnse.

Hammsen and Van Schreven {(}i7) heve vriiten an excellent review
paper on mineralization of c¢rgaric nitregen in soils, Thzy summarized
an extensive examination of the literature by ctatiry the fcllow'ng
well supported principles: (a) Ilitrite-nitrozer ard ammonia-nitrogen
are never found te accumlete in normal soilsy (b)) under verennial
crops, especially under gress cover, the minerz) nitregen content

remains low during the entire yezr; (¢) in absence cf leaching,

~~~

nitrates accumnlate in fallov secils; (d) with armual evltivated
crops, soil nitrates fluctuate seascnally, decreasing durirg pericds

of rapid crop removal and Uriefly cr not at all fellowing the incorpor-
ation of normal crop residucs; and (e) the C:} ratic in crganic matter
added to the soil is an important factor influencing the course of
nineralization, but its inflnence ie not quantitatively predictable
when applied to organic matverials of widely different crigine A
critical discussion cf the methods used [or determination of nitrogen

mineralization is also included in this ariicle.
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Carbon metabolism has alsc been studied ty many workers in this
field, especially with the rather recent avsilability of radicactive
and stable isotopes for tracer studies. Stoteky and lortensen (100)
used both labeled Clh and N15 in rye plants to study decompesition of
green manures added to Rifle peat,

Waksman (10L) found that for thiriy parts of celinlose ene part
of nitrogen was needed for decomposition by a mixed soil popwlatiom.
By using similar studies i* wzs shewm that fungi assimilate carbon
into cell substance more efficiently than do bzcteria, with actinomy-—
cetes in an intermediate grouv.

Corbet (30) considered tie evolution of 002 more significant
than bacterial numbers in messuremert of biolegical activity, and
developed an F factor as an index to thiis activity.

Broadbent (2L), and Brczdbent and Bartholeomew (25) reported that
additions of fresh plant residues to soil exerted a "priming" action
such that the resistant soil organic matter itself decomposed more
rapidly in their presences The net loss of carbon from the seil was
greater with low rates of amendmenrt, Brcadbent sugzgested that larger,
less frequent applications of crop residves would Le better than
frequent, light addition. Pinck and Allison {30) were not abtle to
confirm this work and have taken issue witnh this concept.

Bollen ard Lu {1L) studied the ~volutior cf 002 from various

1

residues, especially forest preducts, and chowed tnat the specific
origin of the material, in additicn to its carbon-nitrogen relatiocn-
ship, was important in decomposition. They alzc deter:ined that

addition of nitrogen to decomposing material resulted in lezs (U, loss






than when no nitrogen was addede In opposition to this, Rothwell and
Frederick (87) showed that loss of 002 from corn stover tended to be
similar with or without nitrogen, provided the incubation time was of
sufficient duration. During shorter periods of time, additicns of
nitrogen resulted in a greater Joss of carbon.

Several good review articles on carbon-nitrogen relationships,
together with originazl data were putlished by ‘Tinsor and Pollard

(116, 117).
Absorption Spectra of Camplex ifclecules

The use of infrared and ultraviolet ahzorpticn svectra for the
study of mclecular structure has incvreased with improvements in
commercial instruments.

The cause of ebsorption in *he ultraviolet region is an electrcnic
energy-level shift within the molecule wher it is exposed to radiant
energy of apprepriate wave length. For an organic compound the
molecule must include a rescnant structure, ususlly of the type C®C,
C=0, NN, or C=N or other doubly~bonded groupse Ultraviclet abscrp-
tion apparatus has been videly used for ihe study of biochemical
naterials ané aromatic compecunds. For a further discussion cf ultra-
violet spectra refer to Friedel and Crchin (LOJ.

While the organic molecule must be capable of rescnance tc show
absorption in the visible and ltravinlet, all organic compounds absorb
in the infrared region. The radiant energy =bsocorbed is translated
into kinetic energy which may appear in one or both of two forms of

movement of atoms in the mclecule, One of these is the vibration of
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atoms ebout an equilibrium position in the molecule. The other is a
rotational movement of an atom about its axis. The combination of
these vibrations with rotation of the atoms gives rise to vibrational-
rotational absorbance spectress. The absorption of energy to give a
vibrational movement induces an instantaneous dipole moment in the
molecule and produces an absorption band in the transmission spectrum.
The vibration of the atoms with respect to one another may be resolved
into two type of motion:
(1) a "stretching" motion where the atoms move along the
direction of their bond axis.
(2) a "bending" moticn which produces angular defcrmation
of the interatomic bond (Barnes et al, )
Ploetz (82) has used ultraviolet spectra tc study polyquincnes
as possible building blocks for humic acids. A research project
report of the Americen Fetroleum Institute (85) presents meny infrared

spectra for silicate and clay minerals,
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Chemical and hislcgiczl studies were conduct=¢ o two groups
of soil samples reprecenting scils previcusly amended with varicus
plant residues, The first grovn was taken fron a field experiment

-

in which messive applications =f sawcust had beoen made cn a Sims

clay leam st varying
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group was taken from ¢ greorrouse axne

materials were added ot v ovetoee ar oo TAr T e depoTe of nitrogen

to an Oshteme cand.
both groups of samplec ars dsccribed inp the Ie1lawing chepter, The
experiments themselves arc dercorived ang the erperrimanial roculis

pertaining tec each are precertod zepamolely Ly il nawt Swo chapbaro,



METHCDS CF ANALYSIS

Totzl Zarbon
Total carbon was estimated By two methods
a. The dry combustion method with ignition at 950°C (1),

be A modified igniticn mettod as described in the appendixa

Totul Nitrogen
Nitrogen was determined by the Kjeldahl methiod using 2 mercury

catalyste

Nitretes were determined on water leachstes by the vhencel-~

B

disulfonic acid method,
Nitrifiable ritrcger vise dotemire? by the Iowa incubetion

procedure (95).

Hydrclytic rroastirnstion of Ditrogen
The method wzed feor hvorolvtic foa-tionaiiosn of nllrogor wac

that described by lierrow (??). After reaovel of nitrate by leaching

o

with water, the soil was uaydrclyvred with A U1 for s perind of

12-1l hourse This hydrclysete was frecd from U

N : o e IS UGG
h e soil hy filtretieon

and washing with hot water. The acid hydrclveatc wee reduced in

vclume in vacuum te remcve most of the HCle & mersured cliguot was

then neutralized with saturated Ca(08), ard e amoenla dletilled

D)

over intec a boric acid scluti-on vrder vacuune The residuol material

KeJ

after the ammenia cistillalion was cellected on filtor Haper and

esignated as acid=goluble tumin, The filtrate was neutealised viith
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HCl and concentrated under vacuum to 100 mls. The filtrate contained
both the mono-amino nitrogen and basic nitrogen fraction. Alpha amino
nitrogen was determined on an aligquot of this filtrate by the Van
Slyke nitrous acid method (120). A second aliquot was treated with
phosphotungstic acid to precipitate basic nitro-.en. In the present
study, no attempt was made to separate amino nitrogen in the basic
fraction. Total nitrogen in the material precipitated with phosphotung~
stic acid was determined and designated as basic nitrogen. 411
distillations were carried out at a temperature less than SOOC and in

vacuume.

Alkali=Soluble Nitrogen -ractions

The soil was extracted first with one percent HCl to remove the
calcium and then extracted twice with 2 percent NaOX. The extract-
ion was done at room temperature by continuous shaking for a period
of four hours each time. The samples were centrifuged, washed and
the supernatants combined. To the dark colored supernatants, HCl was
added until precipitatiocn occured. Tiis precipitate was then centri-
fuged, washed, and the supernatants saved for nitrogen analysis. The
acid precipitated material was designated as the humic acid fraction
and the supernatant, the fulvic acid fraction. The fulvic acid
fraction was concentrated by evaporation before analysing for nitrogen.
An attempt wa- made to determine sugars in the fulvic acid fraction
but the concentration of sugars was so small that no accurate

determination could be made with the methods employed.
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Crgaric Phosprorus

Pearson's method for organic phosphorus was used (78)e+

Katerials Flostable in Yiater
Seventy grams cf soil was shaken with 22C nle of watzr and 20
mls of BaCl2 was added bte preczipitate the colloidal nmaterial. Un-
deccmposed residues whici: floated to the surface were skimmed off,.
This separation was repeated twice. The water-floatable material. wes

washed and placed in a dish fer drying and weighinge Kjeldahl

L
8
)
ct+
]
3
Iy

\
)
L%

nitrogen was determined cn these floatabl

experiment,

wiceobiel Counts
Micreobial counts werr wade on two Liffsrimt madise: Ilartin's
medium for fungi (92) and 2 modified scil=extract=-tryntone-agar {(42)
for bacteria were uscede Tcocrmulas "o Yicse mella are given n the

Appendix. Scil semples were w:ighed ant plrcel in sterile wator

-4

blanks, with an initial Jdifntlon of 1232, Irorn these, additicnal

3
dilutions were made so¢ thizt counts could be e betwzen 20 znd 300
colonies per plate for bacteria ard 20 to 100 cclonies per plate for
fungi. A1l dilutieng were noured n dunllcete for each of the

3

duplicate greenhousce vetu, giving a total of four plates countod

per treatment for cach group of crgarisme,

# The author wishes tc thank K. L. Dinra for belp in the

analysis of the crganic phesnhcruse
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Respiration Rate
One hundred grams of soil was placed in a two-quart glass jar.
A vial containing 5 mls of J5N NaOF was placed in the jar to ccllect
the carbon dioxide. The laCH was ther titrated with 1% HCl in the
presence of excess BaClp and n CCp Irze atncsphere. The vials were
changed daily or twice daily dependin:g wn the Clp productions (ne
empty jar was kevt fer a blank (75). The jars were cerated with
suction every thres deve to insure an adequate oxygen ouvnplye A cone
stant temperature of 35°C was moint2ined and the moisture content was
adjusted to approximately ficld crpacitr ot the beginning of Lhe in-
cubation periode Carben iicnidc preduction wo= determincd for a ten-

day pericd.



FIELD EXPERTMENT

A field experiment hai been startad in 1951 by the lichigan Agri-
cultural Experiment Station to test the effacts of large applications

of hardwood sawdust on crop riells em 2 “ims c¢lay loam. Five separate

blocks had been laid cut to accommedate a five-year rotation of cern,

- - 1200 P
our different

beans, barley and two years of alfulia-prame
plant residue treatmenic were imprsed esch year o;n o tic Dlock wihich
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soil samples tzken cnc, ke and Jive years oty gowles

toapmY icats
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applied.
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Total soil nitrogen was determined before and after screening
through a L4O-mesh sieve. The nitrogen percentages were greater in the
sieved samples because of the removal of sand and gravel, but their
relative values were altered very little. It is difficult to account
for the apparent loss of 860 pounds of nitrogen per acre the first
year after sawdust treatment. It is possible that anaerobic condi-
tions resulting from rapid decomposition of the fresh sawdust may have
promoted denitrification, although such large losses have not been
reported from field studies. Comparable rates of denitrification in
laboratory studies have involved nitrates as the initial nitrogen
substrate. In the absence of confiming data, the low figures for
total nitrogen one year after sawdust addition possibly should be as-
cribed to experimental error,

The increases in total nitrogen shown in Table 3 for the third
and fifth years over the check (280 and 460 pounds per acre respectively)
are of the order of the amounts of nitrogen added in fertilizer plus
that which might reasonably have been fixed biologically over these
periods of time. The effectiveness of sawdust in immobilizing and

retaining these added increments of nitrogen in the soil is apparent.

Mineralization of Carbon and Nitrogen
Carbon dioxide evolved by these soils during a ten-day incubation
period at 35°C is shown in Table L. Carbon dioxide evolution provides
an indirect measure of the energy supply available to the microbial
populations which developed in the incubating sample.
There was a six-fold increase in CO, evolution over the check in

the sample taken the first spring after sawdust application. The



28
highly carbonaceous nature of the contributing energy materials is
reflected in the wide C:N ratio (24:1) for this soil. The high
microbial demand for nitrogen to support respiration and growth of
microbial cells on these materials is shown by the inability to recover
nitrates from the same soil after 1l days of incubation. The field
significance of these results was observed in the 50 per cent reduct-
ion in corn yields where no nitrogen was applied with sawdust (Table 2).

The failure to detect any nitrifiable nitrogen during incubation
in the first year cannot be construed to mean that nitrogen was com-
pletely immobilized in a static sense. Rather, the high level of
respiratory activity measured as COp was supported Ly a rapidly cir-
culating pool of metabolic nitrogen which was being drawn on by new
microbial cells as rapidly as it was released by the death and decom-
position of older cells. In the presence of excess carbonaceous
materials the proportion of mineralized nitrogen to organic nitrogen
in the metabolic pool may have been very low, as shown by the low
level of nitrates in initial extractions of all four samples (Table L).
The nitrate and ammonia produced were available to crops on a competi-
tive basis with the soil microbial population. With the lower tempera-
tures nomal to soils in the field, microbial competition would be
expected to have been less intense than under the conditions imposed

during incubatione
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Table L.-Effects of séwdust (35 tons per acre) and time since applica-

tion on total carbon and nitrogen and on the mineralijzation of carbon

and nitrogen in Sims clay loam.

Number of Total C and N Nitrate Nitrifiable Carbon CsN of

years after C N CsN N N mineral mineral-

sawdust ized igation

application % % (a) (b) (c) (d)
/A #/A #/A

1st year 4.0l L175 24.1 L 0 3121 Inf.

3rd year 3.23 232 13.9 1 126 895 Tel

Sth year 3,05 .2L1 12.7 1 121 938 TeT

(a) Nitrate-nitrogen in initialwater extract of air dried soil,
(b) Nitrate-Nitrogen produced during 1l days at 35°C.
(¢) Total carbon evolved as CO, in 10 days at 35°C.

(d) Ratio of carbon mineralized to nitrifiable nitrogen.

The long feeding period represented by the growing season of a crop
such as corn, would have permitted the crop to accumulate a consider-
able quantity of nitrogen in competition with an active microbial
population. This would have been true particularly in a soil with a
relatively high nitrogen content to contribute to the metabolic pool,
(about 0.2 per cent total N in this Sims clay loam)e This would

help to account for the rather creditable L~year average yield of

42 bushels of corn per acre during the first year after sawdust

applications.
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By the third and fifth years after addition of the sawdust the

CsN ratio of the soil had narrowed to approximately one half that of
the first year sample (fram 24:1 to 13:1). The carbon remaining in
residual sawdust materials in these soils was about one third as
subject to attack by microorganisms as the sawdust in the first year
sample. This was shown by the quantities of carbon mineralized
during incubation. On the other hand the residual sawdust and its
transformation products were decomposed much more readily than the
native soil organic matter in the check; the CO, collected fram the
third and fifth year samples was approximately double that fram the
check, while the total carbon in the soil was only one third greater.
It is significant that the two-fold increase in decomposition
rate in third and fifth year samples over the check was associated
with a two-fold increase in nitrifiable nitrogen. The ratio of carbon
mineralized to nitrogen mineralized for the check sample was 7.2 to 1,
and for the third and fifth years, 7.1 to 1 and 7.7 to 1 respect-
ively. These ratios were somewhat narrower than reported by Thompson
and Black (103) because nitrates were determined after 1l days, where-
as 002 was collected for only 10 days. However the similarity in
ratios between the check and the samples containing residues from saw-
dust decomposition indicates that these residues had reached a stage
where the pattern of their decomposition was very similar ‘o that of
the native soil organic matter. They represent a substantial addition
to the quantity of soil organic matter and an increase in its decom-
posability. "Nitrifiable nitrogen" as determined by incubation
procedures is a measure of both quantity and decomposibility of organic

compounds containing nitrogen in the soil.
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The incubation procedure showed a two-fold increase in nitrifi-
able nitrogen by the third and fifth years after sawdust application.
The amount found in the third year (126 lbs. per acre) is in the
prediction range for no respense to nitrogen in the Iowa interpre~-
tation scheme of Fitts, Bartholomew and Heidel (34). However, yields
of barley this third year were depressed by the residual sawdust, and
barley did respond to nitrogen (Table 2), The Iowa interpretation
is based on the response of corn. However, the failure of barley to
reflect the differences in nitrifiable nitrogen between the check
and the third year sample is an example of the inconsistencies
frequently encountered in attempts to correlate crop response with

incubation tests for nitrifiable nitrogen.

Hydrolytic nitrogen fractions

The soils were sieved through a LO-mesh sieve and subjected to
acid~-hydrolysis and fractionation of nitrogen according to a modified
'Hausmann protein analysis (70). The data are presented in Table 5.

As has been pointed out, the large initial decrease in total
nitrogen the first year after treatment must be questioned. However,
relative changes in the various hydrolytic fractions were consistent
with trends observed in the third and fifth years' samples and will be
discussed.

Of the total nitrogen in these samples, 70 to 75 per cent was
released by acid hydrolysise. This compares with 72 to 77 per cent
reported by Gortner (LS) and 68 to 87 per cent reported by Bremner (17).
The proportion of acid-hydrolyzable nitrogen was greater in the saw-

dust treated samples than in the checke The increased quantities of
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nitrogen in the hydrolysate appeared principally in the amino and
basic fractions. The proportion of soil nitrogen which appeared in
these two fractions reached a maximum the third year, although ab-
solute amounts were greater the fifth year due to a continued increase
in total nitrogen between the third and fifth years. Amino nitrogen
and basic nitrogen were determined on separate aliquots of the same
hydrolysate after humin precipitation and ammonia distillation. Thus
there was some overlapping in the constituents of these two fractionms,
with same basic amino acids undoubtedly appearing in both.

There was a definite downward trend in the proportion of acid-
hydrolyzed ammonia nitrogen, although the relation to the period of
decomposition was erratic. A portion of this ammonia may have come
fram the deamination and deamidation of proteinaceous materials.
However, a large part of it could have originated in soil constituents
other than proteins (62, 90). Among such non-proteinaceous ammonia
sources may have been included oxidative products of lignin decom-
position (61,62), as well as ammonia sorbed by clay minerals (98).

The ratio of ammonia to amino nitrogen declined from 642 in the
check sample to <lL5Sl, <466 and .19 in the samples taken one, three
and five years after sawdust application respectively. Stevenson (97)
found that a widening ratio of ammonia nitrogen to alpha amino
nitrogen appeared to be characteristic of the weathering of soil
organic matter as reflected in the long term rotation plots in the
Morrow experiments at the University of Illinois. Table L shows a
net relative decrease in ammonia nitrogen of L.O per cent between the

check and the fifth year's sample. This corresponds to a net increase
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reported by Stevenson of 6.0 per cent for continuous corn over con-
tinuous sod over a fifty-year period. The relative increase of 7.7
per cent in amino nitrogen five years after sawdust treatment in
Table L corresponds to Stevenson's net decrease of 9.9 per cent. To
the extent that these changes reflect differences in quality of soil
organic matter, the transformation products of sawdust decomposition
after 5 years represent a drastic reversal of trends associated with
normal weatheringe.

The proportion of nitrogen in the acid-hydrolyzable humin fraction
showed an initial decline the first year after sawdust application,
followed by a gradual increase. The original level had been establish-
ed again after five years. The same trends were observed for the
total amount of nitrogen which was not released by acid hydrolysise.

An essentially constant ratio of 392 mgms of hydrolyzable humin N

was recovered per mgm of non-acid-hydrolyzable N in these four samples.
This strongly suggests that the hydrolyzable humin N is an equilib-
rium product of the partial hydrolysis of some organic complex (or
complexes), the relatively more resistant core of which appears in

the non-acid-hydrolyzable nitrogen fraction. It is generally recogniz-
ed that both fractions contain a preponderance of aromatic or hetero-
cyclic structures characteristic of lignin or degradation products

of lignin, as well as of soil humic materials (17, 61, 62). The
difference in refrangibility between these two fractions may be
related to differences in degree of oxidation or degree of poly-
merization or both.

The non-acid-hydrolyzable nitrogen fraction does represent the
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more highly oxidized, resistant humic materials in the soile. The
initial decline after sawdust addition in the proportion of nitrogen
found in this resistant fraction is analogous to the priming action
of fresh residues on decomposition of soil organic matter reported in
tracer studies by Broadbent and Bartholomew (25). It would appear
that fresh energy materials in the added sawdust made it possible
for soil microorganisms to attack these resistant soil humic materials.
The concurrent increase in the amino nitrogen fraction suggests that
resistant nitrogenous constituents of native soil organic matter
were utilized as nitrogen sources by the soil microbial population,
resulting in a transfer of nitrogen from one fraction to the other.

The absolute amounts of nitrogen recovered in each fraction
are plotted graphically in Figure l. The data for phosphorus fract-
ions shown in this figure will be discussed later. The initial
decrease in total nitrogen the first year involved decreases in all
fractions except the amino fraction. Increases occurred in all
fractions the third year, but principally in non-acid-hydrolyzable
nitrogen and amino nitrogen. Additional increases the fifth year
occurred only in acid-resistant nitrogen, amino nitrogen, and humin
nitrogene.

Two distinct mechanisms of nitrogen immobilization are reflect-
ed in the increases in total nitrogen observed in the samples taken
the third and fifth years after sawdust was applied. For the most
part, the increases in acid-hydrolyzable amino nitrogen may be con-
sidered to represent products of microbial synthesise. The non-acid-

hydrolyzable nitrogen and the hydrolyzable humin nitrogen fractions



FIGURE 1

Changes in organic nitrogen and organic phosphorus fractions
in a Sims clay loam over a five year period following the
addition of 35 tons per acre of sawduste
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increased most probably by incorporation of nitrogen into residual
lignaceous materials which accumulated as the sawdust decomposed.
This latter process is presumably not microbial but is associated
with the chemical oxidation of lignin or similar compounds involving

benzene ring structures (61, 62, 63).

Alkali-extractable nitrogen

The results of alkali extraction and fractionation of nitrogen
in Sims clay loam samples are presented in Table 6. Figures for non-
acid=hydrolyzable nitrogen are also shown for purposes of comparisone

Nitrogen extractable in alkali reflected the sharp drop in total
nitrogen the first year after sawdust application. However, the
upward trend in total nitrogen in the third and fifth years' samples
was not paralleled by similar increases in alkali extracted nitrogen.

A somewhat closer correlation was observed between the percent-
age of total N appearing in the humic acid fraction and the percentage
not hydrolyzed by acid, both showing a distinctly downward trend.
This might be expected, since insolubility in acid was the basis for
separation of both fractionse. Humic acid nitrogen in the alkali
extract continued to decline in percentage over the whole five=year
period, whereas the percentage nitrogen not hydrolyzed by acid de-
finitely leveled off between the third and fifth years. Thus it
would appear that certain soil constituents may be common to both
fractions, while others are more specifically associated with one
or the other of these two fractions.

The fulvic acid fraction showed a sharp increase percentagewise
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Table 6. - Effects of sawdust (35 tons per acre) and time after
application on the humic and fulvic acid fractions
of Sims clay loam.%

Years after sawdust application
Nitrogen fraction Check 1st year 3rd year b5th year

Total soil nitrogen
mgs per 100 gms 233 193 242 268

Total soil nitrogen
extracted in alkali
mgs per 100 gms 7945 68.0 69.0 6242

Percent of total soil
nitrogen extracted in

alkali 3643 38.8 2847 25.8
Humic acid nitrogen

mgs per 100 gms 5742 L5 51.7 Ll
Percent of total 245 23.0 21.3 16.5
Fulvic acid nitrogen

mgs per 100 gms 22.3 23.5 17.3 17.8
Percent of total 9.5 12.1 7.1 6.6
Non-acid-hydrolyzable

nitrogen-mgs per 100 gms 3% 69, 51 59 66
Percent of total soil 2945 26.3 2116 25.5

nitrogen

#ifty grams of soil were twice extracted with 2% NaOH for two four-
hour periods at room temperature with shaking. The centrifuged
supernatant was acidified with 1Cl until the dark colored material
was precipitated. This acid precipitated material is the humic
acid fraction and the supernatant the fulvic acid fraction.

#Non-acid-hydrolyzable nitrogen from Table 5.
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one year after sawdust was applied. This may have reflected a tempor-
ary increase in free, —or loosely complexed, -—amino acids or protein
moieties resulting from microbial activity stimulated by the large
addition of fresh energy materials. The declining level of fulvic
acid nitrogen in the third and fifth years parallels that for humic
acid nitrogen.

The significance of these changes is not clear. They do indicate
that soil organic constituents were being actively transformed as
a result of sawdust treatment and that the influence of the sawdust
on these transformations was still in evidence five years after
treatment. It appears likely that many of the changes noted were
related to increased complexing activity of lignin as it was pro-

gressively exposed and oxidized during decomposition of the sawdust.

Organic phosphorus

The work of Chang (28) has shown that phosphorus to the extent
of 0.3% of added cellulose was assimilated during decomposition. This
corresponds to numerous reports that a phosphorus content of 0.2% to
0.3% in organic materials represents the critical level between
release and immobilization of mineral phosphorus during decomposition
(13)

Phosphorus in the sawdust was not determined, but analyses of
similiar materials reported in the literature (3) indicate that it
would have been of the order of 0.0l1%¥. An increase in organic
phosphorus would be expected where sawdust is allowed to decompose in

soilse. Changes in total, inorganic, and organic phosphorus with
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sawdust treatment and time are tabulated in Table 7. Total phos-
phorus was maintained at rather constant levels in all soils. Two-
fold increases in per cent organic phosphorus were found in the third
year and fifth year samples. These increases in organic phosphorus
were made principally at the expense of the inorganic phosphorus.

There was a sharp decrease in acid-soluble phosphorus the first
year after sawdust epplications, at which time 29 ppm (58 pounds per
acre) was found. In the Michigan system of fertilizer recommendations
based on soil tests, 50 pounds per acre of phosphorus soluble in
«135N HCl represents the dividing line between "high" and "low" levels
of available phosphorus for soils below pH 6.5. When the combined
requirements of a growing crop and the microfloral population supported
by the residues is considered, the 58 pounds of acid-soluble phosphorus
found in this sample may well have been deficient. This may be one
of the reasons that corn and barley did not give larger responses
to nitrogen fertilizer. The continued increase in organic phosphorus
observed through the third and fifth years suggests that microbial
competition for phosphorus as well as nitrogen may have been a signi-
ficant factor in crop yields over the entire period.

Organic phosphorus increased with amino nitrogen, as is shown
graphically in Figure 1 (P. 36). It may be inferred that carbon
added to each of these organic fractions came largely from added saw-
dust by microbial compounding with nitrogen and phosphorus from soil
and fertilizer sources. This does not imply that the increased quanti-
ties of organic phosphorus found in the third and fifth years' samples

were present entirely in the form of microbial cell substance.
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Actually, only a small amount of phosphorus could be considered to
have been in this form. Rather, a selective accumulation of phosphorus
campounds released by the death and decay of successive generations
of microbial cells would appear to have occured. The possibility
that decamposition products of lignin might form complexes with

phosphorus compounds has never been investigated.

Table 7. - The effect of sawdust on the total, inorganic and
organic phosphorus in Sims clay loam.¥

Years after Repli- Total P Inorganic P Organic P «135N HCl -
sandust , cation P ppm 4 of et 4 of soluble P

application total total pm % of
total
Check 1 832 640 192 57.5
2 800 642 138 58.0
average 816 651 79.77 165 20423 57.8 7.1
1st year 1 870 664 206 277
2 900 700 : 200 30,0
average 885 682 77.06 203 22.94 28.8 3.3
3rd year 1 840 L3k Lo6 52,00
2 700 376 32l 55.0
average 770 L0s5 52,60 365 L7.L0 53, 6.9
S5th year 1 870 L0oOo 470 50,00
2 800 L70 330 10,0
average 835 L35 52,10 LOO  L47.90 L5.0  S.bL

# Method of Pearson (78)



GREENHCUSE EXYPERIMENT

Design of Greenhouse Experiment

An experiment was initiated in the greenhouse to study the
effects of decomposition of various organic amendments on the dis-
tribution of soil nitrogen. So that relative changes might be more
easily observed, a sandy soil low in carbon and nitrogen was selected.
It was also considered that the effects of clay minerals on the de-
composition would be minimized in a sandy soil.

Oshtemo sand was used. Cation exchange capacity and exchange-
able cations were determined by the ammonium acetate method (32).
Available phosphorus was estimated as that extracted in 0.1N HCl
containing 0,03 N NHhF, according to the method of Bray (32)e. The
initial pH of the soil was determined with the glass ele;trode.

The soil was screened and thoroughly mixed. Four thousand grams
of soil was placed in each of the one gallon pots used in the study.
Calcium hydroxide was added in an amount calculated to bring base
saturation to 80 per cent with respect to calcium. Primary and
secondary nutrients other than nitrogen were added at double the re-
quired rates calculated from soil tests, in an attempt to make nitrogen
the only limiting nutrient. Two mls of a minor element mixture
suggested by Hoagland (68) was added in solution. The dry mineral

amendments which were added to each pot were as follows:

Ca(OH)Q............ 2.0 gm
CaHPOh ess0sccccses I.Ogm
Mgo 00000 c0c0cee Oo}.l gn
KCl esesesesscse l.Og’,m
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The following plant materials were used as organic amendments:
Sawdust#, lignified sawdust¥¥, wheat straw, corn stalks/ and alfalfa
hay. These materials were dried at 70°C before the prescribed
aliquots for each treatment were weighed and added to the soil. The
materials were added at two rates of application (50 and 100 gms
per pot#¥) and mixed thoroughly with all of the soil in each pote

Three levels of nitrogen treatment were employed with all
materials except alfalfa hay. At the 50-gm rate of organic amendment,
the Nb’ Nl and N2 levels of nitrogen treatment corresponded to addi-
tions to each pot of nitrogen from urea as follows: Sawdust (0, 392
and 1.177 gms); lignified sawdust (0, .6LLl and 1.923 gms); straw (O,
«073 and .219 gms); corn stalks (0, «126 and «379 gms). At the 100-gm
rate of organic amendment, urea-nitrogen additions per pot to achieve
No’ N1 and N2 levels of nitrogen treatment were as follows: Sawdust
(0, +785 and 2.355 gns); lignified sawdust (0, 1.281 and 3.846 gms);

straw (0, o1L6 and .L438 gms); corn stalks (O, «252 and 757 gms).

% Hardwood sawduste.

¥ pAcid-extracted sawdust prepared as follows: Hardwood sawdust w
treated with 72 per cent sulfuric acid w/v for two hours at 10 C
and then hydrolyzed according to the method described by Norman
(73)e The acid-treated, acid-hydrolyzed material was then washed
with water until free of sulfates. This treatment is designed to
remove cellulose and other carbohydrates, leaving a residue which,
in the case of non-proteinaceous materials such as wood, is con-
sidered to be principally lignin.

/ The corn stalks included cobs and hulls in addition to the stalks
themselves.
## Equivalent to 12.5 and 25 tons per acre, respectively.






Assuming that the materials used all contained 50 per cent
carbon, the N,s Nl and N2 levels of nitrogen treatment represented
additions of carbon and nitrogen in the following ratioss Sawdust
(35351, 6031 and 2031); lignified sawdust (577:1, 36:1 and 13:1);
straw (6631, 55:1 and 42:1); corn stalks (11h:l, 72:1 and 4l:1).

The ratio of carbon to nitrogen in the alfalfa hay was 18:1.

Two check treatments were included.s In one case neither organic
amendments nor nitrogen were added. In the other, 1.923 gms of urea
nitrogen was added per pot without organic amendment.

Water was added to bring the soils to 10 per cent moisture
(approximately field capacity). The soils were incubated for LO weeks
in the greenhouse. One series of duplicated pots of all treatments
was planted to wheat, two crops of w: ich were grown and harvested
during the first 25 weeks of the incubation period. Soils were re-
moved from the pots and remixed after harvest of the first crop and
before planting of the second crop of wheate The other series of dup-
licated pots were not cropped during the LO weeks of the incubation
period but were maintained at the same moisture content as the cropped
series by periodically adding water to constant weight.

The sawdust and lignified sawdust treatments were also applied
in duplicate to a third series of pots which were then planted to
alfalfaes Three cuttings of alfalfa were harvested from these pots
during the LO-week incubation period.

Daily maximum and minimum temperatures were recorded from January
through September, or through all but the first month of the period.

Daily maximum temperatures fluctuated moderately in the 70's and 80's






L5
through February, when the first crop of wheat was harvested. From
March through May while the second crop of wheat was growing, in-
creasingly extreme fluctuations in temperature were recorded, with
increasingly frequent maxima in the 90's, or above. From June through
September, mean monthly maximum temperatures were consistently above
100 degrees F, and daily minima ranged between 60 and 70 degrees.
Because of these high temperatures, no attempt was made to grow wheat
through the summer, although all pots were maintained at the moisture
level which had been established in the beginning. Alfalfa was grown
continously through September in the pots which were planted to alfalfa
at the beginning of the experiment.

During this LO-week period soil samples were taken periodically
for determination of pH and estimation of microbial numbers. At the
end of the LO weeks, soil samples from representative treatments were
taken for use in the laboratory deteminations outlined in Chapter IX.

At the end of the 4O weeks, wheat was planted in all pots as a
biological indicator of residual nitrogen availability. Top growth
harvested from these plants, as well as from the two crops of wheat
and the three cuttings of alfalfa from the two previously cropped
series of pots, were dried at 65 degrees C, weighed and ground for
analysis for total nitrogen.

A detailed description of all treatments included in the experi-

ment is presented in Table 17 of the Appendix.

Results of Greenhouse Experiment

Because of the time=consuming nature of a number of the laboratory
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determinations, it was not feasible to make use of soil samples fram
all treatments in the laboratory. Representative treatments were
selected for this purposes For the most part, samples from the high
rate of residue addition (100 gms per pot) were subjected to detailed
analysis, since it was felt that maximum variations relatable to
treatment would be found at the higher rate., Soil samples from the
duplicate pots of each of these selected treatments were bulked and
most analysis were performed in duplicate on aliquots of the bulked
sample.

The experimental treatments have been described in the preceeding
section and in Table 17 of the Appendix. The following code will be
used to relate laboratory results with the experimental treatments im-

posed prior to and during the course of incubation in the greenhouses

IS: Lignified sawdust
SDs: Sawdust

CS: Corn stalks

ST: Wheat straw
ALFe: Alfalfa hay

CKs: Check

Ws: The pots were cropped twice to wheat during the first
25 weeks of the decomposition periode
Wb: No crop was grown during the LO week decomposition
period.
N _: Highest C:N ratio of organic amendment (no supplemental
nitrogen).
le Intermediate CsN ratio of organic amendment (lower level
of supplemental nitrogen).
o3 Lowest C:N ratio of organic amendment (higher level of
supplemental nitrogen).
CK + N: 1.923 gns of urea nitrogen added per check pot without
organic amendment.

Soil pH and nitrates

Data in Table 8 show that the pH of the check soil to which urea
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was added had increased to 7.7 two weeks after the start of the exper-
iment. This was due to ammonia released by hydrolysis of the urea.
Similar inqreases over the no-nitrogen check were observed for
alfalfa hay and for the uncropped sawdust and lignified sawdust treat-
ments at the N, level of nitrogen. Soil pH was depressed at this time
by lignified sawdust at the No and Nl levels of nitrogen. This re-
flects the high base~binding capacity reported for lignaceous acidoids
(61, 62, 63).

Soil acidity after LO weeks appeared to be closely related to
the level of nitrate nitrogen in the soil. Relatively high nitrate
levels following addition of alfalfa were less effective in depressing
the pH than was the case with the other materials. Of the materials
used, alfalfa would have contributed the greatest quantities of mineral
cations to neutralize organic and mineral acids produced during decom=-
positione

The oxidation of lignin is known to result in an increase in
acid groups and an increase in cation exchange capacitye. This would
explain the fact that the increase in acidity after LO weeks was dis-
proportionately greater for a given level of nitrate with lignified
sawdust than with the other materials.

The original organic components of all cropped soils had been
augmented by the root residues from two crops of wheat grown during
the decomposition period. Evidence will be presented later to show
that these root residues contributed greatly to the supply of energy
materials and markedly influenced the biological and chemical proper-

ties of these soils at the end of the decomposition periode. From
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Table 8 it is apparent that the net effect of cropping in the case of
the lignified sawdust, sawdust and corn stalk treatments was to reduce
the level of nitrate and retard the development of acidity following
high rates of nitrogen treatment. In the alfalfa-treated soil, crop-
ping had no apparent effect on pH or nitrate level after LO weeks.
Water-floatable materials and
total carbon and nitrogen

The transformation of organic materials added to these soils was
probably more rapid and extensive than would have been the case in the
field because of the abnormally high temperatures which attained in
the greenhouse. A rough indication of the extent to which the wvarious
materials were altered in LO weeks is given by the recovery of materials
which floated off when the soils were suspended in water (Table 8)e
The percentage recovery of materials originally added without supple-
mental nitrogen decreased in the order lignified sawdust » sawdust;>
corn stalks;> alfalfae. This is the order which would be expected
in the light of the original carbon-nitrogen ratios of these materials
and what is known about the relative decomposabilities of similar
plant materials.

These water-floatable materials accounted for roughly % to 2/3
of the increases in total carbon which were observed in all soils to
which organic materials were added. This was true in all cases ex-
cept where the high level of supplemental nitrogen was used with
lignified sawdust. Here the greatest increase in total carbon for any
treatment (LSANO-Nz) was associated with a very low recovery of water-

floatable materiale The amount of relatively unaltered lignin
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Table 8. - Effects of various soil amendments on soil pH after 2
and LO weeks and their relation to final levels of nitrate,
water-floatable materials and total carbon and nitrogen
in Oshtemo sand.*

Treatment Soil pH Levels after LO weeks
After After NOo=N Water-floatable Total Total
2 wks. LO wks. 1bs. materials C N
per acre % % lbs.
of original of soil per acre
amendment

--------------------- 2 e Y T Y
IS"W"NO 607 603 l 7800 1038 llhO
I.S-N-Nl 6.5 6.2 32 6248 1l.46 1320
IS-W-Na 669 542 79 L3.6 1.38 440
I.S-Wo-l\l2 7.2 L8 110 2.1 1.53 1860
SD-W-No 7e0 6.7 0 SLe8 1,22 1180
SD-W-Nl 7.0 643 77 5342 1.11 1500
SD-W-NZ 701 5.6 150 51.2 loll 15)40
SD-W_-N, Teb6 5.3 372 61.6 1.18 1840
CS-’.‘I—-No 6.8 6.9 2 L8y 1.02 1260
CS-W—N2 7.0 6.6 28 30.8 1.00 1460
CSW N, 6e8 642 98 23.2 1.03 1380
ALF--‘.'I—I\I0 7.5 645 136 13.2 1.00 1580
ATF-N N To5 645 116 15,2 1.01 1580
CK'W"NO 7 .O 6 ‘6 }-lz — 08h 1060
CK-W-N TeT __ 5e3 28L — «78 1220

# Organic amendments were added at the rate of 25 tons per acre.

3% Percent recovery of water-floatable materials was calculated after
substracting the amount found in the check from the amounts recover-
ed from the other treatments.

#3c% Total carbon based on ignition of 50 gm samples of soil. Includes
water-floatable materials.
3330 Nitrates were not removed prior to determination of total Kjeldahl

nitrogen.
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recovered in the four lignified sawdust treatments decreased as the
level of nitrate nitrogen increased. Thus, increasing the level of
mineral nitrogen in the decomposition medium hastened the transforma-
tion of lignin, even though the transformation did not always result
in proportionate losscs of carbon.

The failure of the transformed lignin to float may have been
due in part to physical changes which increased its wettability.

These changes would appear to have been related to processes of oxida-
tion and camplex formation which were enhanced in the presence of
nitrogen. Increasing exchange capacity which results from oxidation

of lignin would have increased the susceptibility of lignin trans-
formation products to precipitation by the BaCl, which was added to the
water in which the soils were suspended.

Relative values for total carbon and nitrogen in these samples
are presented in Table 9. Increases in total nitrogen over the check
ranged from 7 to 75 per cent, or from 80 to 800 pounds per acre. The
smallest increases were with the lignified sawdust and sawdust treat-
ments which were cropped without supplemental nitrogene. The largest
increases occurred with the uncropped, N2 levels of the same materialse.
Increases with alfalfa, cropped, were intermediate and of about the
same order as the increases with lignified sawdust, sawdust and corn
stalks when these were cropped at the N2 levels of nitrogen. Cropping
had little effect on the nitrogen level where alfalfa hay and corn
stalks were used.

Except for the lignified sawdust treatments, there was no marked

tendency for total carbon to increase with total nitrogen as the
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Table 9. = Relative carbon and nitrogen ccntents of variously

treated oshtemo sand after forty weeks in the greenhouse.

Treatment Relative carbon and nitrogen contents
Percent of check

C N

LS-W-N 164 107
LS-N-N, 17k 12l
IS-W-N 16L 135
IS-W ~Ny 182 175
SD-W-N,, 1L5 1n1
SD-W-N, 132 U1
SD-¥-N,,- 132 1.5
SD-W N, 140 173
CS-W-N 121 118
cs-w N, 122 130
ALFW-N 119 149
ALF-W -N 119 149

o}
CK-W-N 100 100

CK¥ + N 92 115
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result of nitrogen treatment.

A close relationship was observed between nitrate nitrogen and
total nitrogen after LO weeks. This relationship is shown graphically
in Figure 2. The points for all residue-treated soils cluster about
the curve established by the values for lignified sawdust and sawduste.
The values for the check soils fall away from this curve but show the
same upward trend.

Nitrates were not removed prior to the Kjeldahl digestion for
total nitrogen. Thus it is possible that some nitrates were included
in the determination of total nitrogen. The quantities so included
may be inferred to be smalle The magnitude of the increases in total
nitrogen in residue-~treated soils is such as to warrant the assumption
that increasing nitrate level was associated with greatly increased

quantities of nitrogen in forms other than nitrate.

Hydrolytic nitrogen fractions

The results of acid hydrolysis and fractionation of nitrogen in
these samples is presented in Table 10, The addition of sawdust or
lignified sawdust alone without supplemental nitrogen resulted in
very little change in the levels of total or non-acid-hydrolyzable
nitrogen as compared with the check. The addition of supplemental
nitrogen with residues low in combined nitrogen and the addition of
alfalfa containing a high percentage of combined nitrogen resulted in
marked increased in total and non-acid-hydrolyzable nitrogene. The
proportion of hydrolyzable nitrogen to the total decreased as the

level of non-acid-hydrolyzable nitrogen increased. Relative changes






FIGURE 2

Relationship between total and nitrate nitrogen in Oshtemo
sand 4O weeks after incorporation of various organic residues.
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Table 10. - Acid-hydrolyzable nitrogen fractions in an Oshtemo sand

LO weeks after incorporation of various residues.i

Total Non-acid Acid hydrolyzable nitrogen
N hydrolyzable fractions in per cent of total

Treatment % of N soil nitrogen

soil % of Total acid hydroly- NH3_N

soil zable N 3=

e ek
IS-N #058 +015 7he98 15.46
LS-0-N, £065 .018 177 16l
Mo—Nz .078 «032 58.89 1L.60
SD-H-N £057 .013 76454 16.53
SD-H-I,, $067 .018 72459 1L.07
DN, 07k 026 65.50 12.15
CS-w-N, +070 +018 7he70 13.93
ALF-W-NO «083 +025 69468 1hel7
CK-W-N £057 <01k 75039 16415
Virgin Houghton
muck 3,090 207L 76410 12.23

# Determinations on samples sieved through LO-mesh screens LO grams
of soil hydrolysed with _6_N HC1 for 12-1k hours under a reflux columne
## Total Kjeldahl nitrogen as per cent of sieved samples.(Nitrates were
previously removed by leaching with water.)
#%% Non-acid hydrolyzable nitrogen as per cent of sieved sample, by
difference.
ssae¢ Nitrogen in acid hydrolyzate as per cent of total Kjeldahl N.
(Nitrates were removed prior to hydrolysis by leaching with waters)






Table 10, - (Continued)
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Acid hydrolyzable nitrogen fractions in Ratio of humin

percent of total soil nitrogen N to non=-acid
hydrolyzable N Treatment
Amino Basic Acid hydr. humin
N N N

35.29 12,03 9.88 <098 LSW-N,
30,08 7692 8.2L .083 LS-W-N,
30,60 Te77 8.L49 .085 LS N,
36,31 8.72 9.58 «096 SD-W-N,,
28.11 To91 8.88 .089 SD-W N,
1170 8470 8.69 .087 CS=W-N,
31.50 8454 9.26 +093 ALF<f-N
33.87 10071 12 011 .121 CK']H"NO
116,03 Te77 6.31 «063 Virgin Houghton

muck
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among the various hydrolyzable nitrogen fractions were due principally
to changes in the absolute levels of amino nitrogen and non-hydrolyzable
nitrogen, as may be seen in Figure 3.

The absolute level of amino nitrogen in Figure 3 was much higher
following alfalfa and cornstalks treatments than in the check. It
was higher for these two treatments than for any of the other residue
treatments for which data was obtained. Microbial numbers (see page 75)
were three to ten times larger throughout the decomposition period
with alfalfa and corn stalks than with any of the other treatments
represented in Figure 3. This supports the interpretation that the
acid-hydrolyzable amino nitrogen fraction represents principally
materials which have been rather recently synthesized by soil micro-
organisms and are present either in the form of microbial cells or as
products of microbial metabolisme

The amino nitrogen fraction varied erratically with the treat-
ments which involved sawdust or lignified sawdust. With these two
materials, however, the non-acid-hydrolyzable nitrogen fraction in-
creased consistently when supplemental nitrogen was used. This increase
was much greater in the uncropped soilse As has been pointed out,
cropping reduced the level of mineral nitrogen in the decomposition
mediume. That this may have been a factor in the accumulation of
nitrogen in the acid-resistant fraction would appear to follow from
the data plotted in Figure L.

The increase in non-acid-hydrolyzable nitrogen with increasing
nitrate level in Figure L was essentially linear for sawdust and

lignified sawdust over the range of values encountered. It is known






FIGURE 3

Fractional distribution of nitrogen in Oshtemo sand LO weeks
after treatment with various residues applied at the rate
of 2.5 grams per 100 grams of soil.
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that camplexing reactions between lignaceous constituents of plant
residues or soil humic materials and ammonia or proteinaceous nitrogen
compounds give rise to chemically resistant substances. In this
connection, it is pointed out that maximum levels of non-hydrolyzable
nitrogen were found here in materials known to contain relatively
large amounts of lignin (alfalfa, sawdust and lignified sawdust)e.

The curve for total Kjeldahl nitrogen in the upper half of
Figure L, shows a distinct tendency to level off at high levels of soil
nitrate. This would suggest that incorporation of nitrogen into re-
sistant fractions may become increasingly important as rates of nitrogen
fertilization are increased or as the ratio of carbon to nitrogen in
the soil system decreases. Such a relationship was found in the soils
studied here and is depicted in Figure 5.

If the points for lignified sawdust treated samples in Figure 5
are considered by themselves, non-acid-hydrolyzable nitrogen was found
to decrease with increasing soil C:N ratio in a curvilinear pattern,
approaching the level in the check soil at the widest C:N ratio. The
points for the other materials and the check sample clustered along a
similar curve which was displaced in the direction of lower C:N ratio,
or a higher nitrogen content.

Thus it would seem that an increasing level of nitrogen in the
soil promoted an increasingly intense fixation or immobilization of
nitrogen in chemically resistant combinations. The quantity fixed
was a function, not only of nitrogen level, but also of the quantity
of carbonaceous compounds present that were capable of fixing nitrogen

in this form. For example, the displacement to the left of the curve






FIGURE L

Total soil nitrogen and non-acid-hydrolyzable nitrogen in Oshtemo
sand as related to nitrate nitrogen after LO weeks.
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FIGURE 5

Relation of non-acid-hydrolyzable nitrogen to C:N ratio of
the soil in Oshtemo sand LO weeks after treatment.
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for sawdust, alfalfa and corn stalks would appear to have been due to
a greater respiration loss of carbon resulting from preferential micro-
bial attack on the readily available carbohydrates and proteins with
which the lignin (or lignin-like) constituents of these materials were
diluted.

The fixation of ammonia by lignin in the laboratory is influenced
by pH as well as ammonia concentration. Avpropriately high pH's and
ammonia concentrations did exist during the early stages of decompo-
sition in the soils to which large amounts of nitrogen were added
either as urea or in the form of alfalfa hay. Whether active complex
formation occurred primarily during this early period or more or less
continuously throughout the LO weeks is not clear. The performance
of successive wheat crops grown with lignified sawdust suggests that
initial fixation of ammonia may have been by relatively weak exchange
mechanisms, and that ammonia so fixed became progressively more re-
sistant to release as decomposition progressed. These results will
be discussed later (page 85).

In these Oshtemo samples there was no evidence of an initial
attack on this resistant nitrogenous fraction in the presence of fresh
plant materials such as was found in the Sims clay loam samples one
year after a field application of sawduste. No simple explanation appears
at this point to account for this result., Differences in mineral
nitrogen supply, differences in quantity and degree of oxidation of
humic materials originally in the soil, and differences in aeration
related to soil structure and conditions of moisture and temperature in

the field and in the greenhouse may have been involved.






62

On the other hand, two distinct and essentially independent
mechanisms of nitrogen accumulation were seen to be operative in
both soils. One was the accumulation of amino nitrogen associated
with a large and active microbial popilation in the presence of a
ready supply of energy materials. The second mechanism was the chem=-
ical fixation of nitrogen by lignaceous constituents of plant residues
and soil humic materialse. The latter became increasingly important as
the ratio of carbon to nitrogen in the soil decreased.

The ratio of humin N to non-acid~hydrolyzable N in these samples
(Table 10) was much lower and more variable than in the case of the
Sims samples (Table 5). This tends to undermmine the hypothesis that
acid-hydrolyzable humin constituents represent equilibrium products
of hydrolyzable materials represent the resistant core (cf. page 33).
However, it would be expected that such an equilibrium would be in-
fluenced by the state of oxidation of the parent substances, as well
as by the extent to which clay minerals might be integrated with the
parent structures. The relationships which exist between these two

fractions would appear to deserve further study.

Alkali-extractable nitrogen
Table 11 shows the amount of nitrogen extracted in alkali and
its distribution between the humic acid and fulvic acid fractions for
four selected treatments of the Oshtemo sand. Nitrogen not hydrolyzed
by acid (from Table 10) is also presented for comparison.
Approximately 55 to 60 percent more nitrogen was extracted by

alkali fram the three residue-treated soils than from the checke
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Most of this increase occurred in the humic acid fraction. The
increases in alkali-soluble nitrogen corresponded to a 28 percent
increase in non-acid-hydrolyzable nitrogen in residue-treated soils
relative to the checke.

In the Sims clay loam, both alkali-soluble nitrogen and non-acid
hydrolyzable nitrogen were reduced initially by sawdust treatment
(Table 6). This difference between the two soils was most likely due
to the higher levels of supplemental nitrogen used with the organic
amendments applied to the Oshtemo soils A high level of nitrogen in
the decomposition medium promoted the incorporation of nitrogen into
the non-acid-hydrolyzable fraction, as has been shown (Figures L and
5)e The fact that non-acid-hydrolyzable and alkali-extractable nitrogen
fractions showed a tendency in both soils to vary together in their
relative and absolute proportions supports the contention that certain
organic constituents were common to both fractions.

In the Sims samples, the decline in alkali-extractable nitrogen
continued over a longer period of time than did the decline in non-
acid-hydrolyzable nitrogen. In the Oshtemo samples, the increase in
alkali-extractable nitrogen was twice as great as the increase in the
acid-resistant fraction. both of tnese results support the view that
the alkali-extractable materials include a significant portion of
compounds which represent intermediate stages of transformation. As
such, they would be expected to accumulate during the early stages of
decomposition of fresh plant materials.

Where mineral nitrogen in the soil was low, increases in alkali-

soluble nitrogen might be noted principally in the fulvic acid fraction,
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as was observed the first year after addition of sawdust to the Sims
clay loam (Table 6)e In the presence of ..igh levels of nitrogen,
processes of complex formation involving lignin-like materials would
be enhanced and their products would be expected to appear in the
humic acid fraction, as was the case in the Oshtemo samples (Table 11).
At later stages of decomposition, this humic acid nitrogen might
appear in either the more highly oxidized materials resistant to
acid hydrolysis or in the hydrolyzable amino nitrogen fraction, de-
pending on the degree of oxidation or the supply of ready energy
materials to promote microbial assimilation.

In the Sims soil, increases in both the hydrolyzable amino fract-
ion and the acid-resistant fraction of nitrogen concurred with a de-
cline in alkali-soluble nitrogen in the third and fifth years (compare
Fige 1 with Table 6). The Oshtemo data represents only the early
stages of decomposition and provides no basis for postulating later

trends.

Mineralization of carbon and nitrogen

Nitrogen and carbon immobilized in organic compounds is released,
or mineralized, primarily by microoial decomposition of these organic
compounds. In a given soil, the net mineralization of organic nitro-
gen will depend on the total quantity presentv, its availability to
microbial attack, and the proportion of carbon to nitrogen in the
medium to meet the assimilative requirements of the microorganismse.

It was of interest to know to what extent the observed differences

in quantity and distributicn of carbon and nitrogen in th.: &ims and
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Oshtemo samples might be correlated with differences in the rates of
mineralization of carbon and nitrogen during incubation under controlled
conditions. In Table 12 are assembled pertinent data for the Oshtemo
samples.

Carbon mineralized was taken as a measure of the availability
or decomposability of organic materials left in the soil after the LO-
week decomposition periode As seen in Table 12, there was no correla-
tion between carbon mineralized and the total carbon in the soil.

With all materials, however, except alfalfa, carbon released as CO,
decreased sharply as the level of nitrate in the scil increased.

It was pointed out earlier (Table 8) that the quantity of unaltered
or water-floatable materials which were recovered at the end of LO=-
weeks decreased generally with increasing nitrate level. This suggests
that carbon mineralized during incubation might have been related to
the amount of water-floatable materials, since these might have re-
presented the most readily available energy materials in the incubating
samples. The upper half of Figure 6 shows that a generally direct
relationship did exist in the case of all treatments except sawdust.

A much closer inverse relationship was found between CO, evolution
and total nitrogen as is seen in the lower half of Figure 6.

The same inverse relationship between nitrogen content and de-
composability of soil organic materials was observed in the sawdust-
treated Sims clay loam samples (Table L), where a one-third increase
in nii';rogen content from the first to the third year was accampanied
by a two-thirds reduction in CO, production.

As shown in Figure L, increases in total nitrogen in Cshtemo
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Table 12, - Total carbon and nitrogen and nitrate nitrogen in
Oshtemo sand LO weeks after incorporation of residues
and their relation to the mineralization of carbon
and nitrogen during incubation.

Total C and N Pounds per acre
Nitrate Nitrifiable Carbon C:N of
Treatment C N CsN N N mineral- mineral-
% % ized ization
LS-¥-N 1.38 .057 2L.2 qj %7 ﬁgi (2
LS-W-N, 1.6 066 22,2 32 35 409 1L.3
LS-W-N, 1.38 .072 19.0 79 37 2l2 6.5
Ismo;nz 1.53 093 16.5 510 19 131 6.9
SD-W-N 1.22 o059 2047 0 0 790 oo
SD-W-N, 1.11 075 1L.8 77 38 311 8.2
SD-W-N, 1.11 077 1hek 150 32 258 8.1
SD-W N, 1.18 .092 12.8 372 Lo 159 L0
CS-W-N_ 1,02 .063 16,2 2 L3 615 1h.3
CS-W-N,, 1.00 .073 13.7 28 s 368 8.1
CS-W,N,  1.03 .069 1L.9 98 L9 302 642
ALF-W-N_  1.01 .079 12.8 136 58 310 5e3
AIF-W -N_ 1,00 .078 12.7 110 55 30L 55
;K:w:N; .84 .053 15.8 L2 27 b2 5.3
CK-W-N .78 L061 12.8 28l 17 128 75

(1) Nitrate nitrogen in initial water extract of air dried soil.
(2) Nitrifiable nitrogen by incubation at 35°C for 1L dayse

(3) Total carbon evolved as CO, in 10 days at 35°C.

(4) Ratio of carbon mineralized to nitrifiable nitrogen.



FIGURE 6

Camparison of carbon dioxide evolution for various soil residue
treatments with water-floatable material and total nitrogen
after L4O weeks' decomposition.
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samples were accompanied by increases in non-acid-hydrolyzable nitrogen,
although the rates of increase were not parallel, In the upper half
of Figure 7, carbon mineralized during incubation is plotted against
non-acid-hydrolyzable nitrogen. The values for lignified sawdust and
sawdust fall together on a smooth curve. Those for corn stalks and
alfalfa fall above this curve, an observation which appears to be
related to the higher content of hydrolyzable amino nitrogen which
was found in these samples (Fig. 3) and the greater availability of
associated energy materials which may be inferred from the nature of
the orininal materials themselves.

The significance to nitrogen mineralization of the close relation=-
ship observed for sawdust and lignified sawdust treatments between
non-acid=hydrolyzable nitrogen and decomposability is suggested by
the data plotted in the lower half of Figure 7. The mineralization of
nitrogen during incubation was suppressed at low levels of non-acid-
hydrolyzable hydrogen. This suppression was due to microbial immobil-
jzation in the presence of excess energy materials, as may be inferred
from the fact that no supplemental nitrogen was applied with the cor-
responding sawdust and lignified sawdust treatments. Intense microoial
immobilization of nitrogen may also be inferred from the high rate
of 002 evolution at corresponding nitrogen levels in the upper graphe.

Maximum mineralization of nitrogen in Figure 7 coincided with
moderate levels of microbial activity and intermediate levels of acid-
resistant nitrogen. Reduced miﬁeralization of nitrogen at high levels
of non-acid-hydrolyzable nitrogen was associated with a high degree

of resistance to microbial attack, as reflected by the low rate of
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002 production in the upper graphe

The curves in Figure 7 have been drawn to emphasize the ideal
relationships which appear to be reflected by the data for sawdust
and lignified sawdust treatments. The chemically resistant materials
in soil do not appear to be inert. It is generally recognized that
they represent products of complex formation, and that they may them-
selves represent active complexing agents. The data for the two saw-
dust materials in Figure 7 suggest that the complexing potential of
materials resistant to acid hydrolysis may exert a strong controlling
influence on the transformations of carbon and nitrogen in the soile.

The degree of control expressed by this fraction will vary with
the quantity and nature of associated organic materialse. This is
shown by the fact that values in Figure 7 for the check soil and for
soils treated with corn stalks and alfalfa do not fall on the same
curve as those for the sawdust and lignified sawdust. The effects of
associated materials, however, appear to resolve themselves primarily
into differences in their availability as energy substrates for the
soil microbial population. This point is brought out more clearly in
Figure 8, where the carbon and nitrogen mineralization data are plotted
against C:N ratioe.

In the upper graph in Figure 8 it is seen that the mineralization
of carbon was greater at any given C:N ratio for the sawdust treatment
than for lignified sawduste This would be expected since the more
readily available energy materials had been removed from the latter by
acid extraction. The residual materials from corn stalks and alfalfa

were decomposed more rapidly than those from sawcust, reflecting the






FIGURE 7

Relation of non-acid-hydrolyzable nitrogen in the soil to the
mineralization of carbon and nitrcgen in Oshtemo sand.
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FIGURE 8

Carbon and nitrogen mineralized during incubation as related to
soil CsN ratio and plant residues applied LO weeks previously
to Oshtemo sand.
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normally greater decamposability of these plant materials, as well as

the much higher hydrolyzable amino nitrogen content found in these
soil samples.

The mineralization of nitrogen from sawdust treated soils (lower
graph, Fig. 8) was inversely related to C:N ratio. This was true
also for the alfalfa=-and cornstalk-treated soils considered as a
group, although the release of nitrogen was more rapid at a given C:N
ratio for these than for the sawdust series. The release of nitrogen
in these samples was inversely related to CO, evolution, or microbial
activity. In other words, increasing rate of mineralization of nitrogen
was due in part to decreasing intensity of microbial immobilization
which was associated with decreasing C:N ratio.

The three lignified sawdust treatments and the checks showed a
different behavior. Maximum mineralization occured in the lignified
sawdust sample which had an intermediate C:N ratio and fell off sharp-
ly at lower and higher ratios. A heavy application (962 lbs per acre)
of nitrogen to the check soil, which resulted in a narrower C:N ratio,
also resulted in a reduced rate of nitrogen mineralization.

Fram the carbon mineralization data in the upper graph in Figure
8, it is seen that both the check and lignified sawdust treated soils
contained smaller amounts of readily available energy materials at
any given C:N ratio than the soils to which other organic amendments
had been addeds The decline in nitrogen mineralization rate following
high levels of nitrogen amendment in these soils of low energy content
is presumed to have been due to the formation of resistant chemical

conplexes of nitrogen with lignin or soil humic materials. As was






™
seen in Figure 5, the formation of such complexes was greatly increased

in soils of low C:N ratio.

Numbers of bacteria and fungi

Periodically during the LO week incubation period, plate counts
for bacteria and fungi were taken to determine the effect of the
various treatments on the soil microbial populatione. The results of
these counts are tabulated in Table 22 of the Appendixe. Data for re-
presentative treatments are presented graphically in Figure 9.

The counts shown in Figure 9 for the second week of decomposition
were made on samples taken after the first crop of wheat was up in the
pots in which wheat had been planted. Those for 15 and 25 weeks were
taken after the harvest of the first and second wheat crops respective-
ly. Consequently, the first three counts were influenced by the presence
or absence of living roots and root residues from an associated wheat
crop. All pots were uncropped during the period from 25 to LO weeks,
so the counts at LO weeks reflect the residual effects of the initial
treatments plus modifying residual effects of previous cropping as
carried over a 15-week fallow periode

In Figure 9-A, it is seen that, where no nitrogen was applied,
bacterial populations were consistently higher with lignified sawdust
and sawdust than in the checks. Comparison with Figure 9-B shows that
bacteria were three to ten times more numerous where alfalfa hay was
incorporated than with the sawdust materials. These results are in
keeping with recognized differences in decomposability, or energy-

availability, of similar plant materials. These results have already






Figure 9.

A.

Be

Ce

De

E.

75

Effects of various organic amendments and nitrogen on
numbers of bacteria and fungi over a LO week period with
and without cropping.#*

Effects of lignified sawdust and sawdust without sup-
plemental nitrogen on bacterial numbers compared with
the unamended check with and without nitrogen.
Effects of alfalfa hay on bacterial numbers.

Effect of nitrogen level and crop on bacterial numbers
in soil treated with lignified sawdust.

Effect of nitrogen level and crop on bacterial numbers
in soil treated with sawdust.

Effects of nitrogen level and crop on fungal numbers
in soil treated with lignified sawdust.

Effects of nitrogen level and crop on fungal numbers
in soil treated with sawdust.

All amendments were added at the rate of 2.5 grams
per pot, or 25 tons per acre.
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been alluded to in support of the conclusion that the acid=hydrolyzable
amino nitrogen found in these soils after LO weeks represented materials
recently synthesized by soil microorganisms (page 56).

When a large amount (equivalent to 962 pounds per acre) of urea
nitrogen was added to the check soil in Figure 9-A, bacterial numbers
were depressed relative to the no-nitrogen check through the first
three samplings. When nitrogen was added with lignified sawdust and
sawdust (Figs. 9=C and 9-D), bacterial numbers in the first two samplings
were generally larger than with the same materials at the N0 level of
nitrogen treatment (Fig. $9-A). However, in the last two samplings,
bacterial numbers were sharply depressed by the N2 level of nitrogen
treatment.

The same depressive effect of high nitrogen levels was expressed
on the fungal population, as is shown in Figures 9-E and 9-F.

The low numbers of microorganisms which were found after 4O weeks
in the lignified sawdust and sawdust treated soils following extremely
high levels of nitrogen treatment correspond to the low rates of COo
evolution which were obtained during subsequent incubation of the same
soils (Fige 6)s Thus it would appear that both microbial numbers
and 002 evolution reflected the decreasing availability of energy mater-
ials which was associated with increasing levels of non=-acid-hydroly-
zable nitrogen (Fige 7).

It may be argued that microbial numbers and activites in these
samples were influenced by pH rather than by intrinsic differences in
decomposability of residual energy substrates. It is true that pH

levels in the soils whnich had received N2 levels of nitrogen treatment



77
were low (Table 8). However, no smoothly regular relationship was
found between CO2 evolution and pH such as was found between CO2
evolution and non-acid-hydrolyzable nitrogen with sawdust and lignified

sawdust.

Levels of nitrate in the soil after LO weeks were obviously im-
portant in detemining the final pH of the variously treated soils.
However, the pH at any given nitrate level was also influenced by plant
origin of the organic amendments (see discussion on page L7 )e It must
be assumed that nitrates were in equilibrium with a dynamic soil
system in every case. Since nitrates in soil are the end products of
a system of oxidative processes, their absolute level in the absence
of cropping or leaching losses must reflect the degree of oxidation
attained in the total systeme. A linear relationship was found between
nitrates and non-acid-hydrolyzable nitrogen in these Oshtemo samples
(Fige L)e This resistant nitrogen fraction appears to have been the
product of processes of complex formation involving lignin and ammonia,
which are known to be oxidative in nature.

Thus, increasing levels of nitrate and non-acid hydrolyzable
nitrogen both appear to have been the result of the increasing degree
of oxidation of organic residues in these soilse. Increasing levels of
initially added nitrogen hastened the dissipation of masking high-
energy materials and the subsequent oxidation of resistant lignaceous
constituentse The associated decrease in availability of energy
appears from this data to have been at least as significant a factor

as pH in the decline in microbial numbers with progressive decomposition,

as well as in the observed relationship between CO, evolution and
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acid=-resistant nitrogen.

Striking effects of cropping on microbial numbers at N2 levels
of nitrogen were observed (Ffige 9)s Bacterial numbers were higher
in the first sampling in the pots where wheat was grown in the pre-
sence of lignified sawdust at the N2 level of nitrogen treatment than
where no wheat was planted (Fige 9-=C)e. The same thing was true in
the first two samplings from the corresponding sawdust treatments
(Fige 9-D)e The behavior of fungi was essentially the same as for
bacteria with both materials (Fig. 9-E and 9-F), except that numbers
were increased by cropping to an even greater extent in the first
sampling than with bacteria.

Three distinctly different effects of cropping may be inferred
from the data at hand. As has been pointed out (P.),8 ), a principle
effect of the two wheat crops, in the case of sawdust and lignified
sawdust treatments, was to reduce the level of mineral nitrogen in the
soiles A part of this reduction would have resulted from uptake and
removal of nitrogen in the harvested portions of the wheat. A part
would have resulted from microbial immobilization in the presence of
energy materials contributed to the soil in the form of root residues
and, in the case of the growing crop, in the formm of root secretions
or abraded fragments.

The removal of mineral nitrogen by these two processes associat-
ed with the crop would have moderated the effects described earlier
of nitrogen level on oxidative processes. A third effect of the crop
is indicated by the magnitude of the stimulus to microbial numbers

two weeks atter planting of the first wheat crope. At this stage of
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development the wheat could not have contributed greatly to the supply
of energy materials in the soil, The effect here appears to have
been of catalytic proportions.

Numerous heterotrophic organisms have been shown to require
small amounts of certain amino acids, organic acids or vitamins as
essential growth factors in their external environment (58). The
supply of such growth factors would be extremely low in such materials
as sawdust, and even lower after acid extraction as in lignified saw-
duste On the other hand, it has been shown that a number of such
canpounds are secreted by living plant roots (29). The marked stimulus
to microbial numbers of the first wheat crop two weeks after planting
would appear to have been due to rhizosphere effects of such secre-
tions.

Following sawdust treatments, this apparent rhizosphere effect
was still in evidence prior to planting of the second wheat crop 13
weeks later (Figs. 9-D and 9-F). With lignified sawdust, however,
it had completely disappeared by the time of this second sampling
(Figse 9-C and 9-E). Since most of the more readily available energy
materials had been removed from the latter material by acid extraction,
only a very transient benefit from catalytic root secretions would
have been expected.

A final point of interest in TFigure 9 is the fact that microbial
numbers were better maintained to the end of the decomposition per-
iod where no nitrogen was used with sawdust and lignified sawdust than
where high levels were employed. The high levels of energy materials

indicated by bacterial numbers in these no-nitrogen samples was re-
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flected again by their high rate of 002 evolution during the subse-
quent respiration experiment.

The distribution of nitrogen among hydrolytic fractions was
essentially unaltered from that in the check by lignified sawdust or
sawdust when no supplemental nitrogen was used (Fige 3)e This would
imply that the larger numbers of bacteria found were the result of
more rapid recycling of nitrogen contained in microbial cells, rather
than by net increases in microbial proteins, since the latter would
have resulted in increased amounts of amino nitrogen. ILarge changes
in nitrogen distribution occured only when supplemental nitrogen was
usede The data for microbial numbers and 002 evolution both point
to rapid depletion of readily available energy materials and extensive
oxidation of resistant lignin constituents as factors responsible for
the increase in acid-resistant nitrogen when supplemental nitrogen was

used with sawdust and lignified sawdust.

Nitrogen uptake and crop yields
Yields and nitrogen uptake by three successive wheat crops are
tabulated by greenhouse pot numbers in Table 18 of the Appendix.

The treatments which correspond to each pot are described in Table 17.
The overall relationshin between yields of wheat and nitrogen
upteke is shown in Figure 10 The high correlations obtained for each
crop indicate that nitrogen availability was a controlling factor in
determining wheat yield in most pots. A number of divergent points
plotted for each crop, however, suggest that other factors may have

been operating also. This is further substantiated by the extremely






81

FIGURE 10

Correlation between yield and nitrogen gptake of three crops
of wheat grown on Oshtemo sand in the greenhouse.
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high nitrogen content (L.O per cent or more) of first crop wheat
plants grown at the high level of nitrogen in check pots and with
lignified sawdust and sawdust, as well as of third crop wheat plants
following all four materials at the high nitrogen levels, (Table 18,
Appendix). Uniformly low to moderate N contents in the second crop
plants indicate that available soil nitrogen was the factor principally
controlling nitrogen uptake and yields at this stage of decomposition
for all materials at both rates of addition and at all three nitrogen

levels. The highest correlation coeficient (r= .940) was also ob-

tained with this second crop.

Nitrogen taken up by the three wheat crops is plotted against
level of nitrogen treatment for four organic amendments in Figure 1l.
The actual amounts of urea nitrogen used and a key to the various
treatments is presented in Table 13.

Three points which are relevant to discussicns in previous chapt-
ers are made with respect to the datz plotted in Figure 11:

1l. When no supplemental nitrogen was used, lignified sawdust and
sawdust depressed nitrogen uptake to very low levels in all three
crops. Straw and corn stalks depressed nitrogen uptake in the first
two crops, but in the third crop there was a significant release of
nitrogen to the wheat. The data on microbial numbers and CO, evolu-
tion have shown that suppressed nitrogen availability where no nitrogen
was used was due to microbial immobilization. The longer duration of
suppression with sawdust and lignified sawdust was due to their lower
nitrogen content and the lower decomposability of their cellulosic

and lignaceous constituents. Energy materials were dissipated less

L o
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Table 13. - Key to organic amendments and nitrogen treatments for
which nitrogen uptake is plotted in Figure 1l.

l;;ganic Pounds N per acre (applied as urea)
|Amendment Lx H¥%

o py: ! 2

Lignified sawdust (LS) 321 962 6L1 1,923
Sawdust (SD) 191 589 393 1,178
Corn stalks (CS) 63 190 126 379
hheat straw (ST) 32 110 73 219
Check (CK) None
Check ¢ N (CK#N) 962

% L = Organic amendment applied at 12% tons per acre.
H = Organic amendment applied at 25 tons per acre.

#* N, Intermediate C:N ratio (different for each material).
N2= Lowest C:N ratio (different for each material).

N,= No supplemental nitrogen used.
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FIGURE 11

Total nitrogen taken up by three crops of wheat following
treatment of an Oshtemo sand with organic amendments and
nitrogen according to the schedule presented in Table 13.%*

% Notes Nitrogen uptake for check pots with and without
nitrogen were as follows:

1st crop 2nd._crop 3rd crop
mgs mgs mgs
CK 8345 17.5 38.0
CKeN 2245 2645 117.5
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rapidly and microbial numbers were better maintained throughout the
decanposition period than in the case of the other materials.

2. When high rates of nitrogen were used with these four materials,
nitrogen availability reached a minimum in the second crop with corn
stalks and straw, but continued to decline in availability through
the third crop with lignified sawdust and sawdust. The data on micro-
gial numbers and CO2 evolution showed that available energy substrates
in sawdust and lignified sawdust at the high rate of nitrogen treatment
had been largely dissipated by the time the third wheat crop was
planted. Nitrogen immobilization at this time was principally chemical
rather than microbial, as shown by the associated increases in non-
acid-hydrolyzable nitrogen.

3. Indirect evidence for the great capacity of lignin to take
up ammonia chemically is to be found in the immediate effect of
lignified sawdust on nitrogen uptake in the first crop of wheat.
Nitrogen added to the check soil at a rate equivalent to 962 pounds
per acre was extremely toxic to the wheat plants, = yield of dry
matter was reduced from 7.3 grams per pot to 0.6 grams, and nitrogen
uptake was reduced from 83.5 to 22.5 mgms. When the same amount of
nitrogen was added with 12.5 tons per acre of lignigied sawdust, nitro-
gen uptake was increased threefold to 2L7.5 mgms, although dry matter
yield was still slightly reduced to 6.6 grams per pot. This protective
action was equally effective when the added amounts of both lignified
sawdust and urea nitrogen were doubled to 25 tons and 1,923 pounds per
acre, ;espectively.

The high buffering capacity of lignin with respect to ammonia
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was also reflected in pH levels two weeks after treatments were app-
lied (Table 8). The high degree of availability of the sorbed ammonia
to the first wheat crop indicates that initial fixation of ammonia
by lignin occurred by action of relatively weak physical forces. The
early drop in microbial numbers (Fig. 9), and the progressive decline
in nitrogen availability where lignified sawdust was added with large
amounts of nitrogen (Fige. 11) both point to the probability that
nitrogen sorbed by lignin is rather quickly fixed by chemical forces
which arise by oxidation.

The third crop of wheat was planted primarily as a biological
assay agent to evaluate the effects of the various treatments on
nitrogen availability at the end of the LO-week decomposition period.
Attempts to relate nitrogen uptake in this third crop directly with
original treatment showed a generally direct relationship between
uptake and the total of nitrogen added in residues plus urea. How-
ever, the response to increasing rates of individual organic amend-
ments was highly erratic and showed no consistent similarity in slope
to the general response curve.

Accordingly, a detailed study was made of representative treat-
ments for which complete chemical data was available from soil samples
taken just before planting of the third wheat crope When nitrogen
uptake was plotted against soil C:N ratio, distinctly separate curves
were descitibed by the values for cropped samples of several organic
treatments, as is shown in Figure 12. The points for uncropped ONO)
samples failed to conform to the functions described by the values for

cropped (W) soils. If the data plotted in this figure are compared
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with the amounts of nitrogen originally added (Table 13), it will be
seen that different plant materials differentially altered the residual
availability of fertilizer nitrogen and that these effects were fur-
ther modified by cropping. The fact that equivalent levels of nitrogen
availability occured at widely different soil CsN ratios following
different organic amendments provides an explanation for the failure
of numerous reported attempts to relate the nitrogen supplying power
of soils to their C:N ratio.

Incubation mineralization rates for nitrogen showed wide diff-

erences at a given C:N ratio for different materials in these same
soil samples (Fig. 8). iowever, no correlation at all was found
between the incubation tests for nitrifiable nitrogen and uptake of
nitrogen by the third crop of wheat. This was not surprising, since
most soils contained moderately to extremely large amounts of water
soluble nitrates at this time. Figure 13 shows that nitrogen uptake
was closely related to water-soluble nitrates in all but four of the
soils in this group of treatments.

When nitrogen uptake was plotted against the combined total of
water-soluble nitrates and nitrifiable nitrogen, all but two of the
cropped (W) soils gave values which fell along a smooth curve, shown
in Figure 1lh. There was an inflexion in the curve about the value
for the no-nitrogen check. The four soils below the check on this
curve represent treatments in which extensive microbial immobilization
may be inferred from the data on microbial numbers (Fig. 9) from 002

evolution data (Table 12) and from crop yield data (¥ig. 11). Thus,

the shape of this lower portion of the curve appears to reflect the
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FIGURE 12

Nitrogen uptake by wheat as related to soil C:N ratio and
various organic amendments, supplemental nitrogen treatment
and previous cropping. (Oshtemo sand)
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FIGURE 13

Nitrogen uptake of wheat as related to water-soluble nitrate
in the soil at planting time. (Oshtemo sand)
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FIGURE 1L

Nitrogen uptake by wheat as related to the sum of water soluble
nitrate in the soil at planting time plus nitrifiable nitrogen
released as nitrate during 1L days! incubation at 35°C.
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declining immobilization potential of energy substrates remaining in
these soils in excess of the check, LO weeks after treatment. The
portion of the curve above the check appears to be essentially a
normal response curve to increasing increments of nitrate nitrogen,

In six of the soils in %igure 1L, nitrogen was taken up in excess
of the rate function described by the majority of cropped soils. In-
cluded in this six were the uncropped soils treated with each of the
four materials at the iighest level of nitrogen treatment. From the

data on microbial numbers and 002 evolution it was seen that microbial

immobilization of nitrogen was less extensive where energy supplies
were not augmented by root residues during the decomposition period.
This may have been a factor in the abnormally high rate of nitrogen
uptake from previously uncropped soils,

However, very low levels of microbial activity were associated
with reduced rates of nitrogen mineralization during incubation. This
reduction in mineralization appeared to be due to the high degree of
resistance to microbial attack of nitrogen in non-acid-hydrolyzable
forms. Four of the aberrant soils in Figure 1l were found to be un-
usually high in non-acid-hydrolyzable nitrogen (Fig. 3). Low avail-
ability to microorganisms of nitrogen in resistant forms was associat-~
ed with an abnormally high rate of release of nitrate to wheat in the
same soils. Apparently the availability of this resistant nitrogen
was enhanced by a rhizosphere effect associated with the growing wheat
Crope

In field application, soil samples are usually taken in the fall

or winter and it is assumed that nitrates already present will be re-

L
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moved by leaching before the next crop, for which fertilizer recommen-
dations are to be made, is planted. Nonetheless, it does appear that
nitrifiable nitrogen determined by incubation procedures is subject
to numerous unpredictable factors related to previous treatment and
cropping which seriously prejudice its use as a sole basis for pre-
dicting nitrogen fertilizer needs. The irregular behavior of alfalfa
treatments in Figure 1l is of interest in this regard. In Iowa it
has been found that predictable relationships between the incubation

test for nitrate and corn yields can only be obtained when corn

follows a nonelegume in the rotation. The test does not reveal the

high nitrogen supplying potential of an immediately preceding legume
(34).

Residual effects of alfalfa and wheat
on nitrogen taken up by a succeeding wheat crop

To test the effect of sawdust and lignified sawdust treatments
on growth and nitrogen uptake of a legume, alfalfa was grown in soil
treated with these materials. Oshtemo sand was used with the addition-
al nutrients previously described. The rates of addition of sawdust
materials and nitrogen are shown in Table lh. Also shown are the
total yield and nitrogen uptake for three cuttings of alfalfa taken
during the first LO weeks of decomposition and for two crops of wheat
grown in a parallel series of pots during the same period. The re=-
sidual effects of treatment and previous crop on yield, nitrogen
uptake and percentage nitrogen content of dry matter of wheat planted
L0 weeks after initial treatment are shown in the last three columns

of Table l).l. .

_
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Where no nitrogen was used, total yield and nitrogen uptake of

the two crops of wheat grown during the first LO weeks were severely
curtailed by sawdust and lignified sawdust treatments. By contrast,
the dry matter produced and the nitrogen taken up by three cuttings of
alfalfa during the same period in the presence of these materials
without added nitrogen compared favorably with dry matter yield and
nitrogen taken up by wheat on the control soil to which supplemental
nitrogen had been applied.

The addition of nitrogen with lignified sawdust increased yields

and nitrogen uptake of alfalfa. With the higher level of raw sawdust
the addition of nitrogen depressed alfalfa yield and nitrogen uptake.
Presumably this reflects the competitive microbial tie-up in the
presence of sawdust of some other nutrient, probably phosphorus, since
the results with and without nitrogen at the low level of sawdust
addition indicate that the ability of alfalfa to fix atmospheric nitro-
gen was not greatly impared by the presence in the soil of rapidily
decomposing sawduste

It may be assumed that nitrogen taken up by wheat during the
first 4O weeks represented the actual availability of nitrogen from
soil sources during this period, particularly where no nitrogen was
used in conjunction with the organic amendments. Nitrogen taken up
by alfalfa in excess of this may be ascribed to symbiotic fixation
from the atmosphere. On this basis, alfalfa fixed 204 mgs of nitrogen
as an average for the two levels of sawdust treatment without supple-
mental nitrogen and 247 mgs as an average for the two levels of ligni-

fied sawdust. On an acre basis, these would have been equivalent to

S
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102 and 123 pounds per acre of nitrogen fixed during this LO-week
periods This compares favorably with reported annual rates of nitrogen
fixation by alfalfa in field and greenhouse studies (88). The higher
figure for the lignified sawdust reflects the less intense microbial
competition for nitrogen and other nutrients in the presence of this
relatively refractory lignaceous material, as well as the greater
availability of ammonia nitrogen which was presumably held on the
lignaceous complexes by base exchange forces during the early stages
of decomposition. These results were paralled by those for wheat,
since the highest yields and nitrogen uptake for any treatment during
this period were achieved where wheat was grown with supplemental
nitrogen in pots treated with lignified sawdust.

The residual availability after 4O weeks of applied nitrogen in
the control soils was high. This is shown in Table 1L by the fact
that 118 mgs of nitrogen was taken up from the nitrogen treated con-
trol by the third wheat crop to produce tissue containing L.36 per-
cent nitrogens These values were the highest for any treatmente.

Where this third crop of wheat followed wheat grown in pots
treated with sawdust or lignified sawdust without nitrogen, the avail-
ability of nitrogen was about as low as it had been in the case of the
first two cropse. Where supplemental nitrogen had been added with
these materials before the first two wheat crops, the residual avail-
ability of nitrogen to the third crop was greatly increased in the
case of sawdust but not in the case of lignified sawdust. It is
evident that rapid dissipation of energy materials in the sawdust in
the presence of supplemental nitrogen had shortened the period of

intense microbial immobilization and that nitrogen from dead cells
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left by a declining microbial population was being mineralized and
was contributing to the available supply after LO weeks. The low
residual availability of nitrogen with lignified sawdust appears to
be related to the fact that maximum yields of dry matter had been
produced in the two proceeding crops of wheat with this treatment.
Maximum quantities of root residues would have been added to the soil
and microbial immobilization at the time of the third crop would have
been intensified relative to the comparable sawdust treatments.

Where no nitrogen was used with the two sawdust materials and

alfalfa was grown during the first ten months, a large residual benefit
to the following wheat crop from alfalfa was observed in all cases
except the high rate of sawdust application. That nitrogen was still
limiting with this treatment is indicated by the fact that only a
moderate level of nitrogen was found in the harvested wheat tissue
(2438 percent)e That the growing alfalfa had contributed to some ex-
tent to the more rapid decompositicn of the sawdust is shown by the
fact that nitrogen uptake by the third wheat crop was greater than
where wheat had been grown during the first L0 weeks without nitrogen
and in sawdust treated pots. However, at the higher rate of applica-
tion, nitrogen from alfalfa was inadequate to promote maximum decomposi-
tion of energy materials. As a result, microbial immobilization was
still a dominant factor in nitrogen availability after LO weeks.

Where nitrogen had been applied in the beginning, the maximum
residual benefit from this applied nitrogen in terms of wheat yields
was found where alfalfa was grown during the first ten months in

pots treated with lignified sawdust. The residual benefit was less

L-l---------------------------------------: E——
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where sawdust had been used, but it was still greater after alfalfa
than after wheat.

Although wheat yields were greater after alfalfa with nitrogen
treated organic amendments than after wheat in the nitrogen treated
control, nitrogen uptake and nitrogen content of wheat tissue was
lesse The extremely high nitrogen content of wheat from the nitrogen
treated control suggests that the nitrogen level in the soil was ex-
cessively high and that a toxic effect may have limited yields with
this treatment. Certainly an excessive amount of nitrogen was used
(962 pounds per acre), and a distinctly toxic effect was observed on
the first crop of wheat (Fige 11). The highly beneficial residual
effects of lignified sawdust observed in Table 1l where nitrogen was
applied in the beginning at rates of 6Ll and 1.281 gms per pot (320
and 640 pounds per acre) may be interpreted in part as a protection
against excessive nitrogen concentrations afforded by the buffering
action of the lignin.

The results with sawdust show that the injurious effects of
massive additions of such low nitrogen materials can be materially re-
duced if sufficient nitrogen is used. They show, further, that such
corrective fertilizer treatment may be much more effective if combined
with the planting of a strorglegume such as alfalfa. The broadcast-
ing of carbonaceous materials such as sawdust on established stands
of alfalfa suggests itself as a practical means for handling such
materialse. This would minimize the economic losses which occur due to

microbial immobilization of nitrogen when non-legumes are planted after

incorporation of residues low in nitrogen. If organic materials high







98
in lignaceous constituents are used, the favorable effects of lignin
which were observed here in the case of the acid-extracted sawdust

may enhance the residual benefits from their use.







SUMMARY AND CONCLUSIONS: PART ONE

Mechanismé of Nitrogen Immobilization
Two distinct mechanisms were observed whereby nitrogen was
immobilized in organic combinations in soils to which plant materials
were added:
Ae. During the early stages of decomposition, immobilization by
microbial assimilation was a dominant process. In field and green-
house experiments the intensity of microbial immobilization was

reflected in crop yields, microbial numbers, mineralization of carbon

and nitrogen in incubated soils, or in the level of amino nitrogen
in acid hydrolysates.

Be At advanced stages of decomposition, moderate to large in-
creases in the soil nitrogen fraction which was not hydrolyzed by acid
were observed in both soils. At the end of a LO-week decamposition
period in the greenhouse experiment, the level of non-acid=hydrolyza-
ble nitrogen increased as a continuous geometric function of decreasing
soil CsN ratioe. The curves for soils with different organic amendments
were different. For any given soil Cs:N ratio, much larger quantities
of acid-resistant nitrogen were found following the addition of sawdust
or acid-extracted (M"lignified") sawdust than with the more readily
decomposed materialse

The curves for sawdust and lignified sawdust were congruent,
which indicated that the acid-resistant nitrogen found was associated
with a constituent common to both materials and presumed to be lignine.

The lignin content of hardwood sawdust is known to be higher than in

L
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corn stalks. These and other considerations lead to the conclusion
that increases in non-acid-hydrolyzable nitrogen observed in the
greenhouse samples were due to chemical fixation of ammonia and pro-
teinaceous nitrogen compounds by lignin or lignaceous constituents of
the organic amendments.

Similar increases in non-acid-hydrolyzable nitrogen were observed
in soil samples taken three and five years after addition of sawdust
in the field experiment and were similarly ascribed to the formation

of chemical complexes with lignin.

Factors Affecting Microbial Immobilization

The intensity of microbial immobilization was directly related
to the quantity and availability of energy materials contained in
the various organic amendments or in their residues at various stages
of decomposition. The intensity of microbial immobilization was also
increased by the addition of nitrogen in high nitrogen materials or
as supplemental nitrogen with materials low in contained nitrogen.
This latter effect was reflected in increased microbial numbers or
increased quantities of amino nitrogen recovered in acid hydrolysates,
even though it was rarely reflected in reduced crop yields at the ab=-
nomally high rates of supplemental nitrogen which were used.

The length of time over which intense microbial immobilization
occurred following the addition of various organic amendments was in-
versely related to the availability of energy substrates contained in
the original materials. Effects of nitrogen on the duration of micro-

bial immobilization were difficult to separate from its effect on
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chemical fixation., However, an earlier decline in microbial numbers
where nitrogen was added with residues low in contained nitrogen in-
dicated an inverse relation between level of nitrogen treatment and
the duration of intense microbial immobilization.

The presence of a young, growing wheat crop stimulated microbial
assimilation of nitrogen, as reflected in greatly increased microbial
numbers two weeks after the start of the greenhouse experiment. This
rhizosphere effect was of catalytic proportions. Microbial numbers
were maintained at higher levels in cropped than in uncropped soils
all through the decomposition period by reason of energy materials
contributed by root residues from two successive wheat crops. The
enhanced microbial immobilization of nitrogen attributable to cropping
was reflected at the end of the LO-week decomposition period by in-

creased CO,, evoluticn and decreased mineralization of nitrogen during

2
incubation, as well as by reduced uptake of nitrogen by the third

crop of wheat.

Factors Affecting Chemical Immobilization

The chemical fixation of ammonia by lignin is known to occur at
pH's around neutrality or above. It is also known that the amount
fixed in chemically resistant form increases with ammonia concentra-
tion and the degree of oxidation of the lignin,.

In the greenhouse soils to which supplemental nitrogen was added
as urea, appropriately high pH's and ammonia concentrations for
ammonia fixation were attained during the first two weeks. Crop re-

sponse and pH data showed that ammonia was quickly absorbed by the
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lignified sawdust and somewhat less rapidly by sawdust. The sorbed
ammonia nitrogen was readily available to the first wheat crop but
declined rapidly in availability to the next two crops. The decline
in availability of nitrogen to the wheat was accompanied by sharply
reduced numbers of bacteria and fungi, from which it was inferred that
masking energy materials were rapidly dissipated, exposing the more
resistant lignin to oxidation.

The level of acid-resistant nitrogen found after LO weeks was a

function of the degree of oxidation of energy materials in these soils.

This was shown by the fact that 002 evolved during a 10-day incubation
declined geometrically with increasing non-acid-hydrolyzable nitrogen.
Carbon dioxide evolved from soils treated with a given organic amend-
ment decreased linearly with soil CsN ratioe At any given C:N ratio,
the CO2 evolution for different materials was of the order expected
from the known decomposability of the original materials.

Thus, the chemical immobilization of nitrogen in the greenhouse
experiment appears to have been related directly to level of nitrogen
treatment, the quantity of lignaceous materials added in the various
organic amendments, and the degree of decomposition or dissipation of
associated energy materials. The effect of cropping was to reduce
the level of acid-resistant nitrogen, presumably by reducing nitrogen
level through crop removal and by adding to the energy supply in the

form of root residues from the wheat.
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Factors Affecting Release of Microbially
Immobilized Nitrogen
Comparison of nitrogen taken up by successive cropsof wheat

with microbial numbers showed that nitrogen initially immobilized by
microbial assimilation was released again as the more readily available
energy materials were dissipated and the numbers and activity of soil
microorganisms declined. This was also shown after LO weeks by the in-
verse relationships that were found between nitrogen released and micro-
bial activity when the carbon and nitrogen mineralized during incuba-

tion were both plotted against soil C:N ratioe.

Factors Affecting Release of
Chemically Fixed Nitrogen
Bremner and Shaw (23) have shown that ammonia or protein nitrogen

in chemical complexes with lignin is very resistant to mineralization
by soil microorganisms. In the present study, the decomposability
of organic residues in soils ULO weeks after treatment declined accord-
ing to a geometric function of increasing content of non-acid-hydrolyza-
ble nitrogen, as shown by CO2 evolution from incubated soil samples.
Mineralization of nitrogen during incubation also appeared to bear a
continuous relationship to acid-resistant nitrogen, but the shape of
the curve for sawdust and lignified sawdust reflected the action of
two independent variables, namely decreasing microbial immobilization
and increasing resistance to mineralization of chemically fixed
nitrogen.

The data were fragmentary, but the values for sawdust and
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lignified sawdust showed a distinct tendency for nitrogen mineralized
to increase with non-acid-hydrolyzable nitrogen over the lower range
where decreasing intensity of microbial immobilization was indicated
by rapidly decreasing 002 evolution. In the higher range of non-acid-
hydrolyzable nitrogen where microbial activity had been reduced to
very low levels, nitrogen mineralized during incubation was sharply
reduceds In these more highly oxidized soils, the resistance to micro-
bial mineralization of chemically fixed nitrogen was clearly seen.

One year after application of sawdust to the Sims clay loam in
the field experiment, the proportion of non-acid-hydrolyzable nitrogen
was less than in the check soil and the proportion of amino nitrogen
was greatér. This result suggested that chemically fixed nitrogen may
have been attacked and utilized by microorganisms in the presence of
fresh energy materials.

In the greenhousc, non-acid-hydrolyzable nitrogen after ten
months was not reduced below the level of the check by any treatment.
However, from the shapes of the curves relating acid-resistant nitro-
gen to soil CsN ratio, it was apparent that decreases in this fraction
following addition of carbonaceous energy materials would be much
easier to detect in soils of narrow C:N ratioe The C:N ratio of the
Oshtemo sand used in the greenhouse experiment was 16.0:1, that of the
Sims clay loam in the field experiment was 1l.L:l. These differences
in soil C:N ratio help to explain the fact that decreases in non=-acid
hydrolyzable nitrogen were detected in the field after sawdust applica-

tion and not in the greenhouse.

The addition of root residues from two crops of wheat in the
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greenhouse resulted in wider C:N ratios and lower levels of non-acid-
hydrolyzable nitrogen than in the corresponding uncropped soils. Thus,
non-acid~hydrolyzable nitrogen appeared to be an equilibrium product
of oxidative processes in the soile As such, its level in the soil
would be expected to decrease when fresh organic materials containing
reduced carbon compounds of high energy content are added to the soil.
This process would be analogous to the "priming" action of fresh re-
sidues on decamposition of soil humic materials which has been report-
ed in tracer studies. The conflicting evidence that has been reported
regarding this "priming" phenamenon may well have arisen by reason
of differences in oxidative status and associated levels of chemically

fixed nitrogen in the soils used by different workers.

Significance to Crop Response

It is generally assumed that nitrate is the principal formm in
which nitrogen is taken up by most plantse Nitrogen taken up by the
third crop of wheat planted after LO weeks in the greenhouse experi-
ment was found to be very closely related to water-soluble nitrate
in the soil at the time the wheat was planted. No discernible re-
lationship existed between nitrogen uptake and incubation tests for
nitrifiable nitrogen. However, when nitrate released during incubation
was added to nitrate already in the soil at planting time, the apparent
functional relationship between nitrogen uptake and nitrate nitrogen
was improved for a majority of soils.

A direct linear relationship was found between nitrate nitrogen

and non-acid-hydrolyzable nitrogen in these soils at the time this
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third wheat crop was plantedes This indicated that both forms of nitro-
gen were equilibrium products of the oxidation of organic materials in
the soile In confirmation of this interpretation, it was found that
nitrogen availability to the third wheat crop was an inverse function
of soil CiN ratio for soils with any given organic amendment. The
residual availability of nitrogen in previously cropped soils appeared
to have been determined largely by the nature of the original organic
amendment and the soil C:N ratio after LO weeks, with only a general
and erratic relation to the total quantity of nitrogen originally
added.

The failure of the incubation tests for nitrifiable nitrogen by
themselves to reflect levels of nitrogen availability was due partly
to:.the fact that large amounts of nitrate had accumulated in a number
of these soils prior to planting of the wheat. However, with uncropped
soils and soils treated with alfalfa hay, unusually large amounts of
nitrogen were taken up by wheat at given levels of nitrate or nitrate-
plus-nitrifiable nitrogen. Several of these soils were unusually high
in non=-acid~hydroly,able nitrogen. Apparently, rhizosphere activities
associated with the growing wheat crop greatly enhanced the availa-
bility of chemically fixed nitrogen to the crope.

Of these irregular soils, those treated with sawdust or lignified
sawdust at high levels of nitrogen without previous cropping were
unusually high in total nitrogen, so that a capacity factor, as well as
a rate factor, was involved in the net release of nitrogen to the
wheat. With all uncropped soils, microbial immobilization was less

intense (shown by reduced CO, evolution) than in the corresponding

2
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cropped soils because of the absence of energy materials contributed
from root residues from preceding wheat cropse.

The abnormally high uptake of nitrogen with the previously
cropped alfalfa treatment was consistent with experience in other
areas where it has been found that the incubation test for nitrifiable
nitrogen fails to reflect the high nitrogen supplying potential of a
legume preceding corn. The complexity of factors that were found to
influence the tie-up and release of nitrogen during incubation in the
greenhouse and in the laboratory and the additional interactions of
these factors with the succeeding crop indicate that no single chemical
or incubation test can be relied on to predict the availability of

nitrogen to that crop.

Practical Implications
From the results that have been reported here, a number of pract-
ical implications may be drawn:

l. The quantity of humified soil organic matter can be
materially increased by massive additions of plant materialse. Such
increases are probably only temporary. Decomposition is relatively
rapid. Materials high in lignin, such as sawdust or extracted wood
products will have residual effects detectable for at least five years
after application. Effects of rapidly decomposable materials such as
corn stalks or cereal straws will be dissipated much more quickiye
Alfalfa hay is decomposed more rapidly in the initial stages than
cereal straws or corn stalks, but leaves a larger residue of resistant

organic matter because of its higher lignin cenvente
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2. The rate of transformation of fresh plant materials to
humic substances is hastened by the addition of nitrogen. Nitrogen
retained in organic combinations in the soil is increased by nitrogen
treatment. Except with very highly lignaceous materials, the quantity
of carbon retained in resistant humic materials at advanced stages
of decomposition appears to be relatively unaffected over a very wide
range of nitrogen treatment.

3¢ The initial injurious effects on non-leguminous cropsof
large additions of plant materials low in nitrogen can be corrected
by the addition of large quantities of nitrogen (of the order of 30
to LO pounds per ton of sawdustj). Vith plant materials low in phos-
phorus, extra fertilizer phosphorus will also be needed (5 pounds per
ton for sawdust).

Le A leguminous crop such as alfalfa is not seriously re-
duced in yield by the presence of large quentities of sawdust. The
addition of extra phosphate may be all that is needed to eliminate
any interference with alfalfa productione The broadcasting of sawdust
on established stands of alfelfa would appear to be an economical
method for using sawdust for soil building purposes.

5. Lignin materials extracted from sawdust have a large
capacity for absorbing ammonia. The sorbed ammonia was found to be
highly available to the first crop of wheat in concentrations which
were highly toxic to wheat grown without lignin treatmente. The lignin-
ammonia complex quickly became resistant to microbial attack and yet
retained a surprisingly high level of availability to subsequent wheat

crops. These properties suggest the need for investigating the use of




lignin-ammonia complexes in fertilizer formulations, particularly
for localized placement of heavy rates of application and for con-

trolled release effectse
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PHYSICO=-CHEMICAL PROPEATIES OF SGME SOIL

HUMIC MATERTALS AND SYNTHETHIC MODELS
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A large number of organic constituents have been isolated and
identified in hydrolysates of soil humic materials. These include

hexose and pentose sugars and tneir uronic acids and amino derivatives,

o

numerous amino acids characteristiz of plant and microoial proteins,

nucleic acids and inositol phosphates, vesins and waxes, and a complex
of phenolic compounds combined witn nitrogen. In their natural state,
wich indicates a

the humic materials ave largely iasoluble in water, w

fairly high degree of polvmerization of the simple orgzanic -onstitu-

~

ents, The behavior of

sross ivactions of soil organic matter extract-

ed from soils by various exitvacting procedures does not correspond to

that of polysaccharides, proteins ox other natural polymers isolated

from living plant, animal or microovial

L5

tissues. Thus, many of the

larger organic groupings in soil organic matter appear to arise by

processes of chemical and pnysical complex formation rather than by

well defined patteirns of oiological condensation and polvmerization,

It must be assumed tnat the actual processes wierevy siimple

organic building blocks are combined into comple:x structures in the

soil will be controlled or modified by tnae interplay of chemical,

o
X

physical and biotic forces. <{uvalitative and quantitative diiferenczes
in the composition and structure of humic materials will oeccur from
soil to soil, reflecting differences in parent materials, Lopograpiy,
age, climate, vegetation and cultural »ractices.

On the other hand, certain patterns of recombination will recur

in all soils., The qualitative composition of plant waterials which
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are the principal source of organic matter in soils varies but little
with the species of plant. When various plant residues are attacked
by decay organisms, an essentially similar assortment or spectrum of
active organic groupings are exposed. These include carbonyl groups,
ketones, carboxyls and hydroxyls, amino, imino, amido and imido nitro-
gen groups, sulfhydryl groups and various phosphate esters, to mention
only a fews The chemical properties of these active groupings will
determine the nature of the reactions in which they can participate
in the chemico-physical environment represented by the soil solution
and the interfaces between the gaseous, liquid and solid phases of
the soile For these reasons, a certain skeletel similarity in mole-
cular structure of soil humic materials would be expected regardless
of soil type or climatic situation.

A primary goal of fundamental soil organic matter studies has
long been to define this "humus skeleton". A major stumbling block
to realizing this goal has been the difficulty of separating organic
materials in unaltered form from the mineral constituents of soilse
The results of chemical studies on extracted fractions cannot be
directly projected to soil organic matter in situ.

One approach to this diff'iculty has been to synthesize hypotheti-
cal model substances and draw inferences from observed similarities in
chemical or physical behavior between these models and organic matter
in natural soil systems. This was the approach taken by Waksman and
others in developing the concept of a ligno-protein complex (107-110).

It is again being vigorously pursued by Flaig and his co-workers in
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Germany in their studies of synthetic polymers of quinones and
hydroquinones (35-37). This remains an essentially undeveloped area
of experimentation.

Further limitations in fundamental organic matter studies are
the tedious, time-consuming nature of chemical procedures available
for characterizing the organic constituents of soils and the low
specificity of many of them. Chromatographic and electrophoretic
procedures have come into the picture to greatly facilitate such
studies (9L, 96, 99). However, these are not entirely satisfactory
for extensive surveys of large groups of soils., Furthermore, they pro-
vide no direct evidence as to the way in which the simpler components
are combined into larger groupings in the soil.

The absorption of infrared and ultraviolet light by appropriately
prepared solutions or films of matter has in recent years been de-
veloped into tools for the elucidation of molecular structure. The
criteria presently available for the interpretation of absorption
spectra in these extra-visible wavelengths are still rather limited,
but rapid advances are being made. The techniques involved are rapid
and should provide a means for guickly surveying the chemical structure
of the organic constituents of large groups of soils, and for determin-
ing the nature of their association with soil minerals. The theoreti-
cal basis for interpretation of the spectra derived with natural soil
preparations can be developed by corollary studies with synthetic
models prepared to test hypothetical modes of chemical combination or
complex formation.

Preliminary studies were conducted employing this approach.
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Infrared spectra were developed using organic fractions extracted
from three soils with alkali or with neutral salt solutions. Syn-
thetic models used for comparison included Wyoming bentonite and a
mixture of Wyoming bentonite and alpha humus extracted from muck, and
complexes of casein with varying proportions of lignin prepared from
sawdust by acid extraction and by alkali extraction. Ultraviolet
absorption studies were conducted on two mobile components separated

from the alpha humus of Sims clay loam by paper electrophoresis.







MATERIALS AND METHODS

Preparation of lignins
Acid lignin was prepared by removing non-lignaceous constituents
from hardwood sawdust by hydrolysis with cold 72 percent sulfuric
acid followed by hydrolysis with hot dilute sulfuric acid according
to the method described by Norman (73).
Alkali lignin was extracted from hardwood sawdust, using L per-
cent sodium hydroxide under pressure, as described by Viaksman (108).

Both materials were freed from chlorides and sulfates by dialysise

Preparation of lignin-casein complexes

Casein and lignin were mixed in the dry, powdered form. Separate
mixtures were made with ecach type of lignin in two proportions, one-
half gram of casein being added to l% and 3 grams of each lignin mat-
erial. The mixtures were dissolved in 2 percent NaOH and shaken inter-
mittently for eight hours. The complexed materials were then precipi-
tated by addition of HCl, washed free of chlorides, dried at L5-50
degrees C and ground to a fine powder.

Table 15 shows the carbon and nitrogen contents of the lignins
and the changes in nitrogen content where casein was complexed with

six parts of lignin.

Preparation of alpha humus
A sample of Oshtemo sand wnhich nad been treated with lignin in
the greenhouse experiment reported in Part One and samples of muck

and Sims clay loam were extracted with 2 percent NaOH overnight at
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room temperature and were then centrifuged. The black supernatant
liquid was recovered by decantation and acidified until a precipitate
was formed. This precipitate was centrifuged out, washed free of
chlorides by dialysis, dried at L5-50 degrees C and then ground to a
fine powder.

Table 15. - Carbon and nitrogen found in lignin-casein complexes
used for infrared spectrum analysise.

Material C N Theoretical N
Percent Percent Percent

Acid lignin 57.3 0.3

Alkali liglin 5305 002

Casein ——— 13.6

Alkali lignin-
casein complex* —— 1.9 2.1

Acid lignin-
casein complex* ——— 262 242

% Both analysis from complex of one part casein to six parts of

##¢ Carbon by dry combustion.

Soil organic matter extracted with neutral salt solution

A sample of Sims clay loam was extracted overnight at room tem-
perature with o05if sodium pyrophosphate. The dissolved organic
matter was separated from the soil by centrifugation and then precipita-
ted, freed of chlorides, dried and ground in the same manner as the

alpha humnuse
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Infrared spectra
Materials for infrared spectrum analysis were mounted in a Nujol
mull in a Perkin-Elmer recording infrared spectrophotmometer. Absorb-
ancy curves were developed over a range of wavelengths from 2 to 1ll.5

microns.

Ultraviolet spectra
Ultraviolet spectra were developed on a Beclman DK-2 recording
spectrophotometer. Ifaterials were dissolved in dilute sodiwm hydroxide,
and introduced into the light path in quartz absorption cells. Ab-
sorbancy curves were developed over a range of wavelengths from 220 to

340 micronse

Paper clectrophoresis
Electrophoretic separations from the alpha humus fraction of
Sims clay loam were made using a Spinco ilodel R paper electroptoresis
cell., The transporting medium was a barbiturate buffer at pH9.0 with
an ionic strength of .1 gamma per ml. Runs were made for four-hour
periods with a current of 10 millamperes. Uiigrant spots were locat-
ed visually under white or ultraviolet light, then cut from the paper

and redissolved in .00l i NaOH in ethyl alcohol for ultraviolet

analysise.




EZPERIMENTAL RESULTS

Infrared Spectra

Infrared spectra for acid lignin, alkali lignin and casein are
shown in Figures 15, 16, and 17. The three major absorption peaks
which appear at wavelengths of 3.45, 6.85 and 7.25 microns are char-
acteristic of the Nujol dispersing medium and are to be observed in
all infrared spectra reported here. The sharp break at 9.2 microns
is a mechanical irregularity which results when the instrument is
switched over from a lower to a higher range of wavelengths.

In the spectra for alkali lignin and casein an absorption band
appears at 3400 microns which is not to be seen in the spectrum for
acid lignin. This is a region where characteristic absorbance by
N-H or O-H bonds has been shown. At 8.4 to 8.5 microns, an absorbance
band for casein and acid lignin coincides with an abrupt damping of
absorbance in the spectrum of alkali lignin. Again at 8.9 and 9.8
microns, there are absorbance bands in the alkali lignin spectrum
which are not found in the spectra of acid lignin or casein. All
three spectra show a peak of absorbance at 1L microns.

The significance in terms of molecular structure of these simil-
arities and dissimilarities in infrared absorption by these three
materials is not known, but they do reflect the fact that these mat-
erials differ in their chemical constitution. More exact interpreta-
tion of such spectra is possible through comparison with absorption

spectra that have been reported for numerous reference compounds.

Such data were not readily available at the time this report was
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15. - Infrared absorption spectrum of acid lignin
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Infrared absorption spectrum of alkali lignin
Infrared absorption spectrum of casein
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prepared.

In Figures 18 and 19 are shown the spectra for the synthetic
camplexes of casein with acid lignin and with alkali lignine. The
shape of the two absorption curves was essentially similar, even to
the exact correspondence of numerous absorption maxima and minima at
the same wavelengths for both materials. Similar curves were obtained
whether three or six parts of lignin were mixed with one of casein,

When Figures 18 and 19 are compared with Figures 15, 16 and 17,
it will be seen that numerous characteristic absorption peaks in the
parent materials have been sharply reduced in the complexes. This is
particularly evident in the region from 7.5 to 12 microns. Here the
damping effect of the mixture might reflect merely the interference
of opposing regions of maximal and minimal absorbance contributed by
elements of the two parent materials in a mechanical mixture.

However, in the case of the alkali lignin-casein comples (Fig. 19),
if a purely mechanical mixture were involved, it would be expected
that there should be reinforcement of the absorption peak exhibited at
3,00 microns by both alkali lignin (Fig. 16) and casein (Fig. 17).
Instead, this peak was less pronounced than in either parent material.
Apparently a chemical combination had taken place which resulted in
the disappearance of N-H group or O-H group or both.

Tn the case of the acid lignin-casein complex (Fig. 18) there
was a similar damping of absorption at 2.3 microns where reinforce-
ment would have been expected, since peaks occurred here in acid
lignin (Fig. 15) and casein (Fig. 17). Again a chemical transformation
is indicated. No postulation is offered as to active groups or

bonds which may have been involved.
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In Figure 20 is shown the infrared absorption diagram for alpha
humus extracted from mucke There is a striking similarity between
this spectrum and that for acid lignin (Fige. 15). Both have a sharply
defined absorption peak at 2.3 microns. Neither shows the peak at
340 microns that was shown by alkali lignin and casein and weakly by
the two complexes. In the region above 7.5 microns numerous maxima
and minima coincide exactly, although they are less sharply defined
in the alpha humus from mucke. This close similarity in absorbance
behavior between humic material from muck and lignin isolated from
sawdust by virtue of its resistance to hydrolysis by strong acid is
consistent with the generally accepted concept that resistant ligna-
ceous residues from plant decomposition are a principle constituent
of soil humus, particularly in poorly drained situations where aeration
is poor.

An alpha humus was also extracted from one of the Oshtemo sand
samples which had been treated with acid lignin and incubated in the
greenhouse for 30 weeks in the experiment reported in Part One. The
infrared spectrum of this preparation is shown in Figure 21, There
are sharp absorption peaks at 3 and 6 microns which correspond to
those shown by casein (Fig. 17). The intensity of these peaks compared
with those obtained where casein was complexed with lignin at ratios
of 1 to 3 (Figs. 18 and 19) provides indirect evidence that proteins
were extensively stabili,ed by the lignin treatment in this soile
This had been inferred from the large increases in acid-~hydrolyzable
amino nitrogen and non-hydrolyzable nitrogen reported in Part One.

The fact that the peaks were more pronounced for the alkali
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extract from the incubated soil (Fige 21) than for the complex formed
in alkaline solution (Figs. 18 and 19) may reflect quantitative dif-
ferences in the proportion of proteinaceous materials present. On
the other hand, the mechanisms of complex formation or protein stab-
ilization in the incubated soil may have been different than under
the conditions existing in the laboratory synthesis.

In Figure 22 the spectrum for alpha humus extracted from Sims
clay loam with neutral sodium pyrophosphate is presented. Rather
weak but distinct absorpticn peaks at 3 and 6 microns appear. No
attempt at comparison with previous spectra can be made since a dif-
ferent extractant was used as well as a different soil. However, the
. point is made that characteristic peaks are recognizable regardless
of extractant. This suggests that successive fractional extraction
using different extractants may provide one means for identifying
chemical groups responsible for specific peaks in infrared spectra
of soils.

The pattern of absorbance in Figures 21 and 22 for alpha humus
extracted from mineral soils showed no similarity above 7.5 microns to
any of the previous spectra. A broad absorption band around 9.5 mic-
rons has been reported to be characteristic of clay and other silicate
minerals. Accordingly a spectrum was developed for hydrogen-saturated
Wyoming bentonite and for a mixture of ¥Wyoming bentonite and alpha
humus extracted from muck. These are presented in Figures 23 and 2L.
Major peaks occur in the bentonite spectrum at 2.3, 6.1, 9.4 to 9.8,
and at 14 microns. These are also the major peaks in the spectrum

of the mixture.
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Figure 21. - Infrared absorption spectrum of alpha humus extracted
with NaOH from an Oshtemo sand. The soil had been incubated for
30 weeks following an application of acid lignin.

Figure 22, - Infrared absorption spectrum of alpha humus extracted
from Sims clay loam with sodium pyrophosphate.
Check treatment.

Figure 23. ~ Infrared absorption spectrum of hydrogen saturated
Vyoming bentonite.

Figure 2L+ - Infrared absorption spectrum of alpha humus prepared
from four parts muck complexed with one part bentonite.
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This masking of the organic fraction by mineral impurities re=-
presents a major technical difficulty in the application of infrared
spectrum analysis to studies of the organic fraction of mineral soils.
Further pitfalls in the sort of interpretation which has been develop-
ed tentatively thus far are represented by the fact that O-H bonds in
minerals such bentonite can account for the absorption peak at 3
microns and that water absorbed on organic or mineral colloids may be
responsible for the peak around 6 microns. However, different materials
do leave characteristic tracings in the infrared spectrum. By systema=~
tic model systems it should be possible to interpret these tracings

with increasing assurance.

Ultraviolet Spectra

Attempts were made to develop ultraviolet spectra with solutions
of alpha humus extracted from soilse

The upper curve in Figure 25 is typical of the results obtained.
The absence of any maximum or minimum transmittance peaks indicates
that this gross fraction is chemically tco complex for study with
ultraviolet techniques.

In an effort to separate a fraction that might be less hetero-
geneous, a sample of the same soil was first hydrolysed in boiling 6 N
HCl and washed free of chlorides before extracting an alpha humus
fraction with NaCH. The second curve in Figure 25 shows that this
fraction was no more specific in its behavior towards ultraviolet
light than the first.

Stevenson (99) had reported the separation of a single mobile
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FIGURE 25

Ultraviolet spectrum of alpha humus from a Sims clsy loam.
l. Alpha humus dissolved in .00l ki NAOH

2. Alpha hunus dissolved in OO0l M NACH after soil had been
hydrolyzed with 6 NHCLe
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component from alpha humus, using a Tiselius-Klett electrophoresis
cells This appeared to be a means for separating a humic fraction
that might be better defined chemically and which might give an
ultraviolet spectrum with better resolution. Electrophoresis appara-
tus of the type used by Stevenson was not available, so separations
were made using paper electrophoresis equipment. Alpha humus fractions
extracted before and after acid hydrolysis of Sims clay loam were
useds

Photographs in daylight and under ultravioclet light of a typical
electrophoresis paper pattern for alpha humus are presented in Figure
26, Under ordinary light a single band of dark colored material was
found to have migrated out of the alpha humus in the direction of
the cathode. Under ultraviolet light it was found that the dark
colored material was preceded oy a band of fluorescence. The bands
of dark colored and fluorescent materials were not sharply separated,
but the observed phenomena indicate that at least two distinct mobile
components were present.

The area of the bands was cut from the paper and extracted with
4001 M NaOH in 95 percent ethanol. Ultraviolet spectra of the fluor-
escent component are presented in Figure 27. At the higher dilution,
it appeared that a great improvement in resolution had been achieved
over that obtained with the original alpha humus fractions in Figure
25. A similar spectrum was obtained with the material extracted from
the dark colored band so that it must be assumed that the separation
of the colored and fluorescent components was incomplete. With add-

itional purification, the fluorescent component would be expected
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FIGURE 26

Paper electrophoresis separation of alpha humus fraction
from a Sims clay loam

A. Ordinary separation observed under daylight.
Be Separation observed under ultreviolet 1ight.

0 is the origin.
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FIGURE 27
Ultraviolet spectrum of fluorescent component separated by

paper electrophoresis

A. Original component dissolved in 001 M NaCOH after
being cut from the paper.

B. Same Component dilute app. 200 times.
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to give a much sharper absorbance spectrum in the ultraviolet range.
This would provide a clue to its identity. It would also provide a
criterion for establishing the purity of similar soil organic matter
separates as a guide in further chemical studies directed towards
positive identification.

It is significant that the fluorescent band was obtained in
electrophoretic separations from alpha humus fractions extracted both
before and after hydrolysis of soil with 6N HCl. While it must be
assumed that certain humic constituents are released from soils both
by alkali extraction and acid hydrolysis, it would appear that dis-
tinct components are specifically characteristic of the alkali-soluble
fraction. This had been inferred from the similarities and dissimilar-
ities observed in the trends with time of acid-hydrolyzable and alkali-
soluble nitrogen in the soils studied in Part One.

After acid hydrolysis the alpha humus extracted from Sims clay
loam still contained 1 percent or more of nitrogen. Several observa-
tions support the conclusion that the nitrogen in the alpha humus
fractions of this soil was not present as protein. Only the dark
colored and the fluorescent materials were observed to migrate under
the influence of an electric current. This was true whether the alpha
humus was extracted before or after acid hydrolysis. The migration
velocities of the mobile camponents were greater than those of the
usual proteins found in blood, and they were not stained by bromphenol
blue. If nitrogen was present in the form of amino acids, these amino
acids were not in the usual protein combinations, or at least not as

free proteins.
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It was considered that mineral impurities in the alpha humus
preparations might have contributed to the immobility of the dark
colored materials which failed to migrate away from the origin (Fig. 12).
~ Accordingly, suspensions of pure clay minerals were applied to paper
strips and subjected to the same electrophoretic potential that was
used in the humic separations. The blue color formed by the action of
benzidine on clay minerals was used to visualize the location of the
clay. No movemeﬂt of the clay was observed after four hours.

Since the infrared spectrum of alpha humus from Sims clay loam
(Fige 22) showed the presence of silicates as impurities, it appears
likely that electrophoretic immobility of certain humus components
may derive from complex formation between mineral and organic consti-
tuents of soilse FElectrophoretic procedures provide a tool for their

separation and further studye.

Conductometric and High Frequency Titrations

In the work with the synthetic casein-lignin complexes, it was
of interest to duplicate studies reported in the literature on the
cation exchange properties of such complexes, using, however, newer
and more rapid procedures for estimating exchange capacity.

Lignin, casein and lignin-casein complexes were saturated with
barium by the method described by Mehlich (66)e The barium saturated
materials were washed free of chlorides and drieds Two methods were
used to estimate cation exchange capacity. These included the con-
ductometric titration suggested by Mortland and Mellor (71) and a
high frequency titration employing apparatus described by Johnson and

Timnik (52).
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In Figures 28, 29, 30 are presented curves obtained with the two
methods during the titration of suspensions of the barium saturated
lignins and casein with 0,1 N MgSOh. Both methods gave sharp end
points, but there was little agreement between the values obtained
for cation exchange capacity. Since the high frequency method elim-
inates the use of electrodes which might interfere with the exchange
reaction, this method was used for titrestion of the lignin-casein
complexes.

In Figures 31 and 32 are shown the high frequency titration
curves obtained with complexes of casein with acid lignin and alkali
lignine. A striking result is the appearance of a second end point in
these curves. The first end point suggests the presence of new ex-
change sites characterized by relatively low sorption energy for bariume.
The second inflection in the curves represents the point where barium
has been completely replaced by magnesium on exchange sites and corres-
ponds to the point on the other curves which was taken as an estimate
of total cation exchange capacitye.

Cation exchange capacities taken from the high frequency titration
curves of all materials are tabulated in Table 16,

The total cation exchange capacity of acid lignin was increased
in the 631 complex with lignin to a value intermediate between the
capacities of the two materials alone. The increase was equivalent
to the capacity of new exchange sites represented by the first end
pointe.

In the 331 complex of acid=-lignin and casein, total exchange

capacity was greater than that of either material alone. An increase
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Figure 28. - High frequency (A) and conductometric (B) titration
curves for barium saturated acid lignin in 100 ml. of water and
50 ml. of alcohol.

Figure 29. - High frequency (A) and conductometric (B) titration
curves for barium saturated alkaline lignin in 100 ml. of water
and 50 ml. of alcohol.

Figure 30. - High frequency (A) and conductometric (B) titration
curves for barium saturated casein in 100 ml. of water and 50 ml.
of alcohol.
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FIGURE 31

High frequency titrations curves for barium saturated acid-
lignin-casein complex in 100 ml. of water and 50 ml. of alcohol.

A+ Complex composed of six parts of lignin to one part of casein.

Be Complex composed of three parts of lignin to one part of casein.
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FIGURE 32

High frequency titrations curves for barium saturated alkali
lignin-casein complex in 100 ml. of water and 50 ml. of alcochol.

A. Complex composed of six parts of lignin to one part of casein.

B. Complex composed of three parts of lignin to one part of casein.
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of 29 mee. in total exchange capacity over that of the acid lignin
alone was largely accounted for by the appearance of 25 m.e. of ex—
change capacity in the titration preceding the first end point.

Table 16. - Cation exchange capacities of lignins, casein and lignin=-

5 casein complexes as determined by high frequency titration
of Ba-saturated materials with N/10 1gS0)

Cation exchange capacity, m.e. per 100

gns
Material Material Complex with casein
alone
First
Ratio endpoint Total
*
Acid lignin 19 611 11 30
3:1 25 L8
Alkeli lignin il 631 11 L5
3:1 1 L6
Casein 35 — e e

% Ratio of lignin to casein in the complex.

The behavior of the alkali lignin complex was quite different
from that of the acid lignin complex. There were no differences in
either lower energy or total exchange capacities between the 6:1 and
the 3:1 ratios of lignin to casein. With both ratios, the total ex=-
change capacity of the complex was only L or 5 m.e. greater than that
of the alkali lignin alone. It is interesting to note that the total
capacity of the complex was 10 or 11 m.e. greater than that of casein
alone, which is equivalent to the capacity of new exchange sites

represented by the first endpoint.
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The significance of the observed cation exchange phenomena is
not known. The different results with acid lignin as compared with
alkali lignin help to explain why some investigators have found that
the exchange capacity of lignin-protein complexes was greater than
that of lignin alone, whereas other investigators have been wnable to
show such changes. The manner in which lignin is extracted from
natural sources greatly influences the chemical properties of the
producte This was indicated by the infrared spectra as well as by
the differences in cation exchange properties of the materials them-
selves and of their complexes with casein.

The appearance of new exchange sites in lignin-casein complexes
substantiates the inferences made from infrared spectra that actual
chemical combinations had occurred between active groups in the two

materials when they were mixed in alkaline solutione







SUMMARY AND CONCLUSIONS

The physico-chemical studies reported here represent an attempt
to apply several new techniques to the study of the fundamental
nature and properties of soil organic matter. It is recognized that
the results obtained are fragmentary and that their theoretical
significance is not clear. However, the experiences recorded may
be a guide to future studies along these lines. Several specific
results appear to justify further investigation.

Infrared absorbance spectra were developed for a number of ex-
tracted soil organic matter fractions and synthetic models involving
casein, acid- and alkali-extracted lignin and clay minerals. The
spectra for organic materials were highly characteristic; for example
distinctly different absorbance patterns were exhibited by lignins
extracted from hardwood sawdust with acid and with alkalie. Struct-
ural differences revealed by infrared spectra were reflected in
differences in cation exchange properties of acid and alkali lignins
alone and in synthetic complexes with casein.

The infrared spectrum for alpha humus extracted with alkali
from muck was very similar to that for acid extracted lignin, but
was distinctly different from that of alkali lignin extracted from
sawduste This result is consistent with the accepted concept that
chemically resistant lignaceous constituents of plants accumulate
as the principle component of humus in poorly drained situations
where biological oxidation is limited.

Alpha humus extracted from mineral soils gave spectra in which

the patterns characteristic for organic fractions were obscured
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above 7.5 microns by mineral impurities. Camparison of these spectra
with those obtained with bentonite alone and in mixture with alpha
humus from muck indicated that the mineral impurities were probably
silicates.

Future infrared studies with the organic fractions of mineral
soils will need to consider means for eliminating these mineral
impuritiese On the other hand, studies with synthetic clay-organic
matter systems in the regions of the infrared spectrum where silicates
interfere may reveal clues as to the active groups involved in inter-
actions between clays and organic compoundse

The usefulness of the infrared absorbance diagrams was limited
by the lack of an extensive reference list of absorbance data for
pure compoundse The absorption of electromagnetic energy by matter
is known to be a function of the bonding energy between units of
molecular structure. Specific absorption wavelengths have been de-
termined for numerous interatomic combination. A necessary phase of
any investigation involving radiation absorbance phenamena should
be the tabulation from the literature of available data of this sort.

Infrared analysis appears to have considerable promise as a
means for surveying large numbers of soils with a view to characteri-
zing gross organic fractions which can be readily freed from mineral
impurities. Ultraviolet absorption, on the other hand, has more
limited application as a means of tentative identification of certain
fundamental humic components after they have been isolated in rather
pure form. Presumably these will include compounds with aramatic

ring structure or heterocyclic compounds derived from lignaceous
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materialse Ultraviolet absorption spectra may serve as criteria of
the purity of isolates to be used for further chemical analysis.

Preliminary experiments with paper electrophoresis suggest
that this may provide a method for isolating components of alpha humus
with sufficient purity to give characteristic ultraviolet absorbance
spectra. Whereas others have reported a single mobile component in
alpha humus preparations employing free electrophoresis in a Tiselius
cell, in the presént work with paper electrophoresis two distinct
camponents were observed. One of these was a colorless material
which fluoresced under ultrawviolet lighte. The separation of the two
mobile components was not complete, but their ultraviolet absorbance
spectra showed much better resolution than those for the original
alpha humus.

The extreme complexity of soil organic matter and its intimate
association with soil minerials has made it a rather unrewarding ob-
ject of study in the paste A number of new instruments and techni-
ques, including those used here have opened new possibilities for the
fruitful examination of soil organic matter. No one method can be
expected to accomplish much by itself. There is considerable promise,
however, in an integrated approach involving several methods on both

natural soil systems and synthetic models.
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