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PART I
MANNITOL DECOWMPOSITION IN SOIL AS A MEASURE OF CROP
RESPONSE TO FERTILIZERS AND SOIL PRODUCTIVITY
INTRODUCTION

Microbiological methods used in soil investigations are based upon a
relation in the requirement of crop plants and soil microorganisms for nutrients.
For those elements which both crops and soil microorganisms require in large
quentities, biological methods may indicate the guantities present or the response
of the plants to the added elements.

Crop response to fertilizers and different levels of soil fertility are
measured by crop yields; soil microorganic response to fertilizers and variation
in soil fertility may be determined by:

1. DNumbers of soil microorganisms.

2. Rate of ammonification.

3+ Rate of nitrification.

4, Rapidity of organic matter disappearance

5. Carbon dioxide production.

Of these methods, the determination of carbon dioxide production is one
of the easiest. Carbon dioxide is an end-product of respiration, and as such is
indicative of the activity of the organisms concerned.

The object of this investigation was to determine the relation between
the response of crop plants, as measured by crop yields, and the response of soil
microorganisms in mannitol treated soil, as measured by carbon dioxide production,
to applied nitrogen, phos > horus, votassium, calcium, magnesium, copper, zinc,
manganese, and arsenic, and to soil productivity.

REVIEW OF LITERATURE

The production of carbon dioxlde by soil mierocorganisms has been found

to be closely related to the number of bacteria by Russell and Appleyard (32),
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Petersen (32), van Suchtelen (46), and Stoklasa (44).

The effect of various salts on the production of carbon dioxide or the
decomposition of organic matter by the soil microorganisms has been investigated
by Corbet (9), Fred and Hart (13), Lemmerman and coworkers (25), Lundegardh (26),
Merkle (27), Potter and Synider (3%4), and Remy (37). Christensen and Jensen (3)
made a review of literature dealing with the use of carbon dioxide production in
soil fertility investigations.

Of the materials added to soils to supply microorganism energy, cellulose
has probably been used more than any other. The supply of available nitrogen in
the soil affects the rate of decomposition of cellulose very markedly. Carbon
dioxide production is the measure generally used to indicate its decomposition.
The method as it has been used requires up to twenty-four days or more and
several carbon dioxide determinations are necessary.-- References: Waksman and
Heukelekian (49), Starkey (41), Anderson (3), Carter (6), Holben (18), Shunk (40),
and Nicklewski (31). Holben found that "plots receiving incomolete fertiliger
treatments rank too high in carbon dioxide production to show any relation to
crop yields. Several other high erop producing nlots rank too far down the
list in carbon dioxide evolution to credit this method as a reliable indication
of soil productivity. . . . . When soil acidity is eliminated as a limiting
factor « . « . . the carbon dioxide production and cellulose decomposing powers
show very close agreement to crop yields".

The production of carbon dioxide in the soil from cellulose,dextrose,
rye straw, alfalfa meal, dried blood, and mixed spores and mycelium of fungi was
studied by Starkey (41). He found that the production of carbon dioxide from
organic materials is affected by soil productivity, and that the differences in
the production of carbon dioxide from the carbon contained in the soil are greater

than the differences in the carbon dioxide produced by the same soils from added

organic matter.
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Neller (30) found a correlation between crop yield and the carbon dioxide
produced from 200 gm. soil plus 0.75 gm. soybean hay. Merkle (27) added soybean
hay to soil and found that nitrate of soda and basic slag increased carbon dioxide
production. Ammonium phosphate, superphosphate, sulphate of potash, and raw bone
had little effect, whereas muriate of potash and kainit reduced the production of
carbon dioxide.

Dextrose and glucose have been used in soil investigations to supply the
microorganisms with energy. Koénig and Hasenb&dumer (22), Konig, Hasenbédumer, and
Glenk (23) used carbon dioxide production from glucose in soil investigations.
Waksman and Starkey (51) and Starkey (41) found that carbon dioxide production
from dextrose may be used in soil fertility investigations; the former authors
(Waksman and Starkey) found that it may serve ags a means of grading soils on a
basis of their fertility.

The guantity of nitrogen fixed by soil microorganisms has been found to
be indicative of the amount of available phosphorus in a soil. Weaksman and
Karunaker (50), Turk (48), Stoklasa (43), Given, Kuhlman, and Kern (15) determined
the nitrogen fixed in standard mennitol solutions inoculated with soil and
incubated for as long as twelve weeks. Waksman and Karunaker (50) concluded that
information concerning the nitrogen fixing bacteria and the available phosphorus
of a soil may be obtained by the mannitol disappearance method of Christensen (7),
in which 2% mannitol is added to a soil and the residual mannitol determined every
five days for thirty days. Water equal to 75% of the maximum water—holding capacity
of the soil was used.

Andrews (4) found that the production of carbon dioxide in soils to which
mannitol had been added furnished a baslis for deteraining the nitrogen and the
phosphorus requirement of soils for cotton. The time used for carbon dioxide

production was twenty-four hours. The water used was one-third of the maximum

water-holding capacity of the soil.
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When the work reported in this paper was started, it was arbitrarily
decided to determine the effect of fertilizer treatment on the production of
carbon dioxide in mannitol treated soil and to correlate the data thus obtained
with the effect of a similar treatment on the crop yield. During the course of
the investigations, the following questions arose:

1. VWhat is the effect of the soil water content on the production of
carbon dioxide?

Gainey (14) found 12% water for one soil to be the water content for
meximum carbon dioxide production, and that higher quantities had little effect,
whereas smeller quantities reduced it. Koénig, Hasenbaumer, and Glenk (23) used
50% of the maximum water holding capacity for carbon dioxide production experiments
with dextrose. Christensen (7) and Waksman and Karunaker (50) used 75% of the
maximum water-holding capacity in mannitol disappearance experiments. The optimum
water content for carbon dioxide production from cellulose decomposition was found
by Shunk (40) to be 50% saturation. Van Suchtelen (46) found 75% of the maximum
water-holding capacity to be more favorable than 30% and 90% for the production

of carbon dioxide and numbers of bacteria (dextrose was used, and the temperature

was 10 to 12° C.).

2. Should soils be air-dried before the biological tests are made?

Darbishire and Russell (11) investigated the effect of partial
sterilization of a soil by heating to 100° C. or by use of volatile antiseptics
which were subsequently removed and found that partial sterilization increased
the available N, P, and K, and also the absorption of oxXygen by the soil micro-
organisms on rewetting the soil.

Air-drying a soil and rewetting it has been found to increase the

numbers of bacteria and/or carbon dioxide production.-- References: 17, R0,
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Waksmen and Starkey (55) found that increasing the length of time a
soil remains in a dry state increased its production of carbon dioxide when it
was rewetted. Andrews (4) found that storing one soil air-dry decreased the
increase in production of carbon dioxide due to N and NP, whereas with another

soil a small increase was obtained.

4. What is the effect of protozoa on the production of carbon dioxide
by the soil microorganisms?

Cutler (10) said that when protozoa are inoculated as cysts they will,
judging from analogy in fluid cultures, probably remain as such for relatively
long periods (24 - 28 hours) before excistation occurs. Cutler (10) and Telegdy-

Kovats (47) found that protozoa reduce the number of bacteria.

5. Do bacteria, fungi, and Actinomyces produce equal quantities of
carbon dioxide when they have consumed equal quantities of energy material?

Waksman and Starkey (52) said that fungi assimilate 20 to 50%; bacteria,
1 to 30%; and Actinomyces, 15 to 30% of the organic compounds decomposed.

Buchanan and Fulmer reviewed the literature on the toxic and stimulative
effects of arsenic (5-2), copper (5-b), zine (5-c¢), and manganese (5-d) on micro-

organisms.

The literature reviewed shows that:
A. Soil productivity is related to:
1. Numbers of soll microorganisms
2. Carbon dioxide production by soils receiving
a. No additional energy material
b. Energy materials
(1) Cellulose

(2) Glucose



(3) Dextrose
(4) Other organic materials
3. Mannitol disappearance

4. Nitrogen fixation

B. Crop response to applied nitrogen and phosphorus is related to the response of

soil microorganisms to nitrogen and phosphorus when mannitol has been added

to the soil.

C. Carbon dioxide production by a soil is affected by:
1. Air-drying or partial sterilization
2« The length of time a soil remains air-dry

3« The water content of the sgoil

EXPERTMENTAL
METHODS

Preliminary studies made during the development of the method (4) used in
this investigation brought out some observations which are worthy of comment.
In taking soil samples, the immediate surface of the soil was removed and the
sample taken to a depth of approximately 2% inches at several places in an
experimental plot or field. After air-drying, the samples were screened and
thoroughly mixed, preparatory to their use in carbon dioxide production
determinations after addition of mannitol and other materials, as designated.
The letters in the tables presented indicate that the following quantities of
fertilizers were added to 100 gm. of soil:

L = 50 mgm. finely ground limestone

P = 25 mgm. 20% superphosphate

K = 10 mgm. 50% muriate of potash
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30 mgm. nitrate of soda

S = 55 mgm. 9% basic slag

R

15 mgm. Rhum's rock phosphate

The quantity of water to add was determined by "the feel" of the moistened
soil for the first experiments; however, a uniform quantity was used throughout an
experiment. Later the water used was based upon the maximum water-holding capacity
of the soil, which was taken as that quantity of water which is retained by 100 gm.
of air-dry soil in a funnel after water had been added in excess and the excess
allowed to drain off. The moist soils were then put into 1000 cc. Erlenmeyer
flasks and incubated for twenty-four hours, or the time specified, at laboratory
temperature, or at the specified temperature.

After incubation, the flasks were comnected in gas trains for the
collection of the carbon dioxide. The carbon dioxide was removed from the soil
flasks by drawing 3600 cc. of air through the trains, and it was absorbed by

ascarite. The quantity of carbon dioxide was determined by weighing the ascarite

tubes before and after its absorption.

RESULTS AND DISCUSSION
Effect of Fertilizers and Lime on Carbon Dioxide Production

The soils selected for the first experiments were Norfolk and Ochlocknee
fine sandy loams. The Ochlocknee soil came from the unfertilized plots of a field
on which a fertilizer analysis test had been conducted for a number of years. This
soil was very deficient in potash and nitrogen was also a limiting factor in crop
production. Lime has never been found beneficial to crops on this Ochlocknee
soil. The Norfolk soil was taken from an area adjoining the plots of a phosphorus
sources test on limed and unlimed soil. This soil was deficient in nitrogen,

phosphorus, potash, and lime for the production of cotton.
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Lime, muriate of potash, and superphosphate when used without nitrogen
had 1little affect on the production of carbon dioxide (Teble 1) by the soil
microorganisms, whereas nitrogen trebled its production. These results indicate
that lime, phosphorus,and potash were present in sufficient quantity to satisfy
the needs of the soil microorganisms with the nitrogen level found in the untreated
soil.

Ammonium sulphate was equally as efficient as nitrate of soda for carbon
dioxide production on the Norfolk soil which was deficient in lime for carbon
dioxide production and crop growth. The Ochlocknee soil was not deficient in
lime for biological activity and probably not for crop growth, and nitrate of
soda produced 101 mgm. of carbon dioxide, whereas ammonium sulphate produced
89 mgm. On the basis of the neutralizing effect of the sodium, nitrate of soda
might have been considered more efficient for carbon dioxide production on the
lime deficient soil. When lime, muriate of potash, and superphosphate were
applied, singly and in combinations, to the Ochlocknee soil, in addition to
nitrogen, the NPL treatment was the only one that produced more carhbon dioxide
than nitrogen alone and the increase was only 8 mgm. Supplying lime or
superphosphate in addition to nitrogen to the Norfolk soil increased the production
of carbon dioxide %8 mgm. This behavior raises the question "Was the microbiological
response to superphosphate at least partially due to its calcium content?"

There are no data on the effect of muriate of potash on the yield of
crops on the Norfolk soil, but it was apparently deficient in potash for cotton
production; muriate of potash increased the yield of seed cotton 473 pounds per
acre (28) on the Ochlocknee soil. Gemerally muriate of potash had little effect
on the production of carbon dioxide, even though these soils were deficient in

potash for crop production. In order to check these results, soill was obtained
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from the check plots of a field test on Ochlocknee soil, in which potash had
increased the yleld of seed cotton 343 pounds per acre (28) over a period of
six years. The addition of potash with nitrogen decreased the production of
carbon dioxide 10 mgm., which is in harmony with the above data.
Effect of the Duration of the Experiment

and the Amount of Fertilizer on the Production of Carbon Dioxide

The data in Table 2 show that reducing the fertilizers to half reduced
the differences in the production of carbon dioxide between the treatments. The
quantities of carbon dioxide produced were greater on the first day than on any
other day; the relative quantities of carbon dioxide produced were different on
the different days. The decrease in the production of carbon dioxide from the
first to the fifth day was greater where the usual quantities of fertilizers
were used than where half the usual quantities were used. The total production
of carbon dioxide for the full amounts of fertilizer was only slightly more than
for the half amounts.

Effect of the Water Content of the Soil
on the Production of Carbon Dioxide

The data on the effect of the water content of the soil on the production
of carbon dioxide are reported in Table 3. The maximum water-holding capacity of
this soil was 30 cc. per 100 gm. of soil. The data show that 15 cc. of water was
slightly more efficient for the production of carbon dioxide then was 10 and 12 cc.,
whereas 8 cc. was decidedly inferior to the 12 cc. application. The 25 and 50 cc.
applications of water were decidedly inferior to smaller applications. The greatest
response to superphosphate and the least response to basic slag was obtained with
the smallest applications of water; when the water was increased, the response to

basic slag increased, whereas that to superphosphate decreased.
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Table 3. Effect of the water content of the s=oil on the
production of carbon dioxide in Norfolk fine
sandy loam.
TIME - HOURS 11 17 1/3 24 48
C.C. WATER — -~ 25 8 "1 _5% 10% 12% 15 50
TREATMENT MGM. CARBON DIOXIDE
NK 15.2 50.5 76.9 | 33.5 | 132.8 | 136.2 | 154.7 | 129.2
NPK 10.5 | 103.8 | 118.3 [ 30.1 | 172.4 | 173.4 | 180.8 | 127.6
NSK 27.1 97.5 | 124.2 | 56.4 | 171.8 | 178.7 | 190.0 | 155.4
NRK 11.8| 50.1 | 72.1 {@e6.1 | 13%.6 | 142.9 | 150.8 | 125.4

*K omitted, because it was not beneficial in any -of the other tests.




- 11 -

The greater response by the microorganisms on the dry soil is in harmony
with the recent work of Emmert*,which showed that the phosphorus content of tomato
plants was much lower when they were grown on a dry soil than when grown on a wetter

soll.

Summarizing the preliminary data, they show that both cotton and seoil

microorganisms respond to nitrogen, lime, and superphosphate, and that the response
of the latter to muriate of potash is either negative or small. The greatest
differences due to the treatment were obtained during the first twenty-four hours.
The largest quantities of carbon dioxide were obtained when the water content of
the soil was 50% of the maximum water-holding capacity, whereas the largest
quantities of carbon dioxide due to the addition of superphosphate were obtained
when the water content of the soil was 27% of the maximum water-holding capacity.
The water content used in the experiments which followed was one-third of the
maximum water-holding capacity of the soil, except in one instance which is noted.
This water content was selected on the basis of the response of the soil micro-
organisms to additiong of nitrogen and phosphorus and the ease with which this
gquantity of water can be mixed with the soll and the ease with which a soil of this
water content may be handled.

Effect of Different Phosphorus Carriers
on the Production of Carbon Dioxide and Seed Cotton

The Norfolk soil was obtained from a field where phosphorus carriers had
been tested with and without lime. The effect of different phosphorus carriers and
lime on the production of carbon dioxide and seed cotton is shown by the data in
Table 4. When used without lime, basic slag produced more carbon dioxide and more
seed cotton than any other phosphorus carrier; with lime, superphosphate was more

effective for both carbon dioxide and crop production. Rock phosphate was decidedly

*Emmert, E. M. 1936. The Effect of Drouth on the Nutrient Levels in the Tomato
Plant. Soil Sci. 41:67-70



Table 4.

pay

Effect of different phosphorus carriers
and lime on the production of carbon
dioxide and seed cotton in Norfolk fine

sandy loan.

. MGM. CARBON DIOXIDE POUNDS PER ACRE

TREATMENT IN 17 HOURS OF SEED COTTON*

1931-1932 Average
NP 147.2 440
NS 161.8 729
NR 108.1 378
NLP 170.8 855
NLS 166.6 766
NLR 136.8 665

The maximum water-holding capacity was 30 c.c.; the water

used was 17 c.

Ce

#A11 plots received K.
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Inferior to the other carriers of phosphorus, both for carbon dioxide and crop
production. The relative response of the soil microorganisms and cotton to the
carriers of phosphorus and lime was not the same. There was probably an accumulation
of lime in the field from the addition of basic slag. Three tons of lime per acre
was used in the field, whereas 1000 pounds per acre equivalent was used in the
laboratory.
Effect of Different Quantities of Superphosphate
on the Production of Carbon Dioxide

The effect of different quantities of superphosphate on the micro-
biological activity of the soil without nitrogen and with one rate of application
is reported in Table 5. Without added nitrogen, superphosphate had no effect on
the production of carbon dioxide. The 25 mgm. application of superphosphate
supplied Po0g equivalent in weight to the nitrogen in the nitrogen treatment.
With nitrogen present, the first increment of superphosphéte increased the
production of carbon dioxide 89 mgm.; the second, 18 mgm.; the third, 1 mgm;
whereas the fourth reduced the production of carbon dioxide 10 mgm., and the
fifth reduced it 18 mgm. These data show that the soil microorganisms used
superphosphate efficiently when a sufficient quantity was used to supply P50g
equal in weight to half the nitrogen added, and that additional superphosphate
sufficient to supply Po0g equal in weight to the nitrogen added was slightly
beneficial, and that additional quantities were harmful.

Effect of Temperature
on the Production of Carbon Dioxide

Raising the temperature had practically no effect on the increase in
microbiological activity due to the addition of nitrogen or nitrogen plus
superphosphates (Table 6). The laboratory temperature in July was about 26 to
27° C. The increase in the production of carbon dioxide due to the addition of

nitrogen alone was 111, 114, and 108 mgm. and that due to the addition of



Table 5. Effect of the quantity of superphosphate on
the production of carbon dioxide by a Ruston
fine sandy loam with and without the addition
of nitrogen.

QUANTITY OF SUPERPHOSPHATE

MGM. CARBON DIOXIDE IN 24 HOURS

Without Nitrogen

With Nitrogen

None
12.5 llgm.
25.0 ©
50.0 ¢
100.,0 »

200.0 "

24.0

24.5

24.3

5.0

24.6

R%.2

110.2

198.9

217.4

218.2

207.5

190.0
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Table 6. Effect of temperature on the production
of carbon dioxide by an Orangeburg fine
sandy loam.
MGM. CARBON DIOXIDE IN 24 HOURS
s LABORATORY TEMPLRATURE
TREATHENT July 17 znd 18, 1933 500 G. 530 G.
26-27° C.
None 31.5 42.0 87.4
N 143.2 155.68 175.6
P 30.5 45.3 75.9
NP 150.0 167.3 196.1
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superphosphate and nitrogen together was 120, 122, and 120 mgm. for the summer

laboratory temperature (27° C.), 30° C., and 33° C., respectively. The carbon

dioxide produced by the check for the respective temperatures was 32, 42, and
67 mgm.
Relation Between the Response of Cotton and Soil Microorganisms
to Superphospshate and Their Relation to the 0.002 N Sulphuric
Acid Soluble Phosphorus of the Untreated Soil

The relation between the response of cotton and soil microorganisms to
superphosphate and their relation to the phosphorus content of the untreated
soil, as indicated by Truog's method, is shown in Tables 7 and 8. There were
only thirteen determinations. The correlation coefficient between the increase
in crop yield due to superphosphate and the increase in the carbon dioxide
produced due to superphosphate is .80 * .176. The correlation coefficient
between the increase in crop yield due to superphosphate and the phosphorus
soluble in dilute acid is -.59 % ,181l. The correlation coefficient between
the increase in carbon dioxide due to superphosphate and the phosphorus soluble in
dilute acid is -.492 % ,210.

Dividing the dilute acid soluble phosphorus by the combined silt and
clay content, or the maximum water-holding capacity of the soll, increased the
correlation coefficient of increases in yield of cotton and soluble phosphorus
from -.59 * 181 to —-.70 * ,143 and —-.83 t ,167, respectively. These data show
that the heavy soils require a greater supply of dilute acid soluble phosphorus
than the light soils to supply the needs of cotton without the addition of
superphosphate. The silt and clay content of the soil was determined by the
Bouyoucos hydrometer method.

Effect of Air-Drying Soils
on the Microbiological Activity

The literature reviewed shows that fungli and protozoa go into inactive
states when soll is air-dried. When the soil is rewetted, they do not become

active immediately. Increases in the number of bacteria due to air-drying and
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Table 7. Relation between the increase in carbon dioxide production
and crop yield due to phosphorus and soluble phosphorus,
as determined by Truog's method, and the use of the maximum
water-holding capacity and silt + clay content of the soil

in the interpretation of the data.

INCREASE DUE TO P

S0IL TYPE P.P.M, P CARBON DIOXIDE SEED COTTON SILT + CLAY
Lbs. Per Acre
Houston Clay 8,3 70 385 75.6
Ruston F.S.L.(?) 10.0 52 174 56.8
Orangeburg F.S.L. '35.8 7 33 27.8
Norfolk F.S.L. 17.86 49 124 23.8
Oktibbeha Clay 7.3 44 297 72.6
Sarpy F.S.L. 105.5 15 -1 61.8
Trinity Clay 94.0 7 77 63.6
Denham Silt L. 8.4 16 50 66,8
Ruston F.S.L. 13.1 7 145 34.3
Yohola V.F.S.L. 85.8 14 125 63.8
Ruston F.S.L. 9.5 32 138 19.8
Ruston F.S.L. 3.4 30 238 29.5
Memphis Silt L. 4.2 18 409 64.8
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Table 8. Correlation of some of the data in Tabvle 7.

CORRELATION

FACTORS BEING CORRELATED CORFFTCTENT
Increase in crop yield due to phosphorus and +.602 * .1768%
incresse in carbon dioxide due to phospohorus
Increase in carbon dioxide due to phosphorus -.400 £ 9109
and available phosphorus in soil o .
Increase in crop yield due to phosphorus and _.591 % .1805
available phosphorus in soil o :
Increase in crop yield due to phosphorus and
avallable phosphorus divided by silt + clay —.695 £ ,14%4
corntent
Increase in cro) yield due to phosphorus and
available phosphorus divided by maximum water- ~-.832 * .1666

holding capacity

¥Standard error
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rewetting have been reported many times. Many investigators report changes in
the solubility of the soil nutrients--most of them being increases. In a later
paper it will be shown that soil bacteria take up an excess of acidic substances
over basic substances and that fungi take up an excess of basic substances over
acidic substances. A general effect of bacterial growth in the soil is to
increase the pH, whereas fungal growth decreases it. On this basis, when
bacteria are decomposed the minerals incorporated in their bodies are returned
to the soil and the pH 1is decreased. On the contrary, when fungi are decomposed
the mineral constituents of their bodies increase the pH of the soil. The
disappearance of the fungi on air-drying a soil is, therefore, in harmony with an
increase in the pH and solubility of certain basic constituents, as was brought
out in the literature reviewed. On air-drying and rewetting a soil, there exists
a period of time when the competition from the fungi is reduced, due to their
smaller numbers or decreased activity. It seems logical that the bacteria may
be able to consume at least a part of the energy and other constituents of the
fungi as deslccation proceeds. If this is true, the reported increases in
numbers of bacteria due to sir-drying and rewetting may be coincident with
desiccation.

The decomposition of 250 pounds of fungal mycelium containing 6%
nitrogen will return fifteen pounds of nitrogen to the soil, which is equal to
one-gixth of the nitrogen application used in these experiments. From this
standpoint, the death and decomposition of fungi on air-drying and rewetting
certain soils may increase the amount of soluble nitrogen considerably.

Immediate Effect of Air-Drying on the Production of Carbon Dioxide:

The carbon dioxide production data are for twenty-four hours, which is too
short a period after rewetting for fungi to be revived and be very active in

the production of carbon dioxide. The carbon dioxide produced during the

first twenty-four hours after air-drying a soil is, therefore, considered to
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be due to the activity of the bacteria. The data in Table 9 show that the
production of carbon dioxide by two of the check soils was almost doubled on
air-drying; and that of three of the N treated soils was very much higher;

whereas fourteen of the soils showed 1little change in carbon dioxide production;
and one showed a big decrease. The increase in carbon dioxide due to the addition
of phosphorus to the Olivier soil was nearly three times as great after air-drying
as before.

Effect of Prolonged Air-Drving on the Production of Carbon Dioxide:

The effect of air-drying soil for eight months on the biological activity is
shown by the data in Table 10, The effect of fertilizers on the production of
carbon dioxide in these soils was determined in November, 1955, after which the
remainder of the soils were put in pots and rewetted. The rewetted soils were
permitted to become air-dry during December, and they remained air-dry until the
following September, when they were given similar fertilizer treatments and
carbon dioxide production was determined again. The incubation temperature was
30° C. in both cases. In every case, the production of carbon dioxide by
unfertilized_soil was increased by prolonged air-drying. In one out of six
cases, the N treated soil produced considerably more carbon dioxide after the
prolonged alr-drying, which indicates a favorable change in the avallable
phosphorus and/or calcium. In two cases, the soil receiving N produced con-
siderably less carbon dioxide after prolonged air-drying, which may have been
due to a decrease in numbers of bacteria. In five cases, the increase in the

production of carbon dioxide due to P was very much greater after prolonged

alr-drying.

Response of Soil Microorganisms
to Calcium and Megnesium

The laboratory method used below was identical with that reported above,
except 500 c.c. Erlenmeyer flasks were used, the alr was drawn through the train

by means of a suction pump which was run for five minutes, P = PoOg equivalent to
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12.5 mgn. 20% sunerphosshate, znd N = 15 agm. lelidz,

(==ha

Soil was obtained from the check plots of thr=e widerimenizl ficlds

on which lime had osroduaced large increazes in the ;ield of crops. The solls
were used in the laboratory to determine the recmonse of coil microor 1lzas

9'

to calcium and magnesium. The dats are reported in Ta:le 11.

The firet Fox soil waeg so low in lime +hat il wag iis0seible to
establish & stand of alfalfa on it. The data show that the addition of & three-

ton equivalent of calecium carbonate in the laboratory increasecd the production

of carbon dioxide five fold. PRexlacing calcium carbonate with an equivalent
quantity of magnesium carbonate up to 75% had a favorable effect on the production
of carbon dioxide.

The production of carbon dioxide by the goll microorganisas of the
Tarsaw goll was reduced from 75 to 59 mgm. by the addition of calcium carbonate.
Substituting 25 and 50% of the calcium carbonate with mnagnesium carbonate
increased the »roduction of carbon dioxide to 93 and 928 mgn., respectively.

The sroduction of carbon dioxide by the second Fox goll was doubled
by the addition of calcium carbonate. FHowevar, the substitution of & osrt of
the calclum carbonate with magnesium carbonste increased the Hroduction of
carbon dioxide only very glightly with & thrze-ton application ond reduced it

ion. This soil came from = Tield where doloaitic

ri'

glightly with a one-ton apolics
lisegtone was more effective for alfalfz oroduction then was = high czlelunm

limestone.

The beneficial effect of the sgubstitntion of s nerit of the calcium
with magresium, in addition to the nutritive function of magnesgiun, mnay be due
to the higher solubility of megnesina phosdhates below oH 7 (77).

Effect of Certain Pare Elements
on the Microblological Activity of the Soil

ffect of Caleiam Arsenate on Carbor Tioxids Proacduction: Soil

.

obtained from a Norfolx sendy losm field which had received 2 toxic ¢

W2
-
m
a1
o
'.Ju
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Table 11. Responce of soil microorganisms to caleium and
magnesium, as measured by orocuction of csrbon
dioxide.
RATE OF AP LICATION |
OF LIME 3 TONS Z TOHNS 3 TONS 1 TON
PERCENT SOIL TYPE e e
Callz  1gC0z FOX SANDY LOAM TARSAT LOAY FOX_SANDY LOAHM
Mgm. COo Mgn. COo Mgm. COo| dgm. CO2
0] 0 9.8 74.7 32.6 s
{
100 0 59.6 59.2 65.8 | 64.6
75 25 €4.9 92.9 66.2 —
50 50 69.7 98.2 71.4 59.8
25 75 80.4 —_ —_— —_
0 100 79.4 e —_ —_—
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calcium arsenate through dusting cotton for boll weevils. Data in the South
Carolina Annual Report, page 35, show that superphosphate decreased the yield of
cowpeas on this soll and that iron sulphate overcame the superphosphate-induced
arsenic toxicity. Manganese sulphate, and lime did not overcome the superphosphate-
induced arsenic toxicity. Data showing the effect of superphosphate on the
production of carbon dioxide by this soil are shown in Table 12, The laboratory
treatment was nitrogen and water. The data show that quantities of superphosphate
up to 800 pounds per acre increased the production of carbon dioxide and that

3200 pounds per acre decreased it only a little below the gquantity obtained with
the 800-pound treatment. Evidently, the soil microorganisms and cowpeas do not
respond to superphosphate in the same manner where arsenic is present.

The data on page 34 of the 1931 S, C. Annual Report show that the
addition of calcium arsenste in large quantities materially reduced the yield of
cowpeas, soybeans, corn, and sorghum. When increasing quantities of calcium
arsenate were applied (Table 13), the 500 to 2000 pound applications markedly
reduced the production of carbon dioxide during the first twenty-four hours; but
the carbon dioxide produced where 6000 pounds was added was equal to that where
none was added. The carbon dioxide produced during the 24 - 48 hour period
shows no harmful effects due to calcium arsenate. The data indicate that the
effect of caleium arsenate toxiecity to certain crop plants may be determined by
the production of carbon dioxide during the first twenty-four hours where
quantities of calcium arsenate are used which are likely to be applied in the
field. However, additional work is needed before the test can be fully adapted
for determining the toxic limits of crop plants.

Effect of Iron Sulohate and Other Salts on Arsenic Toxicity to Micro-

organisms: Iron sulphate overcame the superphosphate-induced calcium arsenate
toxicity to cowpeas in the field. After finding that soil microorganisms are

less active in the presence of certain quantities of calcium arsenate for a



Table 12. Effect of superphosphate on the production of
carbon dioxide by an arsenic sick Norfolk fine
sandy loam.

LABORATORY TREATMENT - PER ACRE¥* | MGM. CARBON DIOXIDE IN 24 HOURS
Check 56.9
100 Pounds Superphosphate 90.1
300 " n 126.3
400 " n 130.9
600 " " 141.2
800 " n 143.1
1600 1 n 140.0
3200 fn " 134.4

#6800 pounds per acre of nitrate of soda was added to all treatments.
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Tahle 13. Effect of czleiun arsenate on the production
of carbon dioxide by a Greepnvillie szndy loan.

JGil. CARBIN DIOXIDE
LABORATORY TREATMENT — PEP ACRE O - 24 A0URS 54 - 48 HOURG
Check 49.6 157.8
500 Pounds Calcium Arsenate 28.2 172.5
750 n n n £6.5 171.8
1000 " " n 26.3 172.0
1500 n n " 3247 177.4
2000 " n " 32.4 171.1
3000 n n n 36.2 169.1
4700 n " n 42.5 153.4
5000 " " n 45,2 164.6
6000 " n " 49.5 167.8

#8000 pounds nitrate of soda and 1000 pounds suderphosphate were added.
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Table 14, Effect of sodium sulphate, magnesium sulphate,
aluminum sulphate, ferrous sulphate, copper
sulphate, and manganese sulphate on the pro-
duction of carbon dioxide by calcium arsenate
treated soil.

LABORATORY TREATMENT - PER ACRE MGM. CARBON DIOXIDE IN 24 HOURS

Check 139.2
500 Pounds Calcium Arsenate 100.9

500 Pounds Calcium Arsenate «+
400 Pounds Sodium Sulphate 91.1

500 Pounds Calcium Arsenate +
400 Pounds Hlagnesium Sulphate 92.8

500 Pounds Calcium Arsenate =+
400 pounds aluminum sulphate 64.8

500 Pounds Calcium Arsenate -+
400 Pounds Iron Sulphate 92.0

500 Pounds Calcium Arsenate +
200 Pounds Copper Sulphate 61.6

500 Pounds Calcium Arsenate =«
200 Pounds Manganese Sulphate 92.7
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twenty-four hour period, it was attempted to overcome this reduced activity by
means of iron, sodium, magnesium, aluminum, copper, and manganese sulphates.

The data in Table 14 show that these additions decreased the production of carbon
dioxide by the soil.microorganisms. Aluminum and copper sulphates decreaged the
production of carbon dioxide the greatest amounts.

Effect of Zinc, Manganese, and Copper on the Production of Carbon

Dioxide: Soils were obtained from the Florida Experiment Station which were
known to be deficient in zinc, manganese, and copper for certain crops, and
the influence of these elements on the microbiological activity of the soil
was determined. The data in Table 15 show that neither copper, zinc, nor
manganese increased the production of carbon dioxide by the respective soils.
Relation of Crop Yields on Fertility Plots
to Carbon Dioxide Production by Soils from These Plots

The data reported above deal with the effect of fertilizers on the
production of crops and carbon dioxide (on mannitol treated soil); the data
which follow deal with the relation between the yield of crops and the
production of carbon dioxide by soile from fertility plots, and soil of
different horizons receiving fertilizer treatment in the greenhouse.

Relation of Fertilizer and Lime Treatment in the Field to Crop Yields

and Carbon Dioxide Production: Soil samples were obtained from a series of soil

fertility plots of a "Fox Sandy Loam Experimental Field" for carbon dioxide
production in the laboratory. The carbon dioxide data are revorted in Table 18,
and the field data and part of the laboratory data are illustrated in Figure 1.
The carbon dioxide pnroduced during the firet twenty-four hours was
very low and added fertilizers had little effect on the quantity produced. The
production of carbon dioxide for this period without the addition of fertilizers,
based on the literature reviewed, 1is considered the microbiological activity of

these plots, which, as such, is indicative of the numbers of bacteria and the
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Table 15. Effect of zinc sulphate, manganese sulphate,
and copper sulphate on the production of
carbon dioxide by soils on which crop plants
respond to the respective treatment in the

field.
LABORATORY TREATMENT - LBS. PER ACRE MGM. CARBON DIOXIDE
NORFOLK FINE SAND
Check 155.5
80 Pounds Zinc Sulphate 153.4
g00 ¢ " " 149.3
MARL
Check 126.3
100 Pounds Manganese Sulphate 113.0
00 ¢ n n 111.0
LEON SAND
Check 37.3
40 Pounds Copper Sulphate 35.2
80 " i L 55'6
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carbon dioxide as did the soil from Plot 2, which indicates that nutrients from
the manure were made available during the second day.

Plot 9 is a no-treatment continuous wheat plot, and Plot 17 is a no-
treatment continuous corn plot. The production of carbon dioxide by soil from
both of these plots was very low during the first twenty—four hours. However,
during the second twenty-four hours, soil from the wheat plot produced slightly
more carbon dioxide. Plot 23 grew timothy continuously without treatment, and
the soil produced practically the same guantity of carbon dioxide during both
days as did the soil from Plot 17, which grew corn continuously without treat-—
ment.

Plots 10, 18, and 22 received manure and grew wheat, corn, and timothy,
respectively. The carbon dioxide produced was 54, 112, and 44 mgm. on the first
day and 189, 86, and 117 mgm. on the second day for the wheat, corn, and timothy
plots, respectively. On this basis, there is less available nutrients in the
timothy soil, and the wheat soil had more available nutrients than the corn soil.
Part of these differences may be due to the cultural practices used in growing
the different crops and the method of application of the manure.

Plot 29 received manure from 1908 - 1913, and Plot 30 received manure
from 1889 -~ 1913. Since 1913, Plot 29 has received ammonium sulphate, whereas
Plot 30 has received an equivalent quantity of sodium nitrate. The soil from
the sodium nitrate plot produced nearly 50% more carbon dioxide during the first
twenty—four hours, and this plot produced nearly 50% more wheat for the 1914 - 1928
period. The differences are not entirely due to the fertilizer treatment, but they
should be largely due to it. Ammonium sulphate tends to reduce the supply of
calcium and other bases in the soil. The production of carbon dioxide for the
first day by the soil from these plots was about the same as that of the no-
treatment plots growing the same crop continuously; but on the second day, the

no-treatment plots produced significantly less carbon dioxide.
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Plots 35, 37, and 38 received manure until 1913, after which the manure
was discontinued; and since then, Plots 37 and 38 have received 3-10-4 fertilizer
on corn and wheat. Plot 38 has had lime. The addition of 3-10-4 fertilizer
increased the crop yields and carbon dioxide production. Lime increased the
production of carbon dioxide, but it had little effect on the yield of the
crops. The fertilizer had its greatest effect on clover production.

Effect of Green Manures on Crop Yields and Carbon Dioxide Production:

An experiment testing green manures was laid out at Michigan State College in
1926. ©Soil was obtained from the plots where rye, and sweet clove?>were removed
and turned under, respectively, for carbon dioxide production studies in the
laboratory. The green manures were plowed under or removed in 1926 and 1931.

The grain and the carbon dioxide data are reported in Table 18. There was little
difference in the quantity of carbon dioxide produced by the soil from the "sweet
clover under"™ and the "sweet clover off" plots without fertilizer treatment in
the laboratory. The soil from the "sweet clover off" plot produced 131 mgm.
carbon dioxide, whereas that from the "sweet clover under" plot produced 119

mgm. when these soils were treated with nitrogen in the laboratory. Likewise,
the "rye off" soil produced more carbon dioxide than the "rye under" where
nitrogen was added in the laboratory. The addition of phosphorus brought the
production of carbon dioxide where rye and sweet clover were plowed under up

to that where they were taken off. These data indicate that the additional

plant material where the crops were plowed under brought about a tie-up of the
phosphorus or other nutrients. It is possible that the products derived from

the additional organic material when it underwent decomposition covered up part
of the colloidal fraction of the soil, and thus hindered the normal exchange of
calcium and phosphorus. Jenny and Shade (19) advanced the idea as an explanation

of the variable results obtained by various research workers on the effect of

calcium on the exchangeable potassium.



Table 18.

2%a

Effect of green manures on crop yield and

carbon dioxide production - Hillsdale
sandy loam.

YIELD - BUSHELS OF GRAIN PER ACRE

MGM. CARBON DIOXIDE

PLOT TREATMENT* 1928 | 1929 | 1930 | 1932 | 1933 LABORATORY TREATMENT
WHEAT | WHEAT | WHEAT | WHEAT | CORN | CHECK N P NP
Sweet clover - under| 52.5| 19.9| 48.,5| 38.1|35.9| 43.4| 119.4 {41l.2 |127.6
Sweet clover - off 43,9 19.6 | 47.9| 33.3 | 33.6 | 41l.1| 131.2 | 43.4 |130.2
Rye - under 42.7] 21.4 ] 49.3| 36,2 | 39.5| 31.9] 104.2 | 37.2 [101.6
Rye - off 36.8{ 19.8| 53.6| 30.4 | 25.8| 42.6)117.7 | 37.8 |125.8
*¥The green manures were plowed under in 1926 and 1931.
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In the field there were twelve plots between the sweet clover and the
rye plots, which is too far for direct comparisons. The date in Table 18 show
that plowing sweet clover and rye under increased the yield slightly over that
obtained where they were removed.

Effect of Syperphosphate on the Production of Small Grain and Carbon

Dioxide: 1In 1930 a series of plots was laid out to determine the effect of
different quantities of phosphorus in fertilizer on the yield of grain. The
treatments at the beginning of the test were 300 pounds per acre of 3-48-10

and 3-0-10, but in 1933 the plots were divided and an additional 3% nitrogen

was added to half of each plot. The samples of soil for carbon dioxide production
were taken in the fall of 1934. The carbon dioxide production and crop yield

data are reported in Table 19.

The yields obtained during the last two years were slightly less where
no phosphorus was applied. The addition of superphosphate in the field increased
the production of carbon dioxide in the laboratory. The addition of phosphorus
in addition to nitrogen in the laboratory increased the production of carbon
dioxide where no superphosphate was added in the field; but where superphosphate
was added in the field, phosphorus did not increase carbon dioxide production.
Increasing the nitrogen in the field from 3 to 6% decreased the production of
carbon dioxide in the laboratory where nitrogen was applied, which may be due
to:

1. An increased consumption of phosphorus and lime in the field, or

2. A reduction in the nitrogen fixing bacteria, as was found by

Winogradsky (57) and Ziemeika (58).

Effect of Fertilizer Treatment on the Production of Sudan Grass and

Carbon Dioxide by the Ay, Ay, and B Horizons of Four Soil Types: The data on

the effect of fertilizer on the microbiological activity of the Aj, Ao, &nd B



Table 19.

AT

Effect of fertilizers on the yield of small
grain and on the production of carbon dioxide -
Hillsdale sandy loam.

YIELD - BU. GRAIN PER ACRE

MGM. COp - 48 HOURS

PLOT TREATMENT { 1930 | 1931 | 1932 1933 LABORATORY TREATMENT
QATS RYE WHEAT BARLEY CHECK ‘N P NP
3-48-10 42.8 22.0 27.7 7.6 79.3 165.3 81.0 164.9
6-48-10 — — — 7.6 85.2 153.2 | 71.8 | 156.4
3—0-10 41.2 22.7 4.3 6.8 B62.3 113.2 6l1l.8 128.0
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Table 20. Production of carbon dioxide in the laboratory
by the Al, Az, and B horizons of several soil

types, which had grown two crops of sudan grass
in the greenhouse, and the greenhouse yields.¥*

GREENHOUSE | CROP YIELD |CARBON | CROP YIELD |CARBON | CROP YIELD |CARBON
TREATMENT 1st | 2nd |DIOXIDE | 1st | 2nd |DIOXIDE | 1st | 2nd |DIOXIDE
Gm. Gm. Mgm. Gm. Gm. Mgm. Gm. Gm. Mgm.
Ay HORIZON Ap HORIZON B HORIZON
BELLEFONTAINE SANDY LOAM
Ck 3.00 | 2.16 | 25.7 0.69 |0.75 | 10.5 0.85 | 1.64| 9.5
NK 2.55 | 2.51| 26.5 1.19 {1.45 | 8.0 0.88 | 1.20| 6.7
NP 6.63 | 3.02 | (82-1%* | 2,71 |1.02 | 9.9 3.23 | 0.80| 8.4
KP 7.54 | 3.13 | 40.3 R.72 |0.79 | 8.4 2.50 | 0.83| 6.3
NPK 9.05 | 3.46 | 39.4 5.75 [1.02 | 9.3 3.74 | 1.66| 7.8
CONOVER LOAM
Ck 3.29 | 6.15 | 46.0 2.35 |2.11 (ié’é** 2.59 | 1.60| 11.4
NK 6.19 | 10.00 | 41.9 .76 [4.53 | 16.5 2.55 | 2.08( 10.8
NP 5.31| 7.57 | 70.0 3.16 {3.16 | 16.9 3.66 | 2.48)(19.5%
KP 10.40 | 7.82 | 51.4 a.24 |2.57 | (22-T¥ | 2.70 | 1.84 13.9
NPK 10.74 | 10.01 | 51.3 4.71 | 3.58 | 13.7 5.65 | 2.31((3Q:4*F
HILLSDALE SANDY LOAM
Ck 9.48| 6.87 | 36.7 0.16 |0.79 | 8.1 0.24 | 0.54| 13.1
NK 12.68 | 8.49 | 33.4 0.23 {0.28 | 8.0 0.19 | 0.26{ 9.2
NP 12.96 | 6.64 | 34.7 0.25 [1.12 | 8.5 4.20 | 1.72| 10.6
KP 14.28 | 6.86 | 29.5 1.44 [0.66 | 6.9 0.75 | 3.63| 8.8
NPK 14.61| 7.10| 34.1 2.61 |1.30 | 7.7 3.94 | 2.52| 8.4
MIAMT LOAM
Ck 2.58 | 3.12 | 16.5 1.84 [1.25 | 8.3 3.62 | 1.53| 5.2
NK 1-83 | 2.38| 1.7 0.22 {0.57 | 5.2 0.78 1.08) (1.5
NP 14.29 | 4.53 | 29.3 | 4.74 | 2.51 | 14.5 5.96 | 1.80| 8.0
KP 9.79 | 5.82 | (X1-2° | 4.40 [1.64 | 10.4 4.78 | 1.10| 2.7
NPK 15.16 | 5.05 | (57:8°| 6.85 |1.70 | 10.2 | 7.15]| 2.23| 6.8

#The yields of Sudan grass were taken from Ellis! thesis (12).

##The carbon dioxide nroduced by soil from duplicate plots did not check closely.
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horizons of four soil types on which the nutrient deficiencies had been determined
in the greenhouse by Ellis (12) are reported in Table 20. He grew two crops of
Sudan grass on the Ay, Az, and B horizons of Conover loam, Hillsdale sandy loam,
Bellefontaine sandy loam, and Miami loam in the greenhouse. By means of labo-
ratory tests, he maintained the phosphorus, potassium, and nitrogen at the same
levels. ©Six months after Ellis had harvested the second crop of Sudan grass,
these soils were sampled for carbon dioxide production studies. The state of
fertility of the soils as they were used in the laboratory was more nearly like
their fertility during the growth of the second crop than that existing when the
first crop was grown. Both the greenhouse and the field data are reported in
Table 20.

"Data for the first crop show that the addition of a complete fertilizer
to the Ap and B horizons of all soil types studied, except the Hillsdale, resulted
in a yield in excess of that obtained from the unfertilized A horizon . . . . . .
The data for the second crop show that the untreated A; horizon gave a greater
yield in ell cases than that of any treatment of the Ap and B horizons".

The carbon dioxide produced during the twenty-four hour period 1is
considered an index of the numbers of microorganisms involved and the micro-
biological activity of the soil at this time. The production of carbon dioxide
by the A horizon of all four soil types was usually several times as large as
the production of carbon dioxide by the Ao and B horizons. In certain cases,
the NK treatment reduced the production of carbon dioxide. In a few cases, the

NP treatment increased the production of carbon dioxide.

SUMMARY
The effect of fertilizer treatment on the vroduction of carbon dioxide
by mannitol treated soils was studied, and the data were correlated with crop
yields. The data show that:

A. Nitrogen alone, and lime, superphosphate, and basic slag in combinations



~ B.

C.

D.
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G.
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with nitrogen increased the production of carbon dioxide by mannitol treated
soils. Potash did not increase the production of carbon dioxide by the micro-

organisms of soils which were deficient in potash for cotton production.

A twenty-four hour period of incubation brought out the greatest differences
in carbon dioxide production due to soil treatment. The effects of the treat-
ment on carbon dioxide production were more evident with the larger than with

the smaller amounts of fertilizers.

The increases in carbon dioxide production due to the addition of superphosphate
were greatest with a water content of 27% of the maximum water-holding capacity,
whereas more carbon dioxide was produced when water equal to 50% of the maximum

water-holding capacity was used.

The phosphorus carriers which produced the largest increases in seed cotton on
both limed and unlimed soil produced the largest increases in carbon dioxide

produced by the soil microorganisms.

The soil microorganisms used P205 efficiently when supplied in quantities equal

to one-half the quantity of nitrogen supplied.

Increasing the temperature from about 27° to 30° and 25° C. increased the
production of carbon dioxide, but the increases due to the fertilizer treat-

ments were practically identical at all temperatures.

There was a fair correlation between the increase in crop yield and carbon
dioxide production due to phosphorus treatment, and a fair negative correlation
between the phosphorus and the 0.002 N H2804 soluble phosphorus (Truog's
method). Clay soils require a higher soluble phosphorus content than do

sandy soils to supply the needs of cotton for phosphorus.
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H. Air-drying increased the production of carbon dioxide on rewetting, by sone
soils, but it usually did not have a great effect except with prolonged air-
drying. One soil showed a decrease in carbon dioxide production due to

prolonged air-drying.

I. On soils which were deficient in calecium for crop growth and microbiological
activity, the substitution of magnesium for part of the added calcium

increased the production of carbon dioxide in two cases out of three.

J. The effect of certain elements seldom applied to soils on the production of
carbon dioxide by the soil microorganisms:

1. Calecium arsenate had no effect on carbon dioxide production when
used in large or small amounts, but intermediate quantities
reduced it.

2+ Contrary to the results obtained with crops, superphosphate did
not intensify arsenic toxicity to soill microorganisms, nor did
iron sulphate and other salts alleviate the harmful effects of
arsenic, as measured by carbon dioxide production.

3. Zinc, manganese, and copper did not increase the production of
carbon dioxide by soils known to be deficient in these elements

for certain crops.

K. The relation of crop yields on fertility plots to carbon dioxide production
by soils from these plots in the laboratory:
1. There was a cloge relation between the carbon dioxide produced
by soil from the plots of a Fox sandy loam experimental field
and the average yleld of grain and straw two or more years
after the plowing under of a legume crop. The carbon dioxide
produced by the nitrogen treated plots was not as high as the

yields indicate it would have been, which may be explained on
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the basis that the added nitrogen was largely used up by the
plants before the samples were taken.

There was a relation between the production of carbon dioxide
and the crop yields by a Putnam silt loam from Missouri. The

experimental field contained rotations, as well as different

fertilizer treatments. The cultural practices with the different

crops probably influenced carbon dioxide produced very materially.

Green manure tops plowed under increased the yield of grain
insignificantly over where they were removed. The carbon
dioxide produced by the soil in the laboratory was signifi-
cantly less where the tops were plowed under when nitrogen
alone was applied. The addition of superphosphate in addi-
tion to nitrogen brought the production of carbon dioxide

to the same level.

The superphosphate added in 300 pounds per acre of 3-48-10
in the field was sufficient to supply the needs of the micro-
organisms in the laboratory.

Fertilizer treatment at a rather high level did not increase
the production of carbon dioxide by the Ag and B horizons of

four soil types to that of the no-treatment Ay horizon.
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THE EFFECT OF SOIL TICROORCATIETE 21 &92TL REACTTON

INTROLCUCTION
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The "reactlon of soils" has justifiably received congidershl

1

during recent years. FEmphasis ™as been nlaced on the mesrs of deterairing the
concentration of hycdrogen ‘ong. Changes in recciion over short or long periods

of time h&ve been recordecd as fucte and, Iin mogt caser, the reasore for the
charges have not concerned the investigetors. The object of this paver is to pre-

cent date on the effects of microorganisms on the reactior of the soil.

REVIEW OF LITIRATURE
Andrews (1) reviewed several papers on the effect of air-drrying soils

3 Fal

on certain chemical changes, end determined the effect of air-drying on the

microblological activity of the soil. The conclugion was resched thrt the
chenges procduced on air-drying 2 coil are directly due to changes in *
filors. The fungal mycelium diseppesrs during desiccation; snd betveen the time
of desiccation ondé zhortly after rewetling, the bacterie ircresces in number in
cacer. Certair investigstors have reported incresces in Ca, Mg, PoOg, etc.
on air-drying, whereas others heve reported no incresses. bvicently, a lerge
pert of the fungus mycelium is avalleble for bacterial consumption curirg slow
drying or immediately after rewetting the soil.

Feher (7) and Nehring (4 and 5) have recently resorted thet the pH of
the 91l has been found to be as much ag two unite lover dur'rg the colder morthe
of tle vecr than cdurirg certein of the veramer monthe. Nehring (4) gave & gencrel

T

cunnery of the ceagorel chengec ir oIl v ich he cuoted from Feher, T'. in Ticcs.
frehiv. £. Lendw., &, 9, 17¢ (19%2), ar follove:

"fuch der regelmessis bebaute Ackerbocden sowle die Tierenboden zeisren

in allgeneinen Ces gleiche Verhalten wie cder Valdboden und der unberuhrter Breche,
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with thot reported by fndrevs (1), ercet 21l rutrientc ve e oided *o ro 0. The

. L. . . . . . .. R -

matriert colutione usged and the date obleired cre 1o sorted i Tollso 1., The 2:1

r Llomuet puperlor o to D Do regiun, Fif, vil, L4
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raetiog wnd no caleiun in the production of carbon Cinnide Lo 4l poll alcroviyrric
The rodactior of carbon ¢ioxids clove wae roirer low, snd *he  of

the matrient colutiore wag love The affect of increwiin, the quentity of
Aleiiig «ne e amol Ty 2 - 30 :
Co.cCiwg inc nogregium on fthe procduction of cerbon ¢ioxicde wae ~ext detorialired.

The calcel

anc evaporated to drymess before ile otlher putrientc weie

the quentity

vag olcded to produce 2 oH range of 2.37 to 7.68. Incre

of calcium and aggnesium ircrecsed the production of cerbor diloxicde from £.8 mgi.

et the orl_ ivel 1 ol 7,27 to 71 : vhere the original -H wvas 7.68. During thie

pert of tThe experimernt, it war cceidentelly cdiscoverec thet the »F of ore of the

rutrient colutions ircrez: zed durlry the period >f incubketion. The rutrient
gsolutionsg wers ther set ud @gein ond iroculeted, =nd the OH date wers obteined

e resorted ir Table £ (The origirel »H velieco, ze Clscucsed chave, vere talen
v 4hie sert of +he experiacnt).
The »T of +he send cultures varied Trom 7.77 to 7.63 &t the beirning

2f tle experinent; efter seventeer deye, they veried from €.7% to 7.73. The
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The ritrogen used irn +Mic cidrete nitrogs, ond fre
envel of or exceco of nitretz it Lo ovor the bocor I I comnect . —ith

vould hrve ircrecced the DH 57 the solutizp.,  TIn orcer for the ©oll aicro-



Table 1.

e

Effect of the Calcium :
nutrient solution on the production of carbon
dioxide by inoculated sand cultures.¥

Magnesium ratio of a

C.C. USED FOR EACH CULTURE

o, AN 1N aAN|] .an] 1w Ca:Mg | MGM. COg

Ca(NOgz)o | Mg(NOz)p | HzPO4 | KoCOz | HpSO4 HoO | RATIO | 78 Hours
1 2.50 0.00 2.50 0.63 0.63 | 3.75 31l.4
2 2,00 0.50 2.50 0.83 0.63 | 3.75 4:1 60.5
3 1.50 1.00 2.50 0.63 0.63 | 3.75 322 25.2
4 1.00 1.50 2.50 0.63 0.63 | 3.75 2:3 29.7
5 0.50 2.00 2.50 0.63 0.63 | 3.75 1:4 13.5
6 0.00 2.50 2.50 0.63 0.63 | 3.75 23.2

#Used 100 gm. of washed sand plus 0.5 gm. mannitol and in addition given
treatment indicated in table.
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organisms to increcee the o7 of the culture from 7.27 to €.73%, they must Live
corncsumed congicdersbly more acide than bases. The culture with an original
ol of €.10 had nearly enougs bages jrecent *o neutrslize the scids, yet tle
grovth of microorganiczas incressed the sH. The other four cultures had

sufficient buces srecent to more than neutralize the scids and the growth
of the microorganisms increcsed the pHH.
It follows that if the so0il microorganicms involved in these

cultures consumed a greater cuantily of scids than of basges, the return of

m

the assimileted zcids and bases throug» the decomrosition of the microorganicn
to the culture would decrezge the pH to the originsl value.

In a later experiment, Diwmgl reduced the oH of & dextrose agar
medium from 4.20 to 3,00, wheress bacteris Iincressed the oH of & marnitol
agar medium from 6.31 to 8.29 in eizht days. The pH of the fungal mycelium
wes 5.39. This‘%ffect of fungi end bscterles or ths pH of sgar media is
apperently in agreement with the bese and acid content of bscteris and fungi,

enorted by Wakeman (7b). The combined affect of bzcterie and fungl on the

ag ‘\,

H

reaction of a soil will, therefore, dejsencd upor the changes which occur in the

equilibriun between the bacteriz and the fungi. The effect of the Actiromyces

4

on the rescltion of the coll hag nol recelved any attention.

Microbiological Effects of Fertilizers on Soil Resctlon

The data obtained above indicete that lhe "Immediste effects of

i
(S
m
—
™)
~—
JAv]
s}
,74

fertilization on soil reaction", rejorted by Clevenger end VWil
revieved above, may hesve been Cue to the effect of the fertilizers on the
aicrobiological ectivity of the goile treated viill the respective fertilizers,
and thet tleir unexolained chan_es in eo0il reaction might be accounted for.

Therefore, an experiment wag set un to deternine the relatiosn belveen mnicro-

ty and egoil resction. Cleverger end Villis' experiment

™

bislogical activ

<
=
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was duplicated in part. . Fertilizer was applied at the rate of 16,000 pounds

of 3-8-6 per acre to 1,000 gm. portions of Fox sandy loam soil. The sources

of nitrogen were ammonium sulphate, nitrate of soda, and cottonseed meal.

The fertilizers were applied in duplicate, alone, and with calcium carbonate
equivalent to the nitrogen. The soil and the fertilizers were mixed and water
equal to one-third of the maximum water-holding capacity of the soil was added.
The soil was then put into 3000 c.c. Erlenmeyer flasks and maintained at room
temperature. The carbon dioxide produced, the nitrate, and the ammonia nitrogen,
and the pH were determined on the dates indicated in Table 3 and Figures 1 and 2.
The pH was determined by the gquinhydrone electrode method; the carbon dioxide
was absorbed in ascarite; the nitrate and ammonia nitrogen were removed from

the soil with dilute HC1 (5 c.c. of concentrated HCl per liter) and determined

by the usual distillation method. The carbon dioxide was removed from the

flasks and then the soll was thoroughly mixed and samplegs were taken for the

pH and the nitrogen determinations. Two gm. of mannitol per 100 gm. of soil

was added on the thirty-first day. The experiment was set up November 18, 1935.
The data are reported in Table 3 and Figures 1 and 2.

Immediate Effect of the Fertilizers on the Soil Reaction: Clevenger

and Willis (2) found that "in all cases on mixing the fertilizers with the soil

a drop in the pH of the soil ranging from 0.6 to 1.0 unit took place immediately",

which was attributed to the superphosnphate and muriate of potash. \
In this experiment (Table 4) the pH of the original soil was 4.88. The

addition of the 0-8-6 fertilizer reduced it to 4.28. Nitrogen in addition to the

0-8-6 increased the pH slightly. The addition of lime increased the pH of the

soil from 4.88 to 6.58; the addition of the 0-8-6 to the limed soil reduced the

pH from 6.58 to 5.98. Nitrogen in addition to the 0-8-6 and lime reduced the

pH from 6.58 to 6.48, 6.46, and 6.31, respectively, for ammonium sulphate, nitrate
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of soda, and cottonseed meal.

Relation of Microbiological Activity to the Reaction of the Soil Where

Normael Fertilizers were Applied: Before mannitol was added (Figure 1), the

pH of the soil increased 0.4, 0.5, and 1.1 units where the source of nitrogen

was sulphate of ammonia, nitrate of soda, and cottonseed meal, respectively. The
pH values obtained on the fifth day were nearly a maximum for all three sources

of nitrogen. At this-time, the maximum production of carbon dioxide had also been
reached. From the fifth to the thirty-first day, the rate of production of carbon
dioxide was on the decline and only small increases in pH took place.

The pH increased from 4.50 to 4.85 from the first to the fifth day where
sulphate of ammonia was applied. During this time, the ammonia nitrogen decreased
slightly and the nitrate nitrogen increased slightly, whereas the ammonia nitrogen
increased and the nitrate nitrogen decreased from the fifth to the thirty-first
day and the pH increased only from 4.85 to 4.88. These changes were brought
about through the soil microorganisms taking out an excess of acids over bases
without consideration of the nitrogen. The decreases in the ammonia and
increases in nitrate nitrogen while the pH was increasing from 4.50 to 4.85
in the absence of the soil flora would have decreased the pH.

The decreases in the nitrate nitrogen where nitrate of soda was applied
were much greater than the changes in ammonia nitrogen where sulphate of ammonia
was applied, and the pH increased about the same in both cases. The production
of carbon dioxide was significantly less where nitrate of sode was applied than
where sulphate of ammonia was applied. Since the removal of ammonia nitrogen,
on a chemical basis, from the sulphate of ammonia would decrease the pH, and an
increase was obtained, and the removal of nitrate nitrogen from the nitrate of
soda would have increased the pH, and the QH was increased about the same in

both cases by the fifth day even though there had been as much nitrate nitrogen

from the nitrate of soda as ammonia from the sulphate of ammonia taken up by
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‘microorganisms, combined with the fact that less carbon dioxide was given off
where nitrate of sqda was applied, indicates that the microbiological flora was
different in the two cases. These data indicate that bacteria predominated
where sulphate of ammonia was applied and that fungil predominated whers nitrate
of soda was applied - on the basis that bacteria consume more acids than bases
and that fungi consume more bases than acids (See data above).

Coincident with the increase of 6.6 (8.6 - 2.0) mgm. of ammonia
nitrogen and at least 1.7 (3.1 - 1.4) mgm. of nitrate nitrogen per 100 gm. of
soil from the first to the fifth day where cottonseed meal was applied the pH
increased from 4.54 to 5.41. If it is assumed that nitrate nitrogen and ammonia
nitrogen are equally effective in changing the reaction of the soil, 4.9
(6.6 — 1.7) mgm. of ammonia nitrogen was responsible for changing the pH of the
soil from 4.54 to 5.41. From the fifth to the thirty-first day, the ammonia
nitrogen increased 6.5 mgm. more than the nitrate nitrogen, and the pH increased
from 5.41 to 5.59. The decrease in hydrogen ion concentration coincident with
the formation of the excess of 4.9 mgm. of ammonia nitrogen was twenty times as
great as the subsequent decrease with the appearance of the 6.5 mgm. more of
ammonia nitrogen than of nitrate nitrogen.

During the time the 4.9 mgm. of ammonia was accumulating, the
microorganisms were very active, as indicated by the carbon dioxide produced
(Table 3); whereag during the time the 6.5 mgm. was accumulating, the carbon
dioxide produced was very much less, which indicates that the activity of the
soil microorganisms had a greater effect on the pH of the soil than the small
amounts of ammonia.

When mannitol was added on the thirty-first day, there was approximately
as much nitrogen present in the form of ammonia and nitrate nitrogen where

ammonium sulphate and nitrate of soda were added to the soils, respectively,

as was added by them. By the thirty-fifth day, the pH where sulphate of
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ammonia and cottonseed meal were applied had gone down, whereas it had gone up
where nitrate of soda was applied.

The ammonia and nitrate nitrogen had practically all been removed from
the ammonium sulphate treated soil by the thirty-fifth day, and the pH decreased
from 4.88 on the thirty-first day to 3.89. The data in Table 4 show that the
PH of the soil receiving the 0-8-8 fertilizer and the sto4 equivalent to the
sulphate of ammonia had a pH of 3.31. If the pH changes were determined by
the ammonia nitrogen present, as concluded by Clevenger and Willis, the oH of
the ammonium sulphate treated soil would have dropped to 3.31 on removal of the
ammonia and nitrate nitrogen. The concentration of hydrogen ions at pH 3.31 is
two and one-half times that at pH 3.69. The soil microorganisms prevented the
pH from reaching the low level it should have reached on the basis of the removal
of the nitrogen. This action of microorganisms is in harmony with the effect of
bacteria noted above on the pH of the media, and it indicates that the bacteria
oredominated over the fungi in that apparently the acids were absorbed in greater
quantity than the bases, which prevented the pH from dropping to 3.31. From the
thirty-fifth to the forty-second day the pH increased from 3.69 to 4.30 coincident
with the removal of 1 mgm. nitrate nitrogen and 0.6 mgm. of ammonia nitrogen,
which leaves a negligible removal of nitrate nitrogen.to increase the pH from
3.69 to 4.30.

The increase in pH from 3.69 to 4.30 took place with a negligible change
in ammonia and nitrate nitrogen, and at the same time the production of carbon
dioxide was very high. The pH change may be accounted for on the basis of the
becteria increasing relative to the fungi, which, in the absence of available
soil nitrogen,would necessitate a destruction of the fungi. "Are bacteria able
to derive nitrogen from fungi?" Waksman (7c) said that "when the amount of

available nitrogen is low - — — = - a part of the synthesized protoplasm of the

microorganisms will be decomposed, liberating some of the nitrogen which is
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1wst comtletelsr ravoved.  The 17 obtrirad

e P apevented the oF froa ifteresaging to tre zolnt colculsted on the be
therelfore, 21 sl a

of com-lete retisvel of *tho pidivrte a0 somorio vritro er. In cortoeot Lo the
cl hkete of oomortc Jote, thoge doto Tl Tuogl rodoninnted ovw
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the bacteris, which ic brought out sgain in the decreases in pH vhich follared;
tut on the lest date, the pH indicates thet the hecteris were increseing relsotive
to the fungi. Does the presence of codium in a soil reletively low in bezees frovor
fungsl activiiy over bacterisl activity?

When mannite was added to the cottonseed meal soil, the pH decressed
from 5.59 on the thirty-first day to 4.55 on the thirty-fourth day, at wkich tinme
the nitrate and ammonia nitrogen had been almost completely removed. The pH
increased from 4.55 to 5.09 with little change in nitrale and zmmonis nitrogen,
and the increase wag probably due to an increase in the bacteries or & decresce
in the fungi or both. Thic indicates that the bacterle aay obtuin nitrogen at
the expense of the fungi.

The production of carbon dioxide was much greater where cottonseed
meal was applied than where ammoniui sulphate and nitrete of soda were applied.
More carbon dioxide wag produced where smmonium sulphate was applied than where

nitrate of soda was applied. The nitrate of soda soil oroduced much less carbon

édio

%]

cide than the sulphate of a wmonis soil at the beginning of the exveriment and
imnediately after putting on the mannitol.

o,

Relstion of Microbiological Activity to the Reaction of the Soil There

Normal Fertilizers Plus Lime Were Apoplied: The quentity of lime added was

equivalent to the nitrogen; the same quantity of lime was added where nitrete of
soda, and cottonseed meal were applied as where sulphate of amnonla was applied.
fithout marnnitol, the pH of the ammonium sulphsate and the nitrate of
soda trested coil increezsed silightly st first, followed by swmall decresses. There
were cnall changes in the asmmonis and nitrate nitrogen, but there wag no aoparent
relstion between them and the pH changes. Vhere cottonseed meel wes used, the
poH incresced from €.3Z1 to 6.77 on the fourth day, with no change in content of
amnorla nitrogen and probsbly a slight increasge in niirete nitrogen cortent.
It took 28 mgm. ammonisa nitrogen to change the -H of 1lie coil

6.40 to 6.99 (Teble 4). The soil microorganisms reduced the hycroger lon con-



centrat lon 00000071 uolce or liter, vhororg

i_h
~
}AJ-
o
an
P
o

of nitro_er reduced it only .00000022¢ uwolec
thut the coll flora had consumed ccicde equiv:lzut Lo 442 _sunde ser :cie of
amuonie ritro_en.

Then nennitol vee added to tre samumoniwe suljletes goil, 7o U decrencid
froa 5.06 to 4.72 in three Cayeg, ¢t which tiame srecticelly

and ritrate nitrogen hed been rcuoved; buf coincidert wi*l ¢ ¢.ell decrecss ir

the gamorle nilro.en, the DH increcged sgain to £.851, which ircdicetes thet chenges
in the flora tool place, thuc le:rvin, beses tvuilsble to incresce the 7. Thig

vould teke place with the increcse of tle bscteris ot ‘he eirence of the fungi.
Tre i of 4.79 is lower than that, 4.96, obtecined frox the addition of the
0-8-6 and H2804 equivelent 1o the anmoniua culphete.

Ther nmonnitol wes aodded to the sodiuw nitrate goil, the BH ircrecsed
from S5.%5 to 7.32 vhern cboul 811 of the caieris ard rnilrale rilrogen hed been
removelC, ornd it ilncreosed to 7.4F5 and decresced to 7.19, wilch irdicctec that
chenges ir *le eoil flore were tedng place. The pF obteined vihern NeolCOz instesd
of ritrate of sode wee put on the soil veg 7.10.

-

Threr asrnitol vwes odded to ths cotioruneed ceal trested soil, the oF

1

increcced from 8.15 to 8.%68 orn removael of chout all of the nitrate end sumonia

@

ritrogen. The pH continued to incresse and decresse wi'l: litlle chiapge in soluble

nitrogera
The daty ir Teblz 7 sghon thet uasuelly gulphatle of craonic weao wore
elficiert for carbon Cloxice oroductior Ll ritrote; cottonseed

gither, ercept where aennileol vog added,

mesl wac more efficient the:

The dote shor that goil nicroorgericans exerted £ maviec effec

P

coil resctior. The fun, i Cecrecged
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increased it. The change in the pH of the medium due to the growth of the
bacteria and the fungi is considered to be due to the absorption of more acids
than bases by the bacteria and more bases than acids by the fungi, which is in
harmony with the chemical composition of fungi and bacteria reported by Waksman

in his book "Principles of Soil Mierobiology". If the bacteria increase the pH

by an absorption of an excess of acids over bases and the fungi decrease it by

an absorption of an excess of bases over acids, a decrease in the bacterial popu-
lation will have the same effect on the pH as an increase in the fungal population,
and a decrease in the fungal population will have the same effect as an increase

in ﬁhe bacterial population, due to the reentrance of the absorbed constituents
into the soil solution. The effect of the soil population on the pH of the soil
depends upon the microbial equilibrium which exists at any one time. It is logical
to assume that organisms other than bacteria and fungl played a part in the reaction
changes which took place.

Upon complete removal of the nitrogen, in several instances, the resulting
pH was very much different from the pH obtained on addition of all of the fertilizing
constituents except nitrogen, which indicates that there was an excess absorption of
acids or bases. Changes in the pH took place which were significant without changes
in the soluble nitrogen content; these changes apparently were brought about by a
shift in the equilibrium between the bacteria and fungi. These data, therefore,
indicate that the bacteria are able to derive nitrogen and probably other products
from fungi, and under certain conditions fungi may increase at the expense of
bacteria. There is ean indication that the sodium from the nitrate of soda is nmore
favorable for the development of fungi than for bacteria.

The ammonia and nitrate nitrogen play a part in the reaction of the soil,
but the part played by the soluble nitrogen is probably secondary to the removal of

an excess of acids or bases by the soil microorganisms. It would be possible to

imagine a condition in which the increase or decrease in soluble nitrogen would
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deternine the HH changes. This condition could exict vher the equilibrium butreen
the fungi and bacteris wag such that they would remove or &dd to ths £oil colation
equivalent hydroxol and hydrogen ion _roducing substances. Under fi=ld conditlore,
decreases in pH obteined when orgaric matter is turred under ic orobsbly cue to

the oredomirnance of fungi in the deconmpyosition of the sdded naterisl rather tlan to
the production of organic acids. Certain dats presented ir this saper chow thot if

the organic acids did play an imvortant part, much more of the minersl acids would

need to have beer taken uo to produce the results obtained.

SUMMARY
The following data oresented in tiis paper show that soll wicroorganisms
influenced the oH of the goil:
A. Soil microorganisms increaced the pH of & sand culture from 3.37 to 6.7Z; the

pH of other cultures was also incressed.

N

B. Fungi decressed the »H of dextrose agar medium from 4.20 to 2.00; the oH of

1

the fungal mycelium wag 5.39.
C. Bacterie increased the ol of a mannitol agar nedium from 6.21 to 6.20.

D. The »H of soil changed sgignificently with insignificart charnges in emmonia

and nitrate nitrogen.

E. With chranges in nitrate and awmoniza nitrogen grester vhere nitrate of soda

wee applied thar where ammonium sulphate wes enplied, the »H incressed in

botl casecs sabout the zeme amount.

L

F. The soil microorganisms prevented the DH of the goil vhere gamoniun gnulohate
ves anolied from drooping below 2.69, whereas the HH of the #21l receivirg

H?SD4 ecuivelent to the atmonium sulphate ves 3.1,
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The pH (sce F above) incressed from 3.6 to 4.70 without = chrrnge in thz fnon’te

and nitrate nitrogen.

e

The results under F and G were obteined Lanedistely sfter = olying mernnitol. IF

organic acids should be considered as playing o significant role in reducing

£

the pH, the data (F and G) would heve to be explained on the basis of a much

greater absorption of acids than if they are concidered to play an insignifice

[0

nart.

The pH where nitrate of soda was aoplied on the unlined soil did not go as
high ss was calculated on the basis of complete removal of the nitrate

nitrogen, whereas on the limed soil it went higher.

where cottongeed neal was added to g0il, increases in nH took nlace with
small increases in ammonia nitrogen, which were much greater than those

which took -lace through the addition of the nitrogen as ammonium carbonsate.

The »H clonges which took place on the unlimed soil without mennitol were
much greater vhere cottonseed meal was zpnlied than vhere either nitrate of

sode or sulohate of amumonia were apolied.

The litersture which wesg reviewed in this oaper chows the following,
h o aoirt in the cene direction as the data rejorted:

The »H of 2 goil —ay vary as wmuch cg tvo units from winter to sumner.

The fungi in the goil =ay be higher in winter ther ir suamuer (relstive to

g true for bacteriz,

Jmde

bacteria), whereas the reverse

ring soile mey incresse their pH.

o

Drying a soil tendc to cecresce The rnentity of fungal mycelium,

rt
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