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INTRODUCTION

The e f fe c ts  o f  cropping systems and f e r t i l i z e r  and lim e 

a p p lic a tio n s  on s o i ls  under experim enta l con d ition s  have been measured 

c h ie f ly  in  terms o f d iffe re n ce s  in  p la n t y ie ld s .  In  some o f these 

cases changes in  the organ ic m a tte r content o f the s o i l  have been 

measured by chemical a n a ly s is , and q u ite  fre q u e n tly  the q u a n tit ie s  o f  

a v a ila b le  p la n t n u tr ie n ts  in  the s o i l  o f tre a te d  and u n trea te d  p la ts  

have been determ ined by methods devised fo r  th is  purpose. Changes in  

the b io lo g ic a l con d ition s  o f s o i ls ,  however, as n i t r i f y in g  power, 

numbers o f b a c te r ia  and fu n g i,  carbon d iox ide  p rodu c tion , e tc , re s u lt in g  

from s o i l  treatm ents have been s tud ied  to  a less  e x te n t.

In  1917» "the S o ils  S ection o f M ichigan State College placed 

under experim enta l treatm ent a f i e l d  o f Fox sandy loam s o i l  which had 

f a l le n  to  such a low sta te  o f f e r t i l i t y  th a t i t  had been uncropped fo r  

severa l years. During succeeding years many o f the tre a te d  p la ts  a t 

ta in ed  a f a i r l y  h ig h  s ta te  o f f e r t i l i t y  as measured by crop y ie ld s ,  as 

much as 50 bushels o f  wheat to the acre having been grown on some p la ts .  

Marked d iffe re n ce s  occurred, however, in  the crop y ie ld s  ob ta ined from 

p la ts  re c e iv in g  d if fe re n t  trea tm ents. As a m a tte r o f in te re s t to  the 

men in  charge o f the f i e ld  and to  agronomists in  general, i t  was con

s idered  im portant to  know i f  chemical and b io lo g ic a l changes had taken 

p lace in  the s o i l  o f the p la ts  re ce iv in g  d if fe re n t  trea tm ents. This 

in v e s t ig a t io n  was c a r r ie d  on, th e re fo re , to o b ta in  in fo rm a tio n  o f th is  

nature and to  determine what c o r re la t io n s  m ight e x is t  among the various 

data c o lle c te d .
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REVIEW OF LITERATURE

L ite ra tu re  dea ling  w ith  the re la tio n s h ip s  o f chemical and 

b io lo g ic a l a c t iv i t ie s  in  s o i l  and the crop producing power o f the s o i l  

has been tho rough ly  reviewed elsewhere (32 , 33) ,  and hence re ference 

w i l l  be made o n ly  to  those papers most c lo s e ly  re la te d  to  the s tud ies  

presented in  th is  paper.

RELATION BETWEEN CROP PRODUCTION AND 

BACTERIAL ACTIVITY IN THE SOIL

Brown ( 6) demonstrated a close re la t io n s h ip  between b a c te r ia l 

processes as measured by n i t r i f i c a t io n ,  am m onifica tion , a z o fic a tio n , 

and crop p rod u c tion  in  h is  s tud ies o f some Iowa s o ils .  R usse ll and 

Appleyard (22) found curves fo r  carbon d iox ide  p roduc tion , n i t r a te  con

te n t ,  and numbers o f microorganisms in  the s o i l  were s im ila r  enough to  

be c a lle d  re la te d  and tha t a l l  o f these fa c to rs  exerted an in flu e n ce  on 

crop p ro d u c tio n . The re s u lts  o f Noyes and Connor (20) showed a d e f in ite  

re la t io n s h ip  between crop y ie ld s ,  n i t r i f i c a t i o n ,  and b a c te r ia l numbers 

in  some ac id  s o i ls .  N e lle r  (18), working w ith  lim ed and unlim ed s o i ls ,  

found a d is t in c t  c o r re la t io n  between crop p roduction  and b a c te r ia l 

a c t iv i t y  as measured by COg p rod u c tio n , NÔ  p roduc tion , and numbers o f 

b a c te r ia . ” A c lose c o r re la t io n  e x is ts  between crop p rod u c tion  and 

b a c te r ia l a c t iv i t y  and bo th  are e q u a lly  a ffe c te d  by s o i l  trea tm ent” is  a 

summarized statement o f the l i te r a tu r e  by Waksman (32)*
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NITRIFICATION AS A MEASURE OF SOIL FERTILITY 

AND THE EFFECTS OF SOIL TREATMENTS

S tudies o f n i t r i f i c a t i o n  by Wahltman (3 0 ), Lobnis (17)*

Kellerm an (l^+) , and R usse ll (23) in  s o i ls  v a r io u s ly  tre a te d  and under 

d if fe re n t  experim enta l co n d itio n s , revealed a d e f in ite  c o r re la t io n  

between n i t r i f i c a t i o n  and crop p rod u c tio n . Where s o ils  were co n tim t- 

ous ly  cropped w ith o u t f e r t i l i z a t io n ,  as repo rted  by A lle n  and Bonagzi ( i ) ,  

n i t r i f i c a t i o n  was reduced u n t i l  no c o r re la t io n  between i t  and crop 

p ro d u c tio n  cou ld  be made. Harper and Boatman (12) found no increase in  

n i t r i f i c a t i o n  as a re s u lt  o f ap p ly in g  superphosphate and m uria te  o f 

potash f e r t i l i z e r s  to  lim ed s o i ls .  Some recent work by Ligon ( l 6) on 

muck s o ils  d i f fe r in g  w ide ly  in  re a c tio n , showed an e x c e lle n t c o r re la t io n  

between n i t r i f i c a t i o n  and the y ie ld  o f spinach.

The s tud ies  o f Temple (2 5 ), Fred and G-raul ( 8) ,  B a rth e l, and

Beckw ith (5 )*  showed th a t ammonium sulphate , the most commonly used

source o f n itro g e n  fo r  n i t r i f i c a t io n  s tu d ie s , was not su ita b le  fo r  use in  such 
s tud ies  in  a l l
s o i ls .  Halversen (11) demonstrated the value o f ammonium sulphate as a 

source o f n i t r i f ia b le  n itro g e n  f o r  c e r ta in  p roductive  s o ils ,  bu t s ta ted  

th a t a c id  s o ils  o f humid reg ions, low in  bases, would no t be expected 

to n i t r i f y  th is  m a te r ia l.  K u lik  (15) and Tu rch in  (28) found a depression 

o f  n i t r i f i c a t i o n  o f  urea in  podso lized  s o ils  by a d d it io n  o f sulphates 

and e s p e c ia lly  c h lo r id e . Waksman (31) s ta tes  from h is  s tud ies  o f methods 

fo r  de te rm in ing  n i t r i f i c a t i o n ,  th a t several sources o f n itro g e n  and 

d if fe re n t  methods o f procedure should be employed to give a b e tte r  p ic tu re  

o f  a s o i l f s power to  n i t r i f y  n itrogenous m a te r ia ls .
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PRODUCTION OF CARBON DIOXIDE AS A MEASURE 

OF BACTERIAL ACTIVITY IN  SOILS

The amount o f carbon d iox ide  produced by aerob ic b a c te r ia l 

a c t iv i t y  was measured by Van Suchtelen (29) and found to  be a b e tte r  

index o f  s o i l  p ro d u c t iv ity  than the number o f m icroorganisms in  a 

s o i l .  S tocklasa and E rnest ( 2^) found th a t the g rea te s t amounts o f  

carbon d iox ide  were produced in  f e r t i l e ,  w e ll aera ted s o ils  and th a t 

carbon d iox ide  p ro d u c tio n  p a ra lle le d  n i t r i f i c a t i o n .  Organic m a tte r r ic h  

in  n itro g e n  gave a b e t te r  c o r re la t io n  between carbon d iox ide  p ro du c tion , 

am m on ifica tion , and n i t r i f i c a t io n  than m a te ria ls  low in  th is  element 

accord ing to  Gainey (1 0 ). Carbon d iox ide e v o lu tio n  from s o i ls ,  w ith  and 

w ith o u t organ ic m a tte r a d d itio n s , may be used as a measure o f s o i l  f e r t i 

l i t y  accord ing to  Waksman (32) •

CELLULOSE DECOMPOSITION IN SOILS AND ITS RELATION 

TO SOIL FERTILITY

Christensen (7) was one o f the f i r s t  in v e s tig a to rs  to suggest 

th a t c e llu lo s e  decomposition could be used as a measure o f  s o i l  pro

d u c t iv i ty .  The work o f N ik lew ski (19) showed th a t c e llu lo s e  decomposition 

was c o n tro lle d  c h ie f ly  by the supply o f a v a ila b le  n itro g e n . Anderson ( 2) 

v e r i f ie d  N ik lew sk i* e (19) re s u lts  and showed the e f fe c t  o f n itro g e n  from 

d i f fe re n t  sources on c e llu lo s e  decomposition. Some c e llu lo s e  decomposition 

s tud ies  by Holben (13) on s o i l  from the f e r t i l i t y  p lo ts  a t the Pennsylvania 

s ta t io n  lead  to  the statement th a t th is  process is  an e x c e lle n t measure 

o f  s o i l  f e r t i l i t y .  The importance o f  a v a ila b le  n itro g e n  and phosphorus to
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c e llu lo s e  decomposition in  s o i ls  is  fu r th e r  s tressed by Waksman (3 2 ), bu t 

s o i l  re a c tio n  is  considered o f l i t t l e  importance in  the process. Some 

recent work by White and co-workers (3*0 fu r th e r  emphasizes the importance 

o f  n itro g e n  and a lso  demonstrates a re la t io n s h ip  between s o i l  re a c tio n  and 

c e llu lo s e  decom position.

experimental

DESCRIPTION OP SOIL TYPES, RECORD OF SOIL TREATMENT AND CROPPING 

HISTORY OF PLOTS SELECTED FOR THE INVESTIGATION 

The Cass County Farm experim enta l f i e ld ,  near Cassopolis, 

M ich igan, was p lo t te d  in  1917 as an experim enta l area fo r  determ in ing 

the best methods o f  management f o r  the l ig h te r  s o ils  o f southwestern 

M ich igan. For the purposes o f th is  in v e s tig a tio n  e ig h t p lo ts  were 

se lec ted  from th is  f i e ld  f o r  study on the basis o f the s o i l  treatm ents 

used and the crop y ie ld s  which had been ob ta ined from them.

The Fox sandy loam on which the p lo ts  are loca ted  is  one o f 

the predom inating s o i l  types o f southwestern M ichigan bo th  in  area and 

value o f  i t s  p roducts . I t  may be described as a l ig h t  brown, f r ia b le ,  

sandy loam surface s o i l  ly in g  over a pale y e llo w is h  s o i l  o f  s im ila r  

te x tu re  .to  a depth o f  12 to  18 inches. The B ho rizon  con s is ts  o f sand 

and g rave l cemented toge ther by re d d ish  brown c la y  and ranging from 10 

to 18 inches in  th ickn e ss . At & depth o f  2h to  3& inches, coarse sand 

and g rave l predominate, which a ffo rd s  ra p id  to  excessive dra inage. The 

nature o f  the B ho rizon  is  a d is t in g u is h in g  c h a ra c te r is t ic  and gives to  

th is  s o i l  g rea te r re te n t iv e  powers fo r  m oisture and p la n t n u tr ie n ts ,  than 

s im ila r  s o ils  in  which th is  ho rizon  is  not so h ig h ly  developed. Under 

n a tu ra l c o n d itio n s , th is  s o i l  is  low in  content o f organ ic m a tte r and 

p la n t n u tr ie n t elements, which would in d ic a te  a g re a te r response to  s u ita b le
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s o i l  management p ra c tic e s  than s o ils  w e ll supp lied  w ith  o rgan ic  m atte r 

and reserve sources o f  p la n t n u tr ie n ts . As the Fox sandy loam is  a 

s tro n g ly  ac id  s o i l ,  an a p p lic a tio n  o f th ree  tons o f ground lim estone 

to  the  acre was made a t the beginn ing o f the f i e l d  experiment to  a l l  

except the check p lo ts .

F e r t i l iz e r s  were a p p lied  a t the fo llo w in g  ra tes per acre: 

Potassium, 100 pounds (50$ KC1); N itrogen , 100 pounds (NaN03) ; Phosphorus, 

200 pounds ( l 6$) superphosphate); Rock phosphate, 1000 pounds; Gypsum,

86 pounds. A l l  o f the f e r t i l i z e r s  were a p p lied  before the crops were 

p la n te d  w ith  the exception o f n itro g e n  fo r  f a l l  seeded g ra in . F o rty  per 

cent o f th is  was a p p lie d  in  the f a l l ,  and s ix ty  pe r cent in  the spring  

u n t i l  1920, when the p ropo rtion s  were changed to twenty per cent in  the 

f a l l  and e ig h ty  per cent in  the sp rin g . P e rio d ic  a p p lic a tio n s  o f the 

f e r t i l i z e r s  were made as shown in  ta b le  1 , and accord ing to  the amounts 

a lre ad y  g iven.

The cropping h is to ry  o f these p lo ts  since they have been under 

experim enta tion  is  as fo llo w s : soy beans, 19171 hye, 1913; wheat, 1919;

sweet c lo v e r, 1920, 1921; rye , 1922; com , 1923; wheat, 192*+; sweet c lo v e r, 

1925; soy beans, 1926; wheat, 1927; corn, 1928; oa ts , 1929; and wheat,

1930, 1931* The soy bean crop in  1926 was plowed under to  supplement the 

organ ic  m a tte r de rived  from crop residues. The y ie ld  was determined before 

p low ing under the c rop . Other crops were removed; no straw , s to ve r, o r 

s im ila r  m a te r ia l be ing added to  the s o i l .

METHOD OF TAKING SOIL SAMPLES

S o il samples o f s u f f ic ie n t  q u a n tity  f o r  a l l  the la b o ra to ry  stud ies 

were taken from the p lo ts  in  the f a l l  o f 1931*
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To secure a re p re se n ta tive  com positive sample, f iv e  samples were 

taken a t  s y s te m a tic a lly  lo ca te d  p o in ts  on each p lo t  and tho rough ly  mixed. 

Samples were taken by removing and d isca rd ing  the surface in c h  o f s o i l  

and then ta k in g  w ith  a spade the des ired  amount o f plow- s o i l  to  a depth 

o f  6 to  8 inches. A f te r  thorough m ix ing  and screening to  remove stones 

and la rg e  p a r t ic le s  o f  undecomposed organ ic m a tte r, a liq u o ts  were taken, 

a i r  d r ie d , and s to red  in  s te r i l iz e d  con ta ine rs .

LABORATORY METHODS

N itrogen  was determined by the method g iven fo r  s o ils  in  the 

O f f i c ia l  and T e n ta tive  Methods o f A na lys is  o f the A ssoc ia tion  o f  O f f ic ia l  

A g r ic u ltu ra l Chemists (2 ) . Organic m a tte r was determined by loss  on 

ig n i t io n ,  since the s o ils  conta ined no carbonates. The re a c tio n  in  terms 

o f  pH, was determ ined on a i r  dry s o i l  by the quinbydrone method as 

described by Bauer (U) . A va ila b le  phosphorus in  pounds per acre was ob

ta in e d  by the method o f Truog ( 26) .  Fred and Waksma^s (9) reduc tio n  

method was used to determine n i t r a te  n itro g e n . Numbers o f b a c te r ia  and 

fu n g i were obta ined by ta k in g  the average count from s ix  agar p la te s  o f 

the respective  media used. N i t r i f i c a t io n  and carbon d iox ide  p roduction  

methods are described in  the respective  s tud ies dea ling  w ith  these sub

stances.

RELATION BETWEEN SOIL TREATMENT, CROP PRODUCTION, SOIL REACTION,

AND SOME AVAILABLE NUTRIENTS

Because o f the in flu e nce  o f seasonal v a r ia tio n s  on crop pro

d u c tio n , which tend to  m odify d iffe ren ces  due to  f e r t i l i z e r  treatm ent and
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o th e r fa c to rs  a f fe c t in g  p ro d u c t iv ity ,  i t  was deemed advisable  to 

express the y ie ld s  o f the d if fe re n t  p lo ts  in  terms o f pounds o f dry 

p la n t m a te r ia l produced du ring  the e n tire  p e rio d  they have been under 

expe rim en ta tion . Since the problem deals p r im a r i ly  w ith  the chemical 

and b io lo g ic a l changes which may have taken place in  the s o i l ,  du ring  

the p e rio d  o f f i e ld  treatm ent and th e ir  re la t io n  to  crop p rod u c tion , 

in fo rm a tio n  on s o i l  re a c tio n , q u a n t it ie s  o f a v a ila b le  phosphorus, t o ta l  

o rgan ic  m a tte r, and n itro g e n  fu rn ishe s  a basis f o r  comparing s o i l  changes 

w ith  crop y ie ld s .  An a n a lys is  o f the data g iven in  tab le  2 and presented 

g ra p h ic a lly  in  f ig u re  I ,  b rings  out the fo llo w in g  p o in ts .

A lthough the supply o f a v a ila b le  phosphorus is  low in  a l 1 the 

s o i ls ,  those re c e iv in g  phosphate a p p lic a tio n s  have the la rg e s t amounts. 

Th is i s  e s p e c ia lly  tru e  o f s o ils  310N a^d 309. which were tre a te d  w ith  

rock  phosphate and superphosphate, re s p e c tiv e ly . Since the a v a ila b le  

supply o f phosphorus is  low, any d iffe re n c e  due to s o i l  treatm ent may be 

expected to have a marked in flu e n ce  on the chemical and b io lo g ic a l con

d it io n s  in  these p lo ts .  Content o f organic m a tte r and t o ta l  n itro g e n  

are c lo s e ly  re la te d  fo r  a l l  s o ils  except number 301N, which is  low in  

organ ic  m a tte r and r e la t iv e ly  h igh  in  to ta l  n itro g e n . The r e la t iv e ly  

low content o f organ ic m a tte r in  s o i l  301^  is  doubtless due to the fa c t  

th a t ve ry  low y ie ld s  o f crops were obtained from th is  p lo t  and as a

re s u lt  a sm all amount o f crop ro o ts  and stubble was l e f t  in  the s o i l .

The h ig h  content o f n itro g e n  in  s o i l  301^» view o f the sm all 

q u a n t it ie s  o f n itro g e n -c o n ta in in g  organic m a te ria l l e f t  in  i t ,  suggests 

th a t another source o f n itro g e n  must have e x is te d .
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Some unpublished data on n itro g e n  f ix a t io n  show a very 

a c tiv e  n itro g e n  f ix in g  f lo r a  e s p e c ia lly  by anaerobic organisms in  

s o i l  301N. I t  may be concluded from  th is  th a t fre e  n itro ge n  f ix a t io n  

was in s tru m e n ta l in  ra is in g  the to t a l  n itro g e n  content o f th is  s o i l .

The s o ils  re c e iv in g  combinations o f lim e , n itro g e n , and 

phosphorus were h ig he r in  n itro g e n  and organic m a tte r than those 

re c e iv in g  lim e and s ing le  element trea tm ent. Since a l l  the s o ils  

were com parative ly low in  n itro g e n  and organ ic m a tte r, a d d itio n s  o f 

these substances should have some e f fe c t  on the b io lo g ic a l a c t iv i t ie s  

in  these s o ils  as measured by n i t r i f i c a t io n  and carbon d iox ide  pro

d u c tio n .

Due to  the low b u ffe r in g  capac ity  o f these s o ils ,  the re a c tio n  

f lu c tu a te s  over a considerable range, depending upon the m oisture and 

carbon d iox ide supply. Despite th is  tendency to vary , samples o f  a l l  

the s o ils  taken a t the same time o f  the year, should g ive comparative 

re a c tio n  values re f le c t in g  the in flu ence  o f p lo t  treatm ent. Lime alone 

ra ise d  the pH over th a t o f  the un trea ted  s o i l ,  but not as much as has 

lim e and f e r t i l i z e r s  tog e th e r. While the d iffe re n ce  in  re a c tio n  

between s o ils  re c e iv in g  lim e alone and those re ce iv in g  n e ith e r  lim e o r 

f e r t i l i z e r  and between those trea.ted w ith  lim e alone and lim e w ith  

f e r t i l i z e r s  may be o f s u f f ic ie n t  magnitude to in flu e n ce  b io lo g ic a l and 

chemical re la t io n s h ip s , the d iffe re n ce s  in  re a c tio n  between s o ils  re 

c e iv in g  d if fe re n t  combinations o f lime and fe r t i l iz e rs a T e  no t la rge  

enough to have any appreciab le  e f fe c t  on these processes.

A l l  o f the f ie ld  treatm ents have increased the y ie ld  o f  crops 

over those from the un trea ted  s o i l .  Lime alone has given a very marked 

increase , w hile  lime w ith  combinations o f n itro g e n , phosphorus, and
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potassium has g iven the g rea te s t increases. Combinations o f lim e and 

e ith e r  superphosphate o r rock phosphate have shown the sm a lles t 

increases in  crop y ie ld s  over the u n tre a te d  s o i l ,  being about the 

same o r s l ig h t ly  g re a te r than the y ie ld s  from lim e a lone.

In  th is  p a rt o f the paper, the re la t io n s h ip  between s o i l

trea tm ent, re a c tio n , crop y ie ld s ,  a v a ila b le  phosphorus, t o ta l  n itro g e n ,

and o rgan ic  m a tte r has been discussed., but no attem pt has been made to

c o rre la te  these fa c to rs .  These re la tio n s h ip s  w i l l  be discussed in  
p re sen ta tio n  o f 

d e ta i l  fo llo w in g /th e  b io lo g ic a l in v e s t ig a t io n s .

NUMBERS OF BACTERIA AND FUNGI IN RELATION TO SOIL TREATMENT 

AND SOME AVAILABLE NUTRIENTS

I f  a v a ila b le  n u tr ie n ts  and numbers o f microorganisms in  s o ils  

are re la te d  and are e q u a lly  a ffe c te d  by s o i l  treatm ent as s ta ted  by 

Waksman (32) , then a de te rm ina tion  o f the number o f the more im portant 

groups o f  m icroorganisms and the q u a n tit ie s  o f a v a ila b le  n u tr ie n ts  should 

show some d e f in ite  re la tio n s h ip s  f o r  these s o i ls .  The number o f  fu n g i 

develop ing on a c id  agar media and b a c te ria  developing on Brown's 

a liu m in a te  agar media from a i r  dry samples o f  the d if fe re n t  s o i ls  were 

determ ined. The re s u lts  g iven in  ta b le  3 show the a c tu a l numbers o f 

organisms present and a lso  the numbers as per cent based on the number 

found in  the un trea ted  s o i l .  The re s u lts  o f chemical te s ts  are expressed 

in  per cent based on the re s u lts  fo r  the un trea ted  s o i l .  The curves 

are construc ted  from the percentage data.
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Lime alone g re a t ly  increased the number o f  b a c te r ia  over 

the number found in  the un trea ted  s o i l ,  and lim e in  com bination w ith  

f e r t i l i z i n g  elements enhanced th is  increase . Th is increase in  numbers 

was e s p e c ia lly  marked fo r  those s o ils  re c e iv in g  phosphorus w ith  lime o r 

w ith  lim e and o the r f e r t i l i z i n g  elements. The evidence p o in ts  to  the 

im po rtan t p a rt p layed by phosphorus in  b a c te r ia l development in  these 

s o i ls .

A l l  f i e l d  treatm ents increased the number o f fu n g i developing 

on agar p la te s  over tha t from un trea ted  s o i l .  This increase was exceedingly 

g rea t f o r  s o ils  308 and 309, which rece ived lime p lus potassium and lim e 

p lu s  superphosphate, re s p e c tiv e ly . A dd itions  o f lime a lone, lim e p lus  

n itro g e n , lim e p lu s  rock phosphate, and combinations o f lim e , phosphorus, 

and potassium, gave on ly  small increases in  numbers o f fun g i in  the s o i l .  

These re s u lts  in d ic a te  no con s is ten t re la t io n s h ip  between s o i l  treatm ent 

and number o f fu n g i p resen t.

A comparison o f b a c te r ia l numbers and a v a ila b le  n u t i ie n ts  

show some re la t io n s h ip s , which may be c o rre la te d  w ith  s o i l  trea tm ent. 

Phosphorus a p p lic a tio n s  increased numbers o f b a c te r ia  to a g rea te r ex ten t 

than any o the r s o i l  trea tm ent. Except in  case o f s o i l  310N, which is  

unu su a lly  h igh  in  a v a ila b le  phosphorus, a d is t in c t  re la t io n s h ip  was found 

between the supply o f a v a ila b le  phosphorus and numbers o f b a c te r ia . Since 

a l l  combinations o f lim e and f e r t i l i z e r  treatm ent had equal e f fe c t  on s o i l  

re a c tio n  and since these same combinations increased the numbers o f b a c te r ia  

u n equ a lly , l i t t l e  i f  any c o rre la t io n  e x is ts  between numbers o f ba c te ria  

and s o i l  re a c tio n  fo r  these s o i ls .  Organic m a tte r content
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c o rre la te s  w e ll w ith  the number o f b a c te r ia , except fo r  s o ils  309 

and 310N, which are com parative ly low in  organ ic m a tte r and h ig h  in  

numbers o f  b a c te r ia . T o ta l n itro g e n  content shows the same c o r re la t io n  

w ith  numbers o f  b a c te r ia  as does organ ic m a tte r except in  the case o f  

s o i l  301N, which is  r e la t iv e ly  h ig h e r in  to ta l  n itro g e n , but contained 

the sm a lles t number o f b a c te r ia .

Numbers o f fu n g i showed l i t t l e  re la t io n  to  s o i l  treatm ent 

a lthough  the o th e r fa c to rs  discussed d id , so i t  is  evident th a t l i t t l e  

o r  no c o r re la t io n  cou ld  be made between numbers o f fu n g i, o rgan ic  m a tte r, 

t o t a l  n itro g e n , a v a ila b le  phosphorus, s o i l  re a c tio n , o r numbers o f 

b a c te r ia .

NITRIFICATION OF NITROGENOUS MATERIALS IN  SOILS AND ITS 

RELATION TO OTHER SOIL PROCESSES

N i t r i f i c a t io n  in  s o i ls ,  as a measure o f  c e r ta in  b io lo g ic a l 

and chemical re la t io n s h ip s , has been used w ith  va ry ing  degrees o f 

success f o r  many yea rs . I t  is  considered by some in v e s tig a to rs  as a 

true  measure o f s o i l  p ro d u c t iv ity  since the cond itions  most favo rab le  

f o r  the n i t r i f y in g  process are q u ite  s im ila r  to  those fo r  p la n t grow th.

I f  th is  be true  or p a r t ly  so, a study o f n i t r i f i c a t io n  in  these s o ils  

should give some in fo rm a tio n  o f value in  determ in ing the changes ta k in g  

p lace in  s o ils  due to  s o i l  trea tm ent.

S in c e  the b e g in n in g  o f  n i t r i f i c a t i o n  s t u d i e s  in  s o i l s ,  

d i f f e r e n t  methods o f  procedure and d i f f e r e n t  m a t e r ia l s  f o r  n i t r i f i c a t i o n  

have b een  u s e d .  Many o f  th e s e  methods were m o d i f i c a t io n s  o f  e x i s t i n g
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methods changed to f i t  the co n d itio n s  o f the p a r t ic u la r  in v e s t ig a t io n .

In  recent years an e f f o r t  has been made to use on ly  the most g e n e ra lly  

accepted methods, so th a t re s u lts  may have a more un ifo rm  in te rp re ta t io n  

and a w ider use. I t  is  evident th a t a b e tte r  p ic tu re  o f the n i t r i f y in g  

cap a c ity  o f a s o i l  may be obta ined by us ing  a standard method o f procedure a 

and seve ra l m a te r ia ls  co n ta in in g  the n i t r i f ia b le  n itro g e n . The most 

commonly used method is  to add the n itrogenous m a te ria l to  100 grams o f 

s o i l  in  tum blers, make up to optimum m o is tu re , incubate fo r  twenty e ig h t 

days, and determine the q u a n tity  o f n it r a te s  formed.

From a survey o f the more recent l i te r a tu r e  on th is  su b jec t, 

i t  i s  ev ident th a t a l l  n itrogenous m a te ria ls  are not eq u a lly  n i t r i f i e d  

and th a t the n itro g e n  in  some m a te ria ls  may be n i t r i f i e d  ra p id ly  under 

one set o f s o i l  co n d ition s  but very s low ly  under o thers . To determine 

the most s u ita b le  m a te ria ls  fo r  n i t r i f i c a t io n  s tud ies in  the s o i ls ,  a 

group o f organic and inorgan ic  s a lts  o f ammonium and urea were se lected 

fo r  a p re lim in a ry  t r i a l  on one o f the s o ils  used in  th is  in v e s tig a tio n .

The m a te ria ls  were added in  s u f f ic ie n t  q u a n t it ie s  to give f i f t y  m illig ra m s  

o f n itro g e n  per one-hundred grams o f a i r  dry s o i l .  No attem pt was made 

to  determine the most s u ita b le  q u a n tity  o f n itro g e n , because severa l 

in v e s tig a to rs  have shown th a t t h i r t y  to f i f t y  m illig ra m s  o f n itro g e n  

p e r one-hundred grams o f s o i l  is  w e ll su ite d  f o r  n i t r i f i c a t io n  s tud ie s .

A s u f f ic ie n t  number o f s o i l  samples were prepared to perm it o f determ in ing 

n i t r a te  p roduction  a t weekly in te rv a ls .  The data are g iven in  tab le  

6 in  m illig ra m s  per one hundred grams o f s o i l  and also in  per cent 

based on n i t r a te  p rodu c tion  in  the un trea ted  s o i l .  The form er data were
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used fo r  co n s tru c tio n  o f  f ig u re  I I I .

Some decided d iffe re n c e s  are shown in  the ra te  a t  which th is

s o i l  n i t r i f i e d  these m a te r ia ls . More n it r a te s  were produced from a l l

the s a lts  except ammonium c h lo r id e , than from the s o il* s  own supply o f

n itro g e n . Ammonium sulphate was a lso  a poor source o f n i t r i f ia h le

n itro g e n . This decrease in  n i t r i f i c a t i o n  w ith  the a d d itio n  o f ammonium

c h lo r id e  and the r e la t iv e ly  slow n i t r i f i c a t io n  o f ammonium sulphate is

in  agreement w ith  the re s u lts  o f K u lik  (15) aud Turchin (28) on s im ila r

s o i ls .  Urea was the most ra p id ly  n i t r i f i e d  o f the m a te ria ls  used,

fo llo w e d  c lo s e ly  by the organ ic s a lts  o f ammonium. Diammonium phosphate

was no t n i t r i f i e d  ra p id ly  during the f i r s t  week, but a t  the end o f 
i t

twenty days/was w e ll n i t r i f i e d .

Prom these re s u lts  i t  i s  evident th a t ammonium c h lo r id e  and 

sulphate would not be as s u ita b le  fo r  n i t r i f i c a t io n  s tud ies on these 

s o ils  as some o f the o the r s a lts .  To study n i t r i f i c a t io n  in  these soils, 

u rea, ammonium o xa la te , c i t r a te ,  ace tate  o r phosphate could be used as 

s u f f ic ie n t  q u a n t it ie s  o f n i t r a te s  were produced from them to pe rm it o f 

comparisons o f the e ffe c ts  o f f e r t i l i z e r  trea tm ents. Por the next 

study, urea and diammonium phosphate were se lec ted , because the form er 

c o n s is te n tly  produced the g rea te s t amounts o f n it r a te s  and because the 

la t t e r  produced s u f f ic ie n t  q u a n t it ie s  o f n it r a te s  fo r  the purposes o f 

the study and in  a d d it io n  the phosphate fa c to r  was e lim in a te d  fo r  a l l  

p lo t  trea tm en ts . To. these were added ground a l f a l f a  and cottonseed 

meal in  order to have a g rea te r v a r ie ty  o f m a te ria ls  since i t  is  main

ta in e d  ( 31) th a t a b e tte r  p ic tu re  o f  n i t r i f i c a t i o n  in  s o ils  can be 

ob ta ined by us ing  severa l m a te ria ls  and more than one method o f procedure.

The m a te ria ls  were added to  one hundred grams o f a i r  d rie d  s o i l  in  quan-
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t i t l e s  to g ive  f i f t y  m illig ra m s  o f n itro g e n  f o r  urea and diammonium 

phosphate and one^ha lf o f one per cent o f the organic p la n t m a te ria ls *

The usua l s o i l  tum bler method was fo llo w e d  throughout the study o f  

n i t r i f i c a t i o n .

N it ra te  p roduction  in  m illig ra m s  from the fo u r a p p lie d  

m a te ria ls  is  g iven in  ta b le  5 and in  f ig u re  IY . I t  is  ev ident from 

the data th a t f i e l d  treatm ent has changed the a b i l i t y  o f  these s o ils  

to n i t r i f y  c e r ta in  n itrogenous m a te r ia ls . The combination o f lim e , 

phosphorus, and potassium in  s o i l  3^5 re s u lte d  in  the g re a te s t 

n i t r i f i c a t i o n  power, fo llo w e d  c lo s e ly  by lim e , phosphorus, n itro g e n , 

and potassium in  s o i l  302. Lime p lu s  superphosphate, lim e p lu s  potas

sium, and lim e p lu s  n itro g e n  produced in  the o rder given g re a te r <luan- 

t i t i e s  o f  n i t r a te s ,  than lime p lus  rock phosphate o r lime a lo ne . Of 

importance is  the r e la t iv e ly  low n i t r i f y in g  cap ac ity  o f  the s o i l  re ce iv in g  

no f i e l d  trea tm ent, which in d ic a te s  a ra is in g  o f  the n i t r i f y in g  ca p ac ity , 

f o r  the m a te ria ls  s tud ied  o f the o th e r s o ils  through lim e and f e r t i l i z e r  

tre a tm e n t.

A close c o r re la t io n  is  observed fo r  n i t r i f i c a t io n  o f urea and 

cottonseed meal and f o r  a l f a l f a  meal and diammonium phosphate. The 

f i r s t  two m a te ria ls  were n i t r i f i e d  to a g re a te r extent du ring  th is  

p e rio d  than the la t t e r  two. A lthough there is  a d iffe re n ce  in  ra te  a t 

which any s o i l  n i t r i f i e s  these m a te r ia ls , the re la tio n s h ip  between s o i l  

treatm ent and n i t r i f i c a t io n  o f a l l  o f  them is  s im ila r  enough to  pe rm it 

o f  ta k in g  an average o f the re s u lts  fo r  the fo u r m a te ria ls  on a percentage 

basis fo r  a comparison w ith  o the r s o i l  fa c to rs .

N i t r i f i c a t io n  o f d if fe re n t  m a te ria ls  as re la te d  to  a v a ila b le  

phosphorus, organ ic m a tte r, and to ta l  n itro g e n  is  shown in  ta b le  6 and
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f ig u re  V on a percentage basis* W ith  the exception o f s o i l  310U which 

is  h ig h  in  a v a ila b le  phosphorus and re la t iv e ly  low in  n i t r i f y in g  

ca p a c ity  f o r  urea and cottonseed meal, there is  a close c o r re la t io n  

between a v a ila b le  phosphorus and n i t r a te  p ro du c tio n  from these m a te ria ls  

f o r  a l l  s o ils  s tud ied . N i t r i f i c a t io n  o f a l f a l f a  meal c o rre la te s  n ic e ly  

w ith  a v a ila b le  phosphorus, except f o r  s o ils  309 and 3^0 * which are h igh  

in  th is  element and r e la t iv e ly  low in  n i t r a te  p roduction  from th is  

m a te r ia l.  N it ra te  p rodu ction  from diammonium phosphate shows l i t t l e  

c o r re la t io n  w ith  a v a ila b le  phosphorus.

Organic m a tte r content and n i t r a te  p roduction  from cottonseed 

meal and urea show a c le a r c o r re la t io n , w h ile  n i t r a te  p rodu ction  from 

a l f a l f a  and diammonium phosphate shows le ss  re la t io n s h ip .

T o ta l n itro g e n  shows a s im ila r  re la t io n  to  n it r a te  p roduction  

from the d if fe re n t  m a te ria ls  as organ ic m atte r con ten t.

CARBON DIOXIDE PRODUCTION PROM CELLULOSE IN RELATION 

TO SOIL TREATMENT

B io lo g ic a l processes in  s o ils  re s u lt in g  in  the l ib e ra t io n  o f 

carbon d iox ide  from organ ic m a te ria ls  have been s tud ied  e x te n s iv e ly  

f o r  many years. I t  has been claim ed by some in v e s tig a to rs  th a t a measure 

o f th is  process fu rn ish e s  a b e tte r  index o f b io lo g ic a l a c t iv i t y  in  s o ils  

than any o th e r method ye t devised. In  th is  study we are concerned c h ie f ly  

w ith  the e f fe c t  o f  f i e l d  treatm ent on chemical and b io lo g ic a l re la t io n 

ships in  severa l s o i ls .  A measure o f carbon d ioxide p ro du c tio n  from
s o il

the decomposable m a te r ia l in  these s o ils  may show changes re la te d  to  

s o i l  trea tm en t, i f  changes o f measurable magnitude have taken p la ce .
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The 'usual method o f s tudy ing  carbon d iox ide  p roduc tion  in  

s o i ls  is  to add an organ ic m a te r ia l and c o lle c t  the carbon d iox ide  

evo lved by ab so rp tion  in  an a lk a lin e  s o lu t io n . D if fe re n t o rgan ic 

m a te r ia ls  have been used as a source o f energy fo r  m icroorganisms in  

carbon d iox ide  p roduc tion  s tud ies  w ith  va ry ing  degrees o f success. In  

th is  study c e llu lo s e  was used as the source o f energy, because i t  con

ta in s  carbon, oxygen, and hydrogen, w ithou t any m ine ra l elements, and 

because o th e r in v e s tig a tio n s  have proved i t s  value in  s tud ies  o f  th is  

k in d . I t  has fu r th e r  been shown th a t c e r ta in  elements, namely n itro g e n  

and phosphorus, in flu e n ce  the ra te  o f CO2 p roduction  from c e llu lo s e  

and s ince the s o ils  under study are a l l  low in  these elements but show 

d iffe re n c e s  due to  f e r t i l i z e r  trea tm ent, i t  was deemed advisab le  to 

make some de term inations in  which phosphorus o r  n itrog e n  was added w ith  

c e llu lo s e  to the s o i ls .  For a d d it io n a l comparisons, potassium and 

ca lc ium  in  the form o f ch lo rid e s  were added w ith  c e llu lo s e  to  some 

c u ltu re s . Instead o f us ing  an a lk a lin e  s o lu tio n  fo r  absorbing the 

carbon d io x id e , as is  u s u a lly  done, a s o lid  commercial p roduct known 

as na sca rite " was used.

S u itab le  apparatus was assembled as shown in  f ig u re  V I, to  

make the necessary determ inations o f carbon d iox ide  p roduc tion . Th is 

method is  s im ila r  to  the one found e n t ire ly  s a tis fa c to ry  fo r  th is  k in d  

o f  study by Turk ( 27) .  In  f ig u re  V I, le t te r s  A, B, and C represent 

concentrated sodium hydroxide, su lp h u ric  a c id , and soda lim e, re s p e c tiv e ly , 

f o r  p u r i f ic a t io n  o f  the incoming a i r .  D is  d is t i l l e d  water f o r  m o isten ing 

the a i r  to  prevent excessive d ry in g  o f the s o i ls ,  E is  a $00 cc . 

Erlenmeyer f la s k  co n ta in in g  the tre a te d  s o i l ;  F is  concentrated su lp hu ric  

a c id  f o r  the removal o f water vapor; G conta ins phosphorus pentoxide
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f o r  fu r th e r  d e ss ica tio n  o f the a i r ;  H conta ins the Rascarite« fo r  

absorb ing the COg produced; and I  conta ins concentrated sodium hydroxide 

to  prevent back f lo w  o f carbon d iox ide  from the suction  pump J . Suf

f i c ie n t  a i r  was drawn through the system by suc tion  from the water pump 

to  draw a l l  the carbon d iox ide  produced in  the s o i l  in to  the ,,a s c a r ite ,, 

tube, where i t  was absorbed fo r  weighing.

R esu lts  o f  carbon d iox ide  p roduction  de term inations in  m i l l i 

grams pe r hundred grams o f s o i l  and in  per cent based on re s u lts  from

the u n tre a te d  s o i l  are g iven in  ta b le  7* A comparison between the 

amounts o f carbon d iox ide  produced from c e llu lo s e  in  these s o ils  w ith  

a d d itio n s  o f chemicals is  shown g ra p h ic a lly  in  f ig u re  V II  in  m illig ra m s  

o f  COg per 100 grams o f s o i l ,  produced in  2^ days.

The a d d it io n  o f n it r a te  n itro g e n  gave a much g rea te r p roduction  

o f  carbon d iox ide  from  c e llu lo s e  in  a l l  s o ils  than any o f the o ther

trea tm e n ts . These re s u lts  sub s tan tia te  conclusions c ite d  in  the l i te r a tu r e  

th a t n itro g e n  p lays a very im portant p a rt in  ce llu lo s e  decomposition as 

measured by COg p ro d u c tio n . Th^bear out the statement made in  an e a r l ie r  

p a r t  o f  th is  paper th a t these s o ils  being extrem ely low in  to t a l  n itro g e n  

would be expected to  respond to a p p lic a tio n s  o f th is  element.

A d d itio n s  o f  a v a ila b le  phosphorus increased the p rodu c tion  o f 

carbon d iox ide  from c e llu lo s e  much more than d id  a d d itio n s  o f  calcium  • 

o r  potassium c h lo r id e . This s tim u la tio n  o f carbon d iox ide  p roduction  

from c e llu lo s e  by phosphorus a d d itio n s  fo llo w s  from the fa c t  th a t these 

s o ils  are r e la t iv e ly  low in  th is  element and th a t a va ila b le  phosphorus 

supply has been shown to in flu e n ce  the ra te  o f c e llu lo s e  decomposition as 

measured by C02 p rod u c tion .
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A d d itio n s  o f  calcium  and potassium ch lo rid e s  increased to a 

l im ite d  extend the p rodu c tion  o f carbon d iox ide  from c e llu lo s e  over th a t 

from the s o ils  re c e iv in g  c e llu lo s e  a lone . Potassium ch lo rid e  seemed to 

be more e f fe c t iv e  in  th is  respect than calcium  c h lo r id e . This would 

in d ic a te  a more im portan t p a r t  p layed  by potassium in  th is  process than 

ca lc ium  as the q u a n tit ie s  o f c h lo rid e s  added in  bo th  cases were equal.

When the re s u lts  o f carbon d iox ide  p roduc tion  from c e llu lo s e  

w ith  c e r ta in  chemicals added i s  ca lcu la te d  in  pe r cent based on the 

u n tre a te d  s o i l  as shown in  tab le  7 and f ig u re  V I I I ,  the e f fe c t  o f s o i l  

trea tm ent on th is  process may be demonstrated. The re s u lts  show a 

marked increase in  the s o il* s  a b i l i t y  to produce COg from c e llu lo s e  fo r  

a l l  f e r t i l i z e r  treatm ents as compared to  the un trea ted  s o i l .  Lime alone 

increased  the p rodu c tion  o f COg from c e llu lo s e  over the un tre a ted  s o i l ,  bu t 

no t to  the ex ten t th& t combinations o f lim e , n itro g e n , phosphorus, and 

potassium  d id .

The p roduction  o f COg from  c e llu lo s e  was g rea test in  s o i l  

305, which had rece ived  lim e , potassium, and phosphorus in  the f ie ld .

S o il 302 fo llo w e d  305 in  COg p roduction  from c e llu lo s e  a lone , w h ile  

combinations o f lim e p lus  n itro g e n , lim e p lus  potassium, and lim e p lus  

phosphorus were l i t t l e  i f  any b e tte r  than lime alone in  in c re a s in g  the 

p rodu c tion  o f COg from  c e llu lo s e  in  these s o i ls .

Carbon d io x id e  p roduction  from c e llu lo s e  w ith  a d d itio n s  o f 

ca lc ium  c h lo r id e  and o f potassium c h lo rid e s  was g rea tes t in  s o i ls  305 , 

re c e iv in g  lim e , potassium , and phosphorus, fo llo w e d  by s o i ls  307, re

c e iv in g  lim e and n itro g e n  in  the f i e ld  trea tm ents . A l l  o f the f ie ld  

trea tm ents increased COg p roduc tion  from c e llu lo s e  w ith  a d d itio n s  o f
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potassium  c h lo r id e  or calcium  ch lo rid e s  over the un trea ted  s o i l ,  

bu t the  increases were g rea tes t f o r  combinations o f  a l l  the f e r t i 

l i z in g  elements.

HHhere a d d itio n s  o f phosphorus were made w ith  c e llu lo s e ,

CO2 p ro d u c tio n  was g rea te r fo r  the un trea ted  s o i l  than fo r  s o i l  

re c e iv in g  f i e l d  trea tm ents . Lime in  com bination w ith  phosphorus, 

n itro g e n , and potassium give la rg e r  amounts o f COg than lim e in  

com bination w ith  on ly  s in g le  elements.

From these re s u lts  i t  is  evident th a t f e r t i l i z e r  treatm ents 

have changed the a b i l i t y  o f  these s o ils  to  produce CO2 from c e llu lo s e , 

w ith  and w ith o u t a d d itio n s  o f  chem icals.

I t  has a lre ad y  been shown in  tab le  7 a&d fig u re  V I I I  th a t 

n itro g e n  and phosphorus p la y  a ve ry  im portan t p a r t  in  c e llu lo s e  de

com position in  these s o ils ,  so th a t a comparison o f the soilfe supply 

o f  these elements w ith  th is  process may show fu r th e r  re la t io n s h ip s . 

C e llu lo se  decomposition w ith  a d d itio n s  o f f e r t i l i z i n g  elements in  

re la t io n  to  the supply o f  n itro g e n  and phosphorus in  the s o i l  are given 

in  ta b le  S and f ig u re  IX* I t  may be sa id  th a t where t o ta l  n itro g e n  is  

low and phosphate has been added, the amount o f COg produced is  de te r

mined by the re la t iv e  amounts o f n itro g e n  present because phosphorus 

has been e lim in a te d  as a fa c to r  in  the process. Likewise a d d itio n s  

o f n itro g e n , to  e lim in a te  th is  element as a fa c to r  in  COg p rodu c tion  

should leave phosphate as the l im i t in g  fa c to r  and a c o r re la t io n  between 

a v a ila b le  phosphorus and COg e v o lu tio n  from c e llu lo s e  would be found. 

Th is  co n d itio n  e x is ts  f o r  a l l  the s o ils  except 309 and 310N, which are 

unu su a lly  h ig h  in  a v a ila b le  phosphorus and are not so a c tiv e  in  C02



~ 2g -

p ro d u c tio n . Th is whole re la t io n  p o in ts  to  the g rea te r importance o f 

n itro g e n  than a v a ila b le  phosphorus in  c e llu lo s e  decomposition* A b e tte r  

c o r re la t io n  e x is ts  between the to ta l  n itro g e n  content o f these s o ils  

and carbon d iox ide  p rodu c tion  from c e llu lo s e  w ith  phosphorus added, 

than carbon d iox ide  p roduction  from c e llu lo s e  w ith  n itrog e n  added.

The re la t io n  between carbon d iox ide  p roduction  from c e llu lo s e  

a lone , t o t a l  n itro g e n , and a v a ila b le  phosphorus in  the s o i l  fu r th e r  

emphasize the importance o f these elements, e s p e c ia lly  n itro g e n , in  th is  

p rocess. C02 p ro du c tion  from c e llu lo s e  w ith  potassium and calcium  

c h lo r id e  added show a close re la t io n  to to ta l  s o i l  n itroge n  fo r  a l l  s o i ls .

INTERRELATIONS BETWEEN NITRIFICATION, CARBON DIOXIDE PRODUCTION, 

BACTERIAL NUMBERS, CROP YIELDS, AND AVAILABLE NUTRIENTS

The p rev ious s tud ies showed th a t f e r t i l i z e r  treatm ents o f 

severa l f i e l d  s o ils  produced some chemical and b io lo g ic a l d iffe re n c e s  in  

these s o i ls .  The s p e c if ic  changes and re la tio n s h ip s  have been discussed, 

and i t  is  o f in te re s t  a t th is  time to  make a comparison o f a l l  the re la t io n 

sh ips , in  o rder to secure a b e tte r  p ic tu re  o f  the con d itions  as a whole 

in  these s o ils .  In  ta b le  9 and f ig u re  . X a l l  o f the re s u lts  are p re

sented, and expressed in  p e r cent us ing  the data from s o i l  301N, which 

rece ived  no f e r t i l i z e r  trea tm ent, as a bas is .

S o il 305, tre a te d  in  the f ie ld  w ith  lim e , phosphorus, and 

potassium , showed the g rea tes t n i t r i f y in g  power, carbon d iox ide  p ro du c tio n , 

number o f b a c te r ia , and q u a n tity  o f organic m a tte r and ranked second in  

the p rod u c tion  o f crops. S o il 302. tre a te d  in  the f ie ld  w ith  lim e , 

n itro g e n , phosphorus, and potassium , produced the la rg e s t y ie ld s  o f crops, 

bu t ranked second to  s o i l  302 in  organic m a tte r, n i t r i f y in g  cap a c ity ,
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carbon d iox ide  p ro d u c tio n , and eq ua lled  i t  in  to ta l  n itrog e n  con ten t.

The s o i l  treatm ents in  th e ir  o rder o f e f f ic ie n c y  fo r  m a in ta in in g  organic 

con ten t o f the s o i l  were; IPK, LNPK, IK , IN , L, IP , w ith  LRFC and no 

treatm ent on a par*

A va ila b le  phosphorus was p ro p o rtio n a te ly  h igher in  those s o ils  

re c e iv in g  th is  element in  the f i e ld  than those re ce iv in g  lim e o r com

b in a tio n s  o f lime and o th e r f e r t i l i z i n g  elements. This c o n d itio n  was 

e s p e c ia lly  pronounced in  s o i l  310, which rece ived  large amounts o f rock 

phosphate. From these re s u lts  i t  is  ev ident th a t the supply o f a v a ila b le  

phosphorus can be increased in  these s o ils  by a d d itio n s  o f c e r ta in  forms 

o f th is  element, e s p e c ia lly  is  th is  true where la rge amounts are a p p lied  

and r e la t iv e ly  sm all amounts are removed by the crops.

W ith the exception o f a v a ila b le  phosphorus and b a c te r ia l
and

numbers, f i e ld  a p p lic a tio n s  o f lim e p lus superphosphate,/lim e p lu s  rock 

phosphate and gypsum, showed the sm allest e f fe c t  on a l l  o th e r fa c to rs  o f 

any treatm ent except lime a lone.

The re s u lts  as a whole in d ic a te  a g re a te r e f fe c t  on a l l  fa c to rs  

s tu d ie d , from the a p p lic a tio n  o f combinations o f f e r t i l i z e r  elements w ith  

lim e than from a p p lic a tio n s  o f the elements s in g ly  w ith  lim e . F u rthe r

more, no s in g le  element in  com bination w ith  lim e is  more e f fe c t iv e  in  a l l  

respects than some o th e r element w ith  lim e . These data c le a r ly  in d ic a te  

th a t the s o ils  s tud ied  are in  need o f a l l  three f e r t i l i z i n g  elements.

The need fo r  potassium and phosphorus is  e v id e n tly  g rea te r than fo r  

n itro g e n  since the e f fe c t  o f the IPK treatment is  equal to  o r g rea te r 

than the e f fe c t  o f the INPK in  a l l  respects except crop y ie ld .
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GREENHOUSE STUDIES

To determine fu r th e r  the e f fe c t  o f  s o i l  treatm ent on chemical 

com position and b io lo g ic a l processes in  the s o i l ,  crops o f sweet c lo v e r, 

rye , and soy beans were grown on the s o ils  in  p o t cu ltu re s  in  the 

greenhouse. The crops were cut a f t e r  a 12-weeks growth p e rio d , a i r  

d r ie d , and weights determ ined. The harvested m a te ria l was then ground 

and re tu rn ed  to  a p o r t io n  o f the s o i l  on which i t  grew fo r  carbon d iox ide  

p ro d u c tio n  study. I t  was the o b je c t o f th is  study to determine i f  s o i l  

d iffe re n c e s  found in  the previous work on these s o ils  could be measured 

by crop y ie ld s  in  the greenhouse and i f  carbon d iox ide  p rodu ction  when 

the crops grown were re turned to  the s o ils  was comparable to  re s u lts  from 

p rev iou s  carbon d io x id e  p rodu ction  s tu d ie s .

D up lica te  tw o-ga llon  po ts  o f the d if fe re n t  s o ils  were used.

The m o isture content was m ainta ined by weighing the pots a t  frequen t 

in te rv a ls  and b r in g in g  up to  weight w ith  d is t i l l e d  water. The crop y ie ld s  

in  grams and in  per cent based on the y ie ld  from the un trea ted  s o i l  are 

g iven in  ta b le  10. The data in  per cent are a lso  presented g ra p h ic a lly  

in  f ig u re  Xl

The re s u lts  show th a t s o i l  302, tre a te d  in  the f i e ld  w ith  lim e , 

n itro g e n , phosphorus, and potassium , produced the la rg e s t y ie ld s  o f a l l  

three crops and th a t s o i l  30^* tre a te d  in  the f i e ld  w ith  lim e , potassium , 

and phosphorus ranked second in  y ie ld  o f p la n t m a te r ia ls . These re s u lts  

are in  accord w ith  those obta ined under f ie ld  con d itions* F ie ld  treatm ents 

o f lim e p lu s  n itro g e n , and o f lim e p lus potassium, gave approxim ate ly the 

same y ie ld s  o f legume p la n t m a te r ia l as lime a lone, but the y ie ld s  were 

no t so la rg e  as fo r  s o ils  302, 305» and those re c e iv in g  lime w ith  phos

phorus. The s o i l  re c e iv in g  lim e alone treatm ent gave la rg e r y ie ld s  o f a l l



Ta
bl

e 
10

* 
Cr

op
 

Y
ie

ld
s 

fro
m 

G
re

en
ho

us
e 

Po
t 

S
tu

di
es

 
Ex

pr
es

se
d 

as 
Gr

ow
n 

o
f

6o
Jh

<H

W
P
H
R
©
©
P i

ro
•d
©
©
©

PP
P
R
©

O

fH
©
Ph

_R
•H

»d
R
©

%
R
CQ
CD

•H
EC

rH
+3 <H

O
03

rn
P i 'Cf

©

& p
©

R ©
1 U
fn p

3 5

p
©5p R©

o O r^\ CO r̂ - LO CO r— VOfH O ro C\| vo St KN IT\ CO©> fH© rH CM KN CM CM CM CM CM
<< Ph

P
R©w O O LO lf \ O CM CO CO VO

3 O ir \ h- r— VO ir \ VO VOfH i—I rH rH rH rH rH rH rH© ©
m Ph
t>iO ©
03 R sir ITS S t lO LT\ O CM CMffl rH ir \ r - S t CT\ r— CM

cb
• • • • • • • •VO <T\ o

rH
O
rH

CTN CTN o
rH

O
rH

p
R©O o CO CO r<“\ <T\ CO ir \ h—

O o -=f CM rH CM o
fH rH rH rH rH rH i—1 rH rH©© Phr>Ph o© ir \ tr» ir \ LO O LTV O
g rH s t rH LO CO CM© • • • • • • • *
R LTN VO CM O CT\ r - CO voeb rH rH CM CM rH rH rH ■—i

p
R©

fH O O MO rH CTv Is- OS rH©> fH s JP
VOVO i f 5 > 1"— s t 3©

rHr i Ph«r
P © o VO rH cr\ St r*- CT» rH
© R o VO CTi St 1"- S t
© - "* « • • • • • ©
& fH rH St VO S t s t -R- St s t
03 cb

p
jH»Nd© © ©

M
o

h S R a 5
a a©p

H©X|©
o!£h 9 & a &

fH
rH EH •H
♦HOm £3 m■ rH rH CM LOv r~~ CO cr\ OO o O O O o o o rH

$2. fH“\ r^i hO fH~\ KN 1̂ \ CO



.VWJOJ.N3 WXM Vd3 Q

393TgjDD 3XVJ.S NVj^HOIW



-  33 -

crops in  the greenhouse than the un trea ted  s o i l ,  "but not so la rge as 

s o ils  re c e iv in g  any com bination o f f e r t i l i z e r  w ith  lim e .

The u nusua lly  low y ie ld s  o f a l l  crops on the un trea ted  s o i l  

301N is  o f spe c ia l in te re s t as they in d ic a te  the low f e r t i l i t y  in  the 

s o i l  where no f e r t i l i z e r  treatm ents have been made. Apparently f ie ld  

cropp ing  o f th is  s o i l  has impoverished i t  to  such an exten t tha t 

a v a ila b le  supp lies  o f n u tr ie n ts  are inadequate to meet the needs o f 

crops grown in  the greenhouse. Th is decrease in  a b i l i t y  to produce 

crops is  e s p e c ia lly  marked fo r  the legumes, where considerable d i f f i c u l t y  

was experienced in  securing mea.surable y ie ld s  o f  p la n t m a te r ia l.  Un

doubtedly. th is  c o n d itio n  was due p r im a r ily  to a d e fic ie n cy  o f lim e .

A d e f in ite  re la t io n  was found to e x is t  between f e r t i l i z e r  

treatm ent o f the s o i ls  and re s id u a l e ffe c ts  on cron production  in  green

house po t te s ts . In  general the v a r ia tio n s  in  y ie ld s  w ith  d if fe re n t  s o i l  

treatm ents was s im ila r  f o r  a l l  three crops* This re la tio n s h ip  was es

p e c ia l ly  noted fo r  the sweet c lo ve r and soy bean crops.

CARBON DIOXIDE PRODUCTION IN SOIL AFTER ADDITION OF ONE PER 

CENT PLANT MATERIAL PREVIOUSLY GROWN ON THE SOIL

Samples o f s o i l  from the pots used in  the greenhouse te s ts  

were p laced in  the a s p ira tin g  f la s k s  used in  the previous experiments 

f o r  de term in ing carbon d iox ide p roduction . The procedure described fo r  

the prev ious study o f carbon d iox ide  p roduction  was fo llo w e d . The 

re s u lts  obta ined bo th  in  m illig ra m s  and in  per cent based on re s u lts  

from the un trea ted  s o il  are shown in  tab le  11. Figure XU presents the 

percentage data g ra p h ic a lly .



Ta
bl

e 
11

. 
Ca

rb
on

 
D

io
xi

de
 

Pr
od

uc
ed

 
fro

m 
S

oi
ls

 
to 

wh
ich

 
Ha

d 
Be

en
 

Ad
de

d 
P

la
n

t

s<D
rd
EH

o

ouC5
£
ta2o•H><uu

P h

§
CO
to

EH

A
v

e
r

a
g

e

P
e

r 
C

e
n

t

1
0

0 c d
c d

r<~\
rH
rH

c d
o
rH 10

 
6 -=*■

o
rH

LO i
O
i—1 1

0
2

+ »
P i
<D

CQ O o C D r< -\ O ') v o j= S r LT6 CM
S o O ') rH o o O O o
CD P i rH rH rH 1—1 i—I rH rH
CL) <D

PP P h

O «
m to O J CM t o CM o C D v o

f t LCD v o CO CO CO CO 6 0 CO
5jb O J CM CM CM CM CM CM CM

s

H-»
P i
<D

o O C D V O O V O C D C D
O CO o o C D 6 0 C D 6 0

Ph rH rH rH
<D

P h
a )

& •
CQ IT S o CO V O o rH i— 1

f t CM o CM rH o rH O
9 ) O J CM CM CM CM CM CM CM

s

+ 3
PJ

P i CD
CD o O r o O K ') rH 6 D 6 0 C O

o o CM rH rH rH O O
O Jh i—t rH rH rH <—I r H rH rH

i— 1 CD
o P h

+ 3
(0 •
CD to r — V O C O K 'y o L T \ C D LCD
£ a CO C D J - CM CM CM O C D

m 9 ) C\J CM C O K \ K N CM
s

+ 3
O

■rJ © <D <D i
r H  3  
CD + »  
•rH  f li

P i
O

£ 3

a
•H
»-p ►P L

P
K

hP a a

•

a

rH
P h  <d

M r-q
•H EH
o

o o
£ 5 tn

• r H i—i CM I T \ r - - CO C D o
o O o O o o O O rH

£ 3 fH~\ f D r-D r^ v K '* ls‘~ \



IH L V H  dO  JLN 3W lM V d3a

_U±LtEKEE

i

3 9 3 1 ^ 0 0  3J.\GLS NV9IHOIW lT\



-  35 -

The data show sweet c lo v e r to  be more re a d ily  decomposed 

than soy beans o r rye . These re s u lts  are in  l in e  w ith  the re s u lts  

o f o th e r workers, us in g  the same type o f m a te r ia l in  d if fe re n t  s o i l .

The e xp la na tio n  o f th is  re la t io n s h ip  has been thorough ly discussed in  

papers d e a ling  d ir e c t ly  on the su b je c t, and hence, w i l l  no t be repeated.

A l l  s o ils  re ce iv in g  lim e alone o r lim e p lus  f e r t i l i z e r  in  the 

f i e ld  produced more carbon d iox ide  from sweet c love r than d id  the -un

tre a te d  s o i l .  L ikew ise a l l  tre a te d  s o ils  w ith  the exception o f th a t 

re c e iv in g  lim e alone produced more carbon d iox ide  from soy beans than 

d id  the un trea ted  s o i l .  On the o the r hand, on ly  s o ils  302 and 305 pro

duced as much carbon d iox ide  from rye as d id  the un trea ted s o i l*

The s o i l  re c e iv in g  complete f e r t i l i z e r  in  a d d itio n  to  lim e 

produced more carbon d iox ide from a l l  three m a te ria ls  than d id  any 

o th e r s o i l .  Th is  s o i l  a lso produced the la rg e s t crops under bo th  f i e ld  

and greenhouse te s ts .

A p rev ious study showed marked d iffe re n ce s  in  the power o f these 

s o ils  to  produce carbon d iox ide  from  c e llu lo s e . Only s l ig h t  d iffe re n c e s , 

however, were found in  the capac ity  o f the s o ils  to produce carbon 

d iox ide  from p la n t m a te r ia l grown on them. I t  is  ev iden t, th e re fo re , 

th a t a d d it io n  o f p la n t t is s u e , which contains a l l  the n u t r i t iv e  elements, 

la rg e ly  e lim in a te s  the d iffe re n ce s  in  these s o ils ,  a r is in g  from previous

treatm ent to  produce carbon d io x id e ,

A comparison o f n i t r i f i c a t io n ,  carbon d iox ide p ro d u c tio n , y ie ld s

o f crops, t o t a l  n itro g e n , and greenhouse stud ies is  made in  tab le  12 and

f ig u re  X I I l  Crop y ie ld s  in  the f ie ld  and greenhouse, and carbon d io tid e

p rod u c tion  from p la n t m a te r ia l show a close c o r re la t io n  fo r  a l l  s o ils

except s o i l  309, which gave r e la t iv e ly  h ighe r y ie ld s  in  the greenhouse and
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in  carbon d iox ide  produced from crops grown on i t .

N i t r i f i c a t io n ,  carbon d iox ide  p ro du c tion , both from c e llu lo s e  
and

and p la n t t is s u e , /greenhouse crop y ie ld s  show a very close c o r re la t io n  

in  a l l  s o ils  bu t number 302, which gave r e la t iv e ly  h igher values in  

the greenhouse s tu d ie s .

In  genera l i t  may be sa id  th a t v a r ia t io n s  in  crop producing 

power, re s u lt in g  from previous s o i l  treatm ent, c o rre la te  q u ite  w e ll w ith  

re s u lts  o f the s tud ies  o f b io lo g ic a l a c t iv it ie s #

SUMMARY AND CONCLUSIONS

A study was made o f changes in  some o f the more im portant 

chemical and b io lo g ic a l cond ition s  in  a Fox sand loam s o i l ,  re s u lt in g  

from f e r t i l i z e r  and lime a p p lic a tio n s  over a p e rio d  o f severa l years# 

P a r t ic u la r  emphasis was placed on crop p rodu ction  in  re la t io n  to  chemical 

and b io lo g ic a l co n d itio n s  in  the s o i l  and to f i e l d  treatm ent.

The re s u lts  perm it o f the fo llo w in g  conclusions:

1. A lthough the supply o f a v a ila b le  phosphorus is  low in

a l l  the  s o ils  s tud ied , s ig n if ic a n t  d iffe ren ce s  in  content o f th is  element 

were found. In  genera l those s o ils  re c e iv in g  phosphorus as a f e r t i l i z e r  

in  the f ie ld ,  conta ined the la rg e s t amount o f th is  element. A p p lica tio n s  

o f rock -ohosphate p lu s  lim e and superphosphate p lus  lime caused g rea te r 

increase in  the supply o f th is  element in  the s o i l  than any o th e r f i e ld  

treatm ent •

2. Organic m atter and to t a l  n itro g e n  content were.found to 

be p a r a l le l  in  a l l  but s o i l  301N, which was r e la t iv e ly  h ig h  in  to ta l  

n itro g e n  and low in  organ ic m a tte r. Combinations o f lim e , n itro g e n ,
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phosphorus, and potassium have more fa vo ra b ly  in fluenced  the content o f 

o rgan ic  m a tte r and n itro g e n  than any o f these m a te ria ls  a lone , o r o th e r 

com binations o f  them, A close re la t io n s h ip  was found between organic

m a tte r con ten t, t o t a l  n itro g e n  and crop p roduction  in  a l l  but s o i l  36HST.

3 *  A l l  com binations o f lim e and f e r t i l i z e r s  have in flu ence d

the re a c tio n  o f these s o ils  to  a sm all but s im ila r  exten t and have had

a more favo rab le  e f fe c t  than lim e a lone,

U. Lime w ith  combinations o f n itro g e n , phosphorus, and 

potassium  have increased the y ie ld s  o f a l l  crops to a g rea te r degree 

than lim e  p lus  s in g le  f e r t i l i z i n g  elements o r lim e alone.

R esu lts  o f b a c te r ia l and fu n g i counts on these s o ils  in  re la t io n  

to f i e l d  trea tm en t, a v a ila b le  n u tr ie n ts , and crop y ie ld s  g ive r is e  to 

the fo llo w in g  conclusions:

1 . Rumbers o f b a c te r ia  were increased in  a l l  s o ils  by the 

a p p lic a t io n  o f lim e alone and lim e w ith  f e r t i l i z i n g  elements. This 

increase was g rea te s t in  the s o ils  re ce iv in g  phosphates w ith  lim e and 

phosphates in  com bination w ith  potassium and lim e .

2. A l l  f i e l d  treatm ents increased the number o f fu n g i 

develop ing on agar p la te s , e s p e c ia lly  in  s o ils  re ce iv in g  lim e w ith  potas

sium and lim e w ith  superphosphate. While the increase in  numbers o f 

fu n g i ju s t  mentioned were very pronounced, o th e r f e r t i l i z e r  treatm ents

in d ic a te  l i t t l e  i f  any re la t io n  between numbers and f ie ld  trea tm ent.

3 . Kumbers o f  b a c te r ia  in  the s o i l  c o rre la te  w ith  a v a ila b le

n u tr ie n ts  and crop p roduc tion , w h ile  numbers o f fun g i showed th is  re la t io n 

ship o n ly  to  a sm all e x te n t.

n i t r i f i c a t i o n  s tud ies on these s o ils  in  re la t io n  to  crop

p ro d u c tio n , a v a ila b le  n u tr ie n ts , and f i e ld  treatm ent a llow  the fo llo w in g
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conclus ions to be drawn;

1. N itrogenous m a te ria ls  lea v in g  an a c id  residue were shown 

to  be undes irab le  f o r  n i t r i f i c a t i o n  s tud ies in  these s o i ls ,  whereas 

urea , diammonium phosphate, o rgan ic s a lts  o f ammonium, and organ ic p la n t 

m a te r ia ls  were found e n t ir e ly  s a t is fa c to ry .

2. N i t r i f i c a t io n  o f a l l  the m a te ria ls  se lected fo r  th is  study 

showed the same re la t io n s h ip  to  f e r t i l i z e r  trea tm ent. N i t r i f i c a t io n  

was found g rea te s t f o r  a l l  m a te ria ls  in  the s o i ls  re ce iv in g  combinations 

o f  lim e , n itro g e n , phosphorus, and potassium, w h ile  combinations o f  lime 

and the elements s in g ly  were found less e f fe c t iv e  in  in c re a s in g  the 

n i t r i f y in g  power o f these s o ils .  Lime alone and lime w ith  rock phosphate 

were le a s t e f fe c t iv e  in  inc reas ing  n i t r i f i c a t io n .

3. A close c o r re la t io n  was found in  these s o ils  between 

n i t r i f y in g  power, o rgan ic m atte r con ten t, numbers o f b a c te r ia , and 

a v a ila b le  phosphorus supply, except fo r  s o i l  310 . which was com parative ly 

h ig h  in  a v a ila b le  phosphorus and numbers o f  b a c te r ia .

Crop p roduction  and n i t r i f y in g  power o f the s o ils  c o rre la te , 

except f o r  s o i l  302 , which produced the la rg e s t crop y ie ld s ,  bu t was not 

as e f fe c t iv e  in  n i t r a te  p roduction  as s o i l  305* While the n it r a te s  pro

duced in  s o ils  re c e iv in g  lim e p lus superphosphate, and lim e p lu s  rock 

phosphate were low er than in  s o ils  re ce iv in g  o th e r f e r t i l i z e r  treatm ents, 

they were com para tive ly  h igher than crop y ie ld s  on the same s o i ls .

The p roduc tion  o f carbon d ioxide from c e llu lo s e  w ith  a d d itio n  

o f  d if fe re n t  s a lts  in  these s o i ls ,  as a ffe c te d  by f i e ld  treatm ent and 

in  re la t io n  to  crop p roduction  and a v a ila b le  n u tr ie n ts  show c e r ta in  

re la t io n s h ip s :
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1. A method was developed and s u ita b le  apparatus assembled 

fo r  de te rm in ing  carbon d iox ide  p rodu c tion  in  these s o ils .

2 . A d d itio n s  o f  n itro g e n  and phosphorus increased carbon 

d io x id e  p rodu c tion  from  c e llu lo s e  in  a l l  the s o i ls .  This increase was 

found g re a te s t where the element added had p re v io u s ly  been found most 

d e f ic ie n t  in  the s o i l .

3 . S o ils  re c e iv in g  f i e ld  treatm ent o f  lim e , n itro g e n , 

phosphorus, and potassium gave g rea te r q u a n tit ie s  o f carbon d iox ide  

from c e llu lo s e  than s o ils  re c e iv in g  these elements s in g ly  w ith  lim e o r 

lim e a lone .

An e x c e lle n t c o r re la t io n  o f CO2 p roduction  from a l l  

a d d it io n s  p lus  c e llu lo s e  and crop y ie ld s  was found fo r  a l l  s o ils  except 

s o i l  302. N itrogen  in  com bination w ith  lime and other elements appears 

to  have exerted a g re a te r in flu e n ce  on crop y ie ld s  than on carbon d iox ide 

p ro d u c tio n .

5. A close c o rre la t io n  between n i t r i f y in g  power and COg 

p rod u c tion  was demonstrated fo r  a l l  s o i ls .

Y ie ld s  o f crops in  po ts in  the greenhouse and carbon d iox ide 

p ro d u c tio n  from p la n t m a te r ia l grown on the s o ils  perm it the fo llo w in g  

conclus ions:

1. Y ie ld s  o f a l l  crops were increased by previous f e r t i l i z e r  

treatm ent in  the f i e ld .  The crop y ie ld s  c o rre la te  c lo s e ly  w ith  y ie ld s  

o f  crops secured in  the f ie ld .

2. A lthough carbon d iox ide  p roduction  from crops grown and 

re tu rned  to the s o i l  were g rea te r fo r  those s o ils  re ce iv in g  f e r t i l i z a t io n  

in  the f ie ld ,  the d iffe re n ce s  due to treatm ent were sm a ll.



-  h i -

BIBLIOGRAPHY

1- A lle n ,  E. R. and. Bonazzi, A. 1915 On N i t r i f ic a t io n .  Ohio A g r i.  
Exp. S ta. Tech. B u i. 7 .

2. Anderson, J . A. 1926 The in flu e n ce  o f  a v a ila b le  n itro g e n  on
the fe rm en ta tio n  o f  c e llu lo s e  in  the s o i l .  S o il
S c i. 21: 115-126.

3» B a rth e l, Chr. 1919 B e itra g  Zur Frage der N i t r i f i c a t io n  des
S ta lh n is ts ic h s to ffe s  in  der Akererde. C e n trh l.
B ak t. A h t. 2 ; 1*9: 332- 392.

!*• Bauer, L* D. 1926 The use o f the quinhydrone e lectrode fo r
measuring the hydrogen io n  concen tra tion  o f s o i ls .
S o il S c i. 21; 167-179-

5- Beckw ith, T. D ., Vass, A. F. and Robinson, R. H. 191**
Am m onification and n i t r i f i c a t io n  stud ies o f c e r ta in  
types o f Oregon s o ils .  Oreg. A g r i.  Exp. S ta. B u i.
118.

6 . Brown, P. E. 1916 R e la tio n  between c e r ta in  b a c te r ia l a c t iv i t ie s
in  s o i ls  and th e ir  crop producing power. Jo u r,
Agr. Res. 5s 855-

7 . C hris tensen, H. R. 1910 E in  Verfahren zur Bestimmung der Z e l-
lu losezersetzenden F a h ig ke it des Erdhodens. C en trh l. 
B akt. 11 27 s 1+1*9-1*51.

8 . F red, E. B. and Graul, E. J . 1916 Some fa c to rs  th a t in flu en ce
n i t r a te  fo rm ation  in  a c id  s o i ls .  S o il S c i. 1: 317-388.

9 . Fred, E. B. and Waksman, S. A. 1928 Laboratory idanual o f
genera l m ic ro b io lo g y . New York.

10. Gainey, P. L. 1919 P a ra lle l fo rm ation  o f carbon d io x id e , ammonia,
and n it r a te  in  s o i l .  S o il S c i.J : 293—311-

11. Balversen, W. V. 1928 The value o f n i t r i f i c a t io n  te s ts  in  s o ils
rep resen ting  con tras ts  in  p iy s ic a l and chemical 
p ro p e rtie s . S o il S c i. 27! 221-233-

12. Harper, Horace J . and Boatman, B iyan. 1926 Studies on the n i t r i 
f ic a t io n  o f ammonium sulphate in  s o i l .  Jou r. Amer.
Soc. Agr. IS : 876- 888.

V3 Hnlben. F. J . 1932 S o il re s p ira t io n  in  re la t io n  to  p lo t  y ie ld s .
Penn. S tate Agr. C o ll.  Tech. B u i. 273.

l l* .  KeHerman, K. F. and A lle n , E. R. 1911 B a c te r io lo g ic a l s tud ies
o f the s o ils  o f the Tinckee-Carson i r r ig a t io n  p ro je c t .  
U. S. Dept. Agr. Bur. P la n t In d . B u i. 211: 1-33-



-  42 -

15* K u lik ,  G. 1932 The in flu e n c e  o f ch lo rid e s  and sulphates on
the n i t r i f i c a t i o n  o f n itrogenous f e r t i l i z e r s .  Chem. 
Ahs. 26: I 69S.

16. L igon , W. S. 193^ Unpublished data from the M ich. Exp. S ta.

17* Lohnis, F. 1905 Untersuchungen Uber den V e rla u f der S tic k s to ffu m -
setzungen in  der Ackererde. M i t t .  Landw. In s t .  U niv. 
o f  L e ip z ig  7: 1-103*

IS . N e lle r ,  J .  R, 1920 The d x id iz in g  power o f s o i l  from lim ed and
un lim ed p lo ts  and i t s  re la t io n  to o ther fa c to rs .
S o il S c i. 10: 29- 39.

19. N ik le w s k i, B. 1912 Bodenbakterio logische Beobachtungen a ls
M i t te l  zur Bewteilung von Boden. C e n trh l. Bakt* 11 
32: 209-217.

20. Noyes, H. A. and Conner, S. D. 1919 N itra te s ,  n i t r i f i c a t io n ,
and b a c te r ia l content o f f iv e  ty p ic a l a c id  s o ils  as 
a ffe c te d  by lim e , f e r t i l i z e r s ,  crops, and m o is tu re .
Jou r. Agr. Res. 16: 27-42,

21. O f f i c ia l  and te n ta t iv e  methods. A ssoc ia tio n  o f O f f ic ia l  A g r ic u ltu ra l
Chemists. 2nd ed. Washington, D. C. 1925*

22. R u sse ll, E. J . And Appleyard, A. 1917 The atmosphere o f  the s o i l :
i t s  com position and the causes o f v a r ia t io n . Jou r.
A gr. S c i. 7: 1-48.

23 . R u sse ll, E . J . and Appleyard, A. 1917 The in fluence  o f s o i l
co n d itio n s  on the decomposition o f organic m a tte r in  
the s o i l .  Jour. Agr. S c i. 8 : 285-417*

24. S toklasa , J . and E rnest, A. 1905 Uber den Ursprung, die Menge und
die Bedeutung des Kahlendioxyde in  boden. C en trh l.
B akt. 11 l4 ; 723-736.

25 . Temple, J . G. 1914 N i t r i f i c a t io n  in  a c id  o r mon-basic s o i ls .  Ga.
Agr. Exp. Sta. B u i. 103.

26. Truog, E m il. 1930 The determ ination  o f re a d ily  a v a ila b le  phos
phorus o f s o i ls .  Jour. Amer. Soc. Agron. 22; 874-282.

27. Turk, L. M. 1931 The com position o f soybean p la n ts  a t  va rious
growth stages as re la te d  to  th e ir  ra te  o f decomposition 
and use as green manure. Miss Agr. Exp. S ta , Res.
B u i. 173*

28. Turch in , F. V. 1932 Transform ation o f urea in  the s o i l .  Chem.
Abs. 26: 2265.



-  1*3 -

29. Van Suchtelen

30. Wahltmann, EV

31. Waksman, S. A

32. Waksman, S. A 

33* Waksman, S. A

34. W hite, J . W.,

, 3F. H. H. 1910 Uber d ie Messung der L e ve n s ta tig - 
k e i t  der A erob io tischen B akertien  im Boden durch 
d ie  Kohlensaureproduktion. C e n trh l. B akt. Aht 2
2S: U5-S9 .

, F is h e r, H . , and Schneider, P. 1914 Boden t r a k te r -
io lo g isch e  und Bodenchemische Studies aus dem Ver- 
suchsfe lde. Jo u r. Landw. 52: 97-126.

• 1923 Methods fo r  the study o f n i t r i f i c a t i o n .
S o il S c i. 15; 241-260.

1932 P r in c ip le s  o f S o il M ic ro b io lo gy . 2nd. ed. 
B a ltim o re .

. and S tarkey, R. L . 1924 M ic ro b io lo g ic a l ana lys is  
o f  d o l l  as an index o f  s o i l  f e r t i l i t y .  S o il S c i. 17;
145- 151.

Holben, F . J . and J e f f r ie s ,  C. D. 1934 In flu e n ce
o f s o i l  a c id ity  upon the decomposition o f organi© 
m a tte r. S o il S c i. 37; 1-15*


