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INFLUENCE OF CARBON:NITROG.EN RATIO ON MICROBIAL 
RESPIRATION BY PURE AND MIXED CULTURES IN 

SOIL AND SYNTJTIC IDIA 

Carbon:nitrogen ratio as applied to soils or 

materials is the ratio of the content of carbon to nitrogen 

and is customarily designated as the C:N ratio. The C:N 

ratio of organic matter determines the rate and extent of 

its decomposition under given environmental conditions. 

Since this decomposition has a profound influence on soil 

fertility, directly and indirectly, it is desirable to know 

how qualitative changes as well as quantitative changes in 

the C:N ratio may affect activities of the microorganisms 

involved. Toward this end, soil respiration studies were 

conducted using different C:N ratios with glucose as a 

carbon source and ammonium sulfate and sodium nitrate as 

nitrogen sources. The soil studies were supplemented by 

experiments with pure cultures of common soil micro- 

organisms in a synthetic medium. 

REVIEW OF LITERATURE 

Potter and Snyder (8, pp.27-29) found that additions 

of (1aI4)2sO4 and NaNO to soil depressed the evolution of 

CO2 to a level below that evolved from soil containing no 

additions. Further, they indicated that less CO2 was 

produced from limed soil samples containing increased 

amounts of (.ffl4)2SO4 and NaNO3 than from samples that had 

only lime additives. They suggested that these salts were 
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responsible for the decreased CO2 evolutions from the 

organic matter of the soil samples. Later Potter and 

Snyder (7, pp.89-90) reported similar depressions in other 

experiments and offered the possible but not probable ex- 

planation that it was caused by a toxicity of the NaNO3. No 

explanation was given in regard to (N114)2304. A like de- 

pression was reported by Merkie (5, p.229) when (1'H4)2304 

was added to soybean fodder. Millar, Smith and Brown 

(6, p.923) added plant materials of a relatively high 

nitrogen content to soil samples and noted a decrease in 

total 002 evolved compared to additives of a lower nitrogen 

content. They adduced that a greater amount of carbon is 

assimulated by microorganisms in the decomposition of plant 

materials of higher nitrogen content. The chemical compo- 

sition of plant substances with reference to the form of 

the contained nitrogen, was considered by Hutchings and 

Martin (4, p.34O) to have as great an influence on the rate 

of decomposition as the total amount of nitrogen present. 

The metabolic activities of soil microorganisms in 

the decomposition of organic matter result in carbon di- 

oxide as one of the major end products. It is produced in 

considerable quantity since carbon is the food element 

utilized in greatest proportion by heterotrophes and sooner 

or later appears as the dioxide. The value of carbon di- 

oxide evolution as an index of numbers of microorganisms 



and their activity, and of the decomposition of organic 

matter is well established. Russell and Appleyard (lo, 

p.87) avouched the relationship of 002 evolution to 

bacterial numbers to the extent that ttThjS occurs so 

frequently that it can't be accidental, and we are forced 

to conclude that the production of CO2 is definitely con- 

nected with the rises and falls in bacterial numbers." 

Wilson and Wilson (14, p.20) in determining the quantities 

of 002 given off during the decomposition of timothy and 

clover hay discovered that these quantities were directly 

proportional to bacterial numbers. Millar, Smith and 

Brown (6, p.914) state that "practically all of the 002 

evolved from soils which are not supporting a crop is 

derived from this source," i.e. from microbial activity. 

Sievers and Holtz (11, p.20) aver that the rate of de- 

composition of organic matter may be ascertained accurately 

by measuring the amount of 002 liberated. Starkey (12, 

pp.293-294) says that the CO2 released from soils dves a 

"reliable" indication of the rate of decomposition of 

organic matter but emphasizs that it is not absolute 

because some of the CO2 released is reassimilated by auto- 

trophes and a &reat deal is assimilated for production of 

cellular material. 



EXPERIMENTAL METHODS 

The methods given here will be described only as 

they are applied to the work as a whole or a major part. 

If and when chances, elaborations, or refinements are made, 

they will be cited in detail. The respiration apparatus 

used was quite similar to that employed by Potter and 

Snyder (8, pp.3-4) and (7, pp.8O.-8l), Ivlillar, Smith and 

Brown (6, p.915) and Bollen (lo, p.359) . The pump and 

respiration apparatus are pictured in Figure 1. To insure 

carbon-dioxide-free air, the air, before it reached the 

respiration apparatus proper, was passed through 35 por cent 

sodium hydroxide, This removed the greatest portion of the 

CO2. Next it was bubbled through a saturated solution of 

barium hydroxide, which having greater absorption powers 

for the gas, rendered the air essentially CO2-free. From 

there the air was passed to the individual respiration 

bottles. Here the air ws supplied at a relatively 

constant pressure in an amount required to expell the air 

through a column of 0.1 N NaOH four inches in height. 

Millar, Smith and Brown (6, p.922) considered that 

aeration by passing air over the soil very probably stinmi- 

lated the microbiological activity of the soil by the 

resultant increased aeration of the soil. Potter and 

Snyder (8, p.35) concluded that by using this method, 

results produced in the laboratory approximated field 
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Figure 1. Diagram of Respiration Apparatus 
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Table 1. Analysis of Chehalis Silty Clay Loam Soil* 

Chemical Analysis: 

Moisture, per cent 
Moisture capacity, per cent 
pH 
Lime requirement (Truog) 

Nitroen: 

An]moni una 
Nitrite 
Nitrate 
Kjeldahl, per cent 

Total carbon, cent 

C/N ration 

Sulfur as sulfate (water-soluble) 

Phosphorus as phosphate (water-. 

so lub i eT 

Microorganisms: 

Molds, per gram 

Mucors, per cent 
Penicillia, per cent 
Aspergilli, per cent 

Bacteria, per gram 

Streptomyces, per cent 
Azot obacter 

Data expressed on water-free basis. 

13.4 
57.2 
5.7 
i ton per acre 

26 ppm 
trace 
38 ppm 
0.130 

1 680 

12.9/i 

14 ppm 

2.0 ppm 

24, 100 

8 
88 
2 

5,565,000 

45 
pr es e mt 



conditions more closely than by passing air through the 

soil. In addition, they indicated that if there occurred a 

slight variation in the volume of air that passed over the 

soil, the amount of carbon dioxide liberated was not alter- 

ed to any perceptible degree. Bollen (2, p.359) points out 

that by using this method approximately normal atmospheric 

pressure can be maintained over the soil. 

Chehalis silty clay loam soil was used in the series 

of respiration studies involving soil for the following 

reasons: It was readily available in quantity, its chemical 

and microbial analysis was known (Table 1), it was a typical 

Willamette Valley soil, and, having been obtained from ex- 

perimental mulch plots on the Lewis-Brown Horticultural 

Farm, had a known cultural history. 

Two hundred and fifty grams of previously screened 

(10-mesh) soil were placed in common, glass milk bottles of 

pint size. The weight of the soil was always calculated on 

the water-free basis, the moisture having been determined 

by drying a sample at l05 C. to a constant weight. 

The optimum moisture content was placed at 60 per 

cent of saturation which was arrived at as follows: A 

tared gooch crucible was filled with soil and placed in a 

container of water so that the water came just to the lip 

of the crucible; in this way the soil was moistened 

thoroughly but gently from below. After it stood for 

twenty-four hours in a saturated atmosphere in a bell jar, 



the bottoni of the gooch was wiped dry. After water failed 

to appear within two minutes the weight was determined. The 

saturated soil was then dried at 1050 C. to a constant 

weight. The percent of water retained in the soil was con- 

sidered the saturation capacity, and was calculated on the 

water-free basis. 
Soil moisture equivalent to 60 per cent saturation is 

midway in the optimum range cited by Waksman and Starkey 

(13, p.61) and is generally considered to be favorable for 

microbial action. An apprecIably higher percentage would 

lead to a less desirable soil structure or induce puddling, 

while less moisture would tond to reduce microbial activ- 

ity. The optimum moisture for soil respiration was report- 

ed by Bollen (2, p.367) to be approximately 75 per cent of 

saturation capacity. 

Before the soil was placed in the milk bottles, the 

various additions for the different C:N ratios were 

thoroughly mixed into the soil. Special care was taken to 

see that even the smallest lumps were broken up. Similar 

procedure was employed with the sand used in the pure 

culture studies. 
To encourage a predominance of molds in some of the 

respiration studies the soil was acidified to pH 4 with 

sulfuric acid. The required amount of acid was found by 

preparing a 1:5 suspensIon of the soil on the water-free 

basis In tap water, shaking this for one-half hour, and 



then titrating to the desired pH with the Fisher Titrimeter. 

Organisms used in the pure culture studies were the 

following: Bacillus subtilis, Aerobacter aerogenes 199M, 

Penicillium notatum NRRL 1249-B21, and Streptomyces sp. 

SN1O. These were chosen because they were considered 

relatively representative microorganisms normally found in 

the soil, and they were readily available. Those were grown 

on slopes of peptone-glucose-acid agar for the P. notatum, 

and on nutrient agar for B. subtilis, A. aero'enes, and 

Streptomyces sp. The cultures of P. notatuni and 

Streptomyces sp. were incubated at room temperature (ap- 

proximately 250 C.) for seven days, while those of the 

bacteria were incubated at 370 C. for twenty-four hours. 

At the end of the incubation period a heavy inoculum was 

prepared from the growth by suspending in normal saline. 

To eliminate the influence of the soil organic con- 

stituents containing carbon and nitrogen as variable 

factors, a synthetic liquid medium known to support abun- 

dant growth of the test organisms was used in sand cultures. 

The medium had the following composition: 

10.0000 grams glucose 
0.5000 grams K2HPO4 
0.2000 grams Mg304.7H20 

*2.8299 grams (NH4)2304 or 3.6410 grains NaNO3 C:N = 10:1 
1.4150 grams (Nh4) 2 304 or 1.82 05 grams NaNO3 C:N = 20:1 
0.5660 grams (NH4)2304 or 0.7282 grams NaNO3 C:N = 50:1 
0.2830 grams (NH4)2s04 or 0.3641 grains NaNO3 C:N =100:1 

sources and amounts. 
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The constituents were dissolved in tap water and made 

up to a thousand milliliters. Tap water was used in pre- 

ference to distilled water because it was believed that any 

trace elements required would thus be supplied. The medium 

was autoclaved in eiCht ounce screw-cap bottles, one 

hundred milliliters per bottle, at 121° C. for fifteen 

minutes. The bottles were then incubated at 370 c for 

twenty-four hours as a test of sterility. To prepare 

inocula for the sand cultures a bottle of the synthetic 

medium was inoculated with five milliliters of a specific 

suspension of microorganism to be studied. 

As with the soil respirations, pint milk bottles were 

used as containers. Three hundred grss of sand were added 

to each. The sand was used to provide vastly greater 

surfaces for growth and to accelerate the exchange of 

oxygen. The efficaciousness of the use of sand in this way 

was demonstrated by Rahn (9, pp.208-209) . After inserting 

rubber stoppers bearing inlet and outlet tubes closed with 

screw clamps to prevent contamination, the bottles were 

autoclaved at 121° C. for thirty minutes. The previously 

inoculated medium was added aseptically in the amount 

required to give the optimum moisture content, 60 per cent 

saturation, determined as before with the soil. 

At intervals ranging from twenty-four hours at the 

beginning to ten to forty days at the end, depending upon 

the length of the experiment, the tubes of 0.1 £ sodium 
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hydroxide which absorbed the carbon dioxide from the 

respirations were replaced with tubes of fresh solution 

and titrated with sulfuric acid to determine the carbon 

dioxide evolved. The titrations were performed with a 

Fisher Titrimeter according to these reactions: 

NaOH 4 CO2 >Na2CO3 4 2H20 

2NaOH H2304 pH 8.35> Na2SO4 . 2H20 

2Na2CO3 H2304 pH 8.35> 2NaHCO3 Na2304 

2NaI-1CO3 + N/12 H2804 pH 4.75 . Na2304 p 2CO2 + 2H20 

Each milliliter of I'/12 H2304 is equivalent to one milli- 

grana of carbon as carbon dioxide. 

In this whole series of respiration studies all 

factors, except C:N ratio, that might influence microbial 

respiration were maintained as constant as possible within 

each study by using the same soil, screened and well-mixed; 

the organic matter content, the physical structure, the 

available nitrogen of the soil itself, the pH, and the 

microbial population were all kept relatively uniform. 

Temperature and the moisture were controlled as closely as 

possible. Aeration was constant by virtue of the saìîe 

physical structure of the soil and the regulation of the 

air-volume passed over the soil. These same factors that 

were pertinent were similarly controlled in the pure 

cultures. 
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EXPERIMENTAL RESULTS 

Respiration Studies with Soils 

The first respiration study of the soil was set up 

with four treatments in duplicate as follows: (1) soil 

only, without additions; (2) soil plus 1,250 mg. of glucose 

to supply 500 mg. of carbon, and (3) and (4) soil plus 

glucose as in (2) and (NH4)2SO4 to provide C:N ratio of 

20:1 and 50:1 respectively. For the C:II ratio of 20:1 the 

ammonium sulfate added was equivalent to 100 ppm of N and 

for the ratio of 50:1 was equivalent to 40 ppm of N. This 

respiration was carried out for a period of twenty-nine 

days and the amount of carbon dioxide evolved was determined 

six times--after twenty-four hours, on the second day, the 

fifth, the tenth, the twenty-second, and on the twenty-ninth 

day. These values are plotted as shown in Figure 2. 

A very definite increase in CO2 evolution was produced 

by the addition of glucose (2) and glucose plus ammonium 

sulfate (:3) and (4) . Further, this stimulation was evident 

and pronounced throughout the entire period. Also, through- 

out the entire period of twenty-nine days, (3) leads in 

total amount of CO2 evolved, followed by (2) and (4) in 

order. This would seem to indicate that the addition of 

material having a C:N ratio of 20:1 is more conducive to 

the activity of soil microorganisms than the addition of 
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Table 2. Evolution of CO2 from Soil Treated with (1'H4)23O4 and 2,000 ppm C as Glucose 

Treatment Mg. C as CO2 from 250 g. soil at intervals indicated 

Time (days) 

C N 0-1 l-2 2-5 5-10 10-22 22-29 
No. Additions (ppm) (ppm) each ave each ave each ave each ave each ave each ave Total 

(1) Control O 0 3.5 4.1 4.9 9,7 16.8 7.8 

3.5 3.9 5.2 8.4 16.9 7.9 

3.5 4.0 5.1 9.1 16.9 7.9 46.3 

(2) Glucose 2000 0 122.8 89.9 73.9 40.0 51.2 22.0 
119.9 93.6 84.8 43.4 53.7 21.1 

121.3 91.8 78.4 41.7 52.5 21.6 408.2 

(3) Glucose s 2000 100 128.9 115.2 82.4 35.2 40.9 15.2 

(NH4)2504 147.7 112.4 59.2 33.4 38.2 15.6 

= 20:1 137.3 113.8 70.8 34,3 39.6 15.4 411.3 

(4) Glucose # 2000 40 85.3 61.6 125.8 50.0 46,5 18.4 

(N114)2304 123.6 62.9 90.0 35.2 42,9 17.5 

C.N - 50.1 104.2 62.3 107.9 42.6 44.7 17.5 379.8 

H 
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glucose alone or with a C:N ratio of 50:1. It should be 

noted, however, that (2) very closely approaches (3), 

especially at twenty-nine days, and (4) is also gaining in 

total output. This is better demonstrated in Table 2. 

Here it can be seen that in the first two days (3) leads, 

but after that the output of CO2 for each period is greater 

in (4), followed by (2), with a reversal in the last nine- 

teen days. Thus it would seem that the wider the C:N ratio 

or the lower the amount of ammonium sulfate added, the 

greater the amount of 002 produced. Note also in Table 2 

that when the respiration was terminated after twenty-nine 

days, the level of CO2 production has not dropped nor 

returned to that of the control. 

In Table 2 it is shown that generally there was good 

agreement between duplicates. In two cases where there 

was a pronounced difference after the first twenty-four 

hours, the discrepancy was quite well compensated at the 

end of five days. This same compensation is repeated in 

later respirations to a striking extent. 

A second study was conducted with the soil to learn 

if the previous results could be reproduced and to magnify, 

if possible, these differences. With these objectives in 

mind, five different treatments and a control were used: 

(1) soil only, without additions, (2) soil ulus 2,500 mg. of 

glucose, equivalent to 1,000 mg. carbon, double the quantity 

added in the earlier experiment, and (3), (4), (5), (6) soil 
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plus glucose as in (2) with ammonium sulfate in amounts to 

give C:N ratios of 10:1, 20:1, 50:1 and 100:1 respectively. 

These ratios correspond to nitrogen additions of 400 ppm, 

200 ppm, 80 ppm, and 40 ppm. Respiration was carried out 

for eighty-three days, a much longer period of time than 

in the first experiment. Carbon dioxide evolved was deter- 

mined after two, seven, fourteen, twenty-eight, forty-four, 

and eighty-three days. Figure 3 shows these values plotted 

cumulatively. 

Again a very explicit stimulation of CO2 production 

over the control was demonstrated by all of the treatments 

(Figure 3); moreover, this was maintained throughout the 

entire respiration period. The greatest amount of carbon 

dioxide was produced with the C:iJ ratio of 50:1. Among the 

others, though none held a constant relative position, not 

one lost a superior position after once gaining it. It 

would appear then that a C:N ratio addition of 50:1 was the 

most satisfactory for growth or activity of the microbial 

population. The results of this study at first appear to be 

contradictory to the first one, but if the quantities of 

carbon and nitrogen added are compared, a correlation will 

be exhibited: 

Soil Respiration I 

0.5 g C 

100 ppm N 
40 ppm N 

C:N Ratios 

10:1 
20:1 
50:1 

100:1 

Soil Resriration II 

1.0 g C 

400 ppm 
200 ppm 
80 ppm 
40 ppm 
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The amount of nitrogen added in I for a C:N ratio of 20:1 

is nearly the same as in II for a ratio of 50:1, and 50:1 

of I is exactly the same as 100:1 of II. Thus it appears 

that perhaps rather than the C:N ratio as such, it is the 

quantity of ammonium sulfate added that produced the in- 

fluence on the respiration of the soil microorganisms. 

Table 3 indicates that there mirht be a logical relation- 

ship between the C:N ratio or total ammonium sulfate added 

and respiration. After the first few days, even in this 

case, which seems to be almost a tshake_downtt period, there 

is a constant inverse ratio between C:N values or total 

ammonium sulfate added and the respiration intensity. 

There was fair conformation between duplicates in 

Table 3 as in the earlier respiration, and there was some 

compensation of differences between duplicates as time 

progressed. 

Respiration Study with Soil-Sand rIixture 

In order to reduce the influence of the soil con- 

stituents, particularly carbon and nitrogen, and perhaps 

f md what this influence is, two hundred and fifty grams on 

the water-free basis of a soil-sand mixture were used. 

This mixture was composed of ten parts of soil and ninety 

parts of sand. In addition, different sources of nitrogen 

were used: (1) the control, sand and soil only, (2) soil- 

sand mixture plus 500 mg. of carbon as glucose, (3), (4), 
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Table 3. Evolution of CO2 frOm Soil Treated with (N114)9SO4 and 4,000 ppm C as Glucose 

Treatment Mg. C as 002 from 250 g. soil at intervals indicated 
Time (days) 

______ 

C j\ 0-2 2-7 7-14 14-28 28-44 44-83 
I'Jo. Additions (ppm) (ppm) each ave each ave each ave each ave each ave each ave Total 

(1) Control O O 8.4 13.6 15,9 28.3 28.2 52.4 
11.9 16.8 18.9 32.7 33.4 57.0 

10.2 15.2 17.4 30.5 30.3 54.7 158.7 

(2) Glucose 4000 0 178.1 187.5 118.6 93.2 76.0 79.3 
199.2 178.7 94.8 93.0 68.8 71.3 

188.6 183.1 106,7 93.1 72,4 75.3 719.3 

(3) Glucose f 4000 400 190.1 203,9 85.4 72.7 46,2 61.0 
(Iffli)2SO4 219.1 196.7 83.6 72.0 44.6 60.5 
C:N = 10:1 204.6 200.3 84.5 72.4 45.4 60.9 668.0 

(4.) Glucose . 4000 200 191.0 168.7 75,8 73,0 52.2 71.1 
(Ni-i4)2so4 151.7 219.5 84.2 83.1 54.6 73.4 
C:N = 20:1 J7l.4 194.1 80.0 75,1 53.4 72.3 649.1 

(5) Glucose 4 4000 80 219.4 210.6 104.5 82.6 64.4 72.2 
(NH4)2304 187.7 229.1 97.3 84.0 62.4 72.6 
C:N 50:1 203.5 219,9 100.9 83.3 63.4 72.4 743.7 

(6) Glucose 4000 40 189.7 166.5 99.2 85.3 68.5 69.5 
(.NH4)2304 169.7 181.9 111.9 88.4 70.0 70.8 
C:N = 100:1 179.7 174.2 105.6 86.9 69.3 70.2 685.6 
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and (5) soil-sand mixture plus carbon as in (2) with am- 

monium sulfate, sodium nitrate, and ammonium nitrate, 

respectively to produce C:N ratio additions of 20:1, and 

(6) the soil-sand mixture with ammonium nitrate only. 

Fir»ure 4 and Table 4 present results in carbon as 

carbon dioxide determined at the end of each respiration 

period. Number (1), the control, shows that this mixture 

is very low in either available carbon or nitrogen or 

both; however, results for (2) with an addition of only 

glucose makes it apparent that the deficiency of nitrogen 

is not great and would seem to indicate that the shortage 

consists mainly of available carbon. This carbon deficit 

is further borne out in (6) where the addition of ammonium 

nitrate results in only slight difference from the control 

in period-to-period production of carbon dioxide and a very 

small total difference. 

Consideration of the relative amounts of CO2 produced 

for each period by the individual respirations shows that 

with available nitrogen the glucose is decomposed most 

rapidly during the first five days. Comparison of (2) with 

(3), (4) and (5) for the first five days shows that, while 

some soil nitrogen was present, it apparently was much less 

available during this period than were the added nitro- 

uenous compounds; after five days, however, the nitrogen 

still available from the soil continued its influence 
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Table 4. Evolution of CO2 from Soil-Sand Mixture Treated 
with (N114)2SO4, NH4NO3, and NaNO3, and 

2,000 ppm C as Glucose 

Mg. C as CO2 from 250 g. soil-sand mixture on 
Tretnient cuimlative basis and at intervals indicated 

Time (days) 
C N 

No. Additions (ppm) (ppm) 0-2 2 - 5 5 - 13 13 - 27 

(1) Control 0 0 0.8 0.9 1.7 2.4 4.1 3.4 7.5 

(2) Glucose 2000 0 36.8 59.9 96.7 156.9 253.6 53.0 306.6 

(3) Glucose 2000 100 160.3 90.1 250.4 47.2 297.5 29.9 327.4 
(NH4) 2°4 
C:N = 20:1 

(4) Glucose 
NaN 03 
C:N = 20:1 

(5) Glucose 4 
NH4NO3 
C:.N = 20:1 

(6) NH4NO3 

2000 lOO 129.7 114.4 244.1 64.7 308.7 40.5 349.2 

2000 100 141.3 105.8 247.1 57.8 304.9 26.8 331.6 

O 100 2.6 3.0 5.6 3.2 8.8 4.2 13.0 
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while the added nitrogen was losing its effectiveness. 

Further comparison indicates that early in the sane first 

two days, CO2 evolution was most stimulated by ammonium 

sulfate followed by ammonium nitrate and sodium nitrate in 

order; after this, however, the more of the nitrate- 

nitrogen present the greater the amount of carbon dioxide 

released. This was further borne out in later pure culture 

studies with NaNO3 as nitrogen source. 

Respiration Studies with Acidified Soil 

In order to encourage the growth of a primarily 

fungus population, the pH was adjusted to a lower level 

with sulfuric acid. To determine how much acid to add, a 

one to five dilution of the soil was titrated with 0.88 k 

sulfuric acid until pH 4.0 was reached, a value considered 

favorable for the growth of molds to the general exclusion 

of bacteria and streptomyces. The proper quantity of acid 

was added to enough water so the solution added to the soil 

would bring its moisture content up to 60 per cent of 

saturation. 

The treatments included soil only, soil plus only 

glucose equivalent to 2000 ppm C, and soil with glucose 

plus nitrogen as ammonium sulfate to give C:N ratios of 

10:1, 20:1, 50:1, and 100:1. Resiration was continued for 

twenty-eight days. 



The data are presented in Figure 5 and Table 5. All 

treatments resulted in an increased evolution of CO2 over 

the control. The C:N ratio oC 10:1 starts off with the 

highest CO2 production and maintains this position through- 

out the entire respiration. It was slightly lower with the 

50:1 ratio, which also keeps its relative position. Next 

in order are glucose only and the 20:1 ratio, both producing 

just about equally, with 100:1 producing the least of all 

consistently. This would indicate that a C:N ratio of 10:1 

is most favorable for carbon dioxide production in the 

acidified soil, and is consistent with the higher nitrogen 

requirement for mold development. 

The smaller additions of ammonium sulfate are stimu- 

lative during the first few days only, the apparent de- 

pression at the C:N ratio of 100:1 being almost within 

experimental error. However, a brief stimulative effect 

could have occurred in the first twenty-four to forty-eight 

hours; this could then be followed by the typical decrease 

in CO2 evolution. This study was repeated using enough 

sulfuric acid to produce a pH of 3.8, and the quantities of 

glucose and ammonium sulfate were doubled. The run was 

continued for eighty-three days. 

The results in Figure 6 and Table 6 show a disparity 

between the control and the five treatments. Among these, 

No. 5 was constant for the duration of the respiration in 

the maintenance of its superior position; it was followed, 
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Table 5. Evolution of CO2 from Acidified Soil Treated with (NH4)2804 
and 2,000 ppm C as Glucose 

Treatment 
Mg. C as CO2 from 250 

intervals 
g. acidified 
indicated 

soil at 

C N Time (days) 

IJo. Additions (ppm) (ppm) 0-3 3-7 7-14 14-23 23-28 Total 

(1) Control O 0 6.8 9.5 8.9 9.9 4.0 39.1 

(2) Glucose 2000 0 138.6 108.4 49.3 32.3 11.6 340.1 

(3) Glucose * 2000 200 156.6 119.1 44.6 29.1 11.2 360.7 
(i'ai4) 2°4 
C:N = 10:1 

(4) Glucose 2000 100 155.0 98.5 40.1 30.5 13.2 337.7 
(iai4) 24 
C:N = 20:1 

(5) Glucose i 2000 40 149.4 116.6 43.2 29.2 10.2 348.5 
(NH4) 2304 
C:N = 50:1 

(6) Glucose 2000 20 128.4 105.4 41.2 26,1 10.9 312.1 
(Nh4) 2SO4 

= 100:1 

ci) 
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however, relatively closely by No. 2. The remaining tbTee 

were far below in the total production of carbon dioxide 

and generally much lower for each period. 

These results would seem to indicate in this case, 

where at the close of the experiment the pH was found to 

be 5.3 to 5.5, that a C:N ratio of 50:1 was most favorable 

for microbial activity as indicated by CO2 evolution. Less 

CO2 was obtained with glucose alone, and with the remaining 

three C:IN ratios the curves were closely grouped rather far 

below. This seems highly irregular and contradictory when 

it is considered that all factors of influence are relative- 

ly equal except for the different C:N ratios prevailing in 

the soil and/or the graduated quantities of ammonium sul- 

fate introduced. Table 6 shows that there was fair agree-. 

ment between duplicate determinations, some differences oc- 

curring in the first two days being well compensated by the 

seventh and not later than the fourteenth day. 

A third study was set up with more carefully acidi- 

fled soil in the hope that more pronounced results would be 

found. A different aprroach was used to reveal how much 

sulfuric acid should be used to achieve and maintain a soil 

reaction of approximately pH 4.0. It was found that 0.6 ml. 

of 10.0 N sulfuric acid produced a pH of 1.50 in a 1:5 dilu- 

tian of this soil or 7.5 ml. for 250 grams of soil on water 

free basis. From this, graduated quantities of the acid 

were added to five 250-gram portions of soil only on the 
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Table 6. Evolution of CO2 from Acidified Soil Treated with (ì1i4)2SO4 and 4,000 ppm C 
as Glucose 

Treatment IIg. C as CO2 from 250 g. acidified soil at intervals indic. 

Time (days) 
C N O-2 2-7 7-14 14-28 28-44 44-83 

No. Additions (ppm) (ppm) each ave each ave each ave each ave each ave each ave Total 

(1) Control O O 7.1 13.2 14.7 24.6 23.5 45.7 
7,4 15.2 16.7 27.4 26.2 49.3 

7.2 21.4 37.1 63.1 88.0 135.5 

(2) Glucose 4000 O 200.8 215.5 88,8 89,1 64,4 69.4 
245.2 183.5 86.7 87.7 63.6 73,0 

223.0 422.5 510.2 598.6 6o2.6 733.9 

(3) Glucose 4 4000 400 193.5 190.6 81.1 78,6 42.7 62.7 
(1'm4)2so4 208.6 183.9 77.5 75.1 46.3 62.4 
C:N = 10:1 201.0 388.3 467.6 544.5 588.9 651.5 

(4) Glucose + 4000 200 175.7 192.7 81.8 79.6 52.4 65.5 
(rH4)2so4 210.1 194.3 40.4 72.6 55.0 66.4 
C:N - 20:1 192.9 386.4 447.5 523.6 577.2 643.2 

(5) Glucose , 4000 80 * * * * * 

(1H4)2SO4 232.9 209.5 91.1 90.5 68.1 68.6 
C:N = 50:1 232.9 442.41 533.6 624.1 692.1 760.7 

(6) Glucose * 4000 40 218.5 151.3 85.0 84.7 65.5 68.7 
(N114)2SO4 209.3 158.4 82.4 80.7 66.4 66.7 
C:N _ = 100:1 213.8 368.7 452.5 535.2 601.1 668.8 

*Leak 



30 

water-free basis. After three days aeration the pH was 

determined on 1:5 dilutions of each soil. The values found 

were as follows: 

7 ml. 10.0 N H2304 _______ pH 2.60 

6 ml. 10.0 N H2SO4 _______ pH 2.80 

5 ml. 10.0 N H2304 _______ pH 2.90 

4 ml. loso N H2304 _______ pH 3.20 

3 ml. 10.0 1 H23°4 pH 3.55 

From this it was deduced that 2.50 ml. should yield a re- 

action of approximately pH 3.7. The previous experiment 

was repeated using this amount of acid for each 250-gram 

portion of soil. 

From the results in Figure 7, plotted from average 

values of duplicates, and Table 7 it is seen again that all 

of the respirations greatly exceed the control, which was a 

typical result. Glucose only gave the greatest CO2 pro- 

duction from the second day, 'aining over other treatments 

up to the close of the experiment. The agreement between 

duplicates in some cases left much to be desired. Con- 

sidering the results as a whole though, the final cumulative 

values especially indicate significant differences. 

The average amounts of carbon dioxide evolved for 

each period (Table 7) show that the higher the C:N ratio 

and/or the lower the amount of ammonium sulfate added, the 

greater the rate of respiration. 
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Table 7. Evolution of CO2 from Acidified Soil Treated with (I'H4)2SO4 
and 4,000 ppm C as Glucose 

Mg. C as CO2 from 250 g. acidified soil 
Treatment at intervals indicated 

C N Time (days) 
No. Additions (ppm) (ppm) 0-2 2-7 7-14 14-30 30-42 

_______ 
Total 

(1) Control 0 0 12.0 7.9 13.5 18.8 14.6 66.6 

(2) Glucose 4000 0 133.4 147.8 111.1 88.4 38.6 519.3 

(3) Glucose s 4000 400 148.4 126.2 77.4 65.4 37.1 454.5 
(NI-14) 2SO4 
CN = 10:1 

(4) Glucose s 4000 200 135.2 117.6 72.0 64.2 39.0 427.9 
(I\1H4) 24 
C:I1 20:1 

(5) Glucose i 4000 80 143.2 136.2 101.2 75,3 37.2 493.0 
(NH4) 2SO4 
C:N 50:1 

(6) Glucose s 4000 40 133.2 134.1 102.6 75.9 37.2 483.0 
(NU4)2SO4 
C:.N = 100:1 
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As pointed out in discussing the results of the third 

experiment (Table 4), it can be recalled that the Chehalis 

silty clay loam soil is much more deficient in available 

carbon than available nitrogen. Therefore the main 

response is to added carbon. The five curves of respira- 

tions resulting from addition of glucose only, shown in- 

dividually in Figures 2, 3, 4, 5, and 6, are presented for 

comparison in Figure 8. Calculated decompositions are pre- 

sented in Table 8. 

This shows very well the influence of available 

carbon on respiration, in the absence of added nitrogeneous 

compounds. The rate of respiration and total quantity of 

carbon dioxide evolved is significantly greater when the 

addition of carbon is increased. It is apparent also that 

acidification of the soil decreased the CO2 evolved from 

equal amounts of added glucose. This difference was 

probably the result of a change of the flora to one pre- 

dominately of molds, which would be favored by the lowered 

pH. As molds are much more economical in their metabolism 

than bacteria and streptomyces, assimilating on an average 

of 50 per cent of the carbon metabolized in contrast to an 

average of 7 per cent for bacteria and 15 to 30 per cent for 

streptomyces (13, p.94), they release less carbon dioxide 

per unit of carbon source. 
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Table 8. Effect of Glucose Concentration and Soil 
Acidification on CO2 Evolved from Soil 

Apparent Decomposition 
Total C evolved as CO2 

Fr orn 
No. Treatment Days ppm Glucose 

(2) Soil 4 glucose at 2000 ppm 29 1633 
Soil only 29 185 1448 71 

(3) Soil 4 glucose at 4000 ppm 28 2280 
Soil only 28 300 1980 50 

(5) Acidified 
soil s glucose at 2000 ppm 28 1364 
Acidified soil only 28 156 1208 60 

(6) Acidified soil 
4 glucose at 4000 ppm 29 2392 
Acidified soil only 29 248 2144 54 

(7) Acidified soil 
4 glucose at 4000 ppm 30 1920 
Acidified soil only 30 212 1708 43 
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Respiration Study with Soil Suspension 

The study was extended by using synthetic media ad- 

justed to several different C:N ratios. These were inocu- 

lated with a one to five dilution of the soil. Five 

milliliters of this suspension were added in each case to 

provide the microbial flora. Each respiration bottle 

contained three hundred grams of sand as outlined under 

general pure culture procedure. An appropriate amount of 

the sterile synthetic medium was used to produce 60 per 

cent of saturation, the optimum moisture content for the 

soil. 

To investigate the possibility of there being any 

loss of nitrogen from the synthetic medium during auto- 

claving, either from that containïng ammonium sulfate or 

sodium nitrate, nitrogen determinations were made by a 

microkjeldahl procedure (2, pp.763-765). Though no loss 

was detected from the solutions containing nitrate, there 

was a loss from those to which amonium sulfate had been 

added. This decrease was approximately 10 per cent in every 

case, regardless of the C:N ratio. The C:N ratios as re- 

ported in the relevant figures and tables were calculated 

on the basis of actual loss. 

Reference to Figure 9 and Table 9 shows that the C:N 

ratio of 11:1 produced the greatest total amount of carbon 

dioxide and also maintained the lead for the duration of 
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Table 9. Evolution of CO2 from Soil Suspension 
in Synthetic Medium 

Treatment Mg. C as CO2 from Soil Suspension 
Time (days) 

No. Additions O-2 2-8 8-16 16-28 28-44 Total 

(1) Glucose 4,4 61,8 43.8 33,0 8.4 151.3 

(2) Glucose - 10:1 50.4 71.1 14.3 10.0 7.0 152.6 
(IN'14) 2SO4 

(3) ditto 20:1 12.2 88.0 17.8 10.2 6.4 134.4 

(4) ditto 50:1 15.3 81.8 23.0 12.4 6.0 138.3 

(5) ditto 100:1 15,0 76.6 30.3 17.9 6.9 146.6 
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the incubation period, chiefly by virtue of the relatively 

large volume evolved in the first two days. At eight days 

the cumulative CO2 was in proportion to the amount of 

nitrogen added. By the end of forty-four days, however, 

respiration was essentially the same in all cases. 

As decomposition proceeded CO2 evolution fell off 

more and more in proportion to the amount of nitrogen 

added, indicating that the more rapid the initial respira- 

tion the slower it became thereafter. This is shown to 

some extent in Figure 9 but is more readily apparent from 

the data in Table 9. Even in the control, with no added 

nitrogen, the rate of 002 production at the close of the 

experiment was essentially the same as for the others. 

Regardless of treatment there is a well defined tendency 

for all the curves to attain the same slope. It is in- 

teresting to note also that the soil nitrogen alone, al- 

though sufficient to maintain only the slowest beginning 

decomposition, was adequate to maintain the process at a 

later level comparable to levels shown with additional 

nitrogen. 

At the end of seven days and at the end of the period, 

the heaviest surface growth of mycelium was observed with 

the 22:1 ratio followed by 56:1 and 11:1; the control and 

114:1 had about the same and the least. Bacterial develop- 

ment as indicated by Chiodny s lides was apparently equal in 



all cases, but the quantity of mycelium of molds and 

streptomyces was similar in proportion to that found on the 

surface of the sand. 

Pure Culture Respiration Studies 

A series of pure culture studies with Bacillus sub- 

tills and synthetic media were undertaken to show the in- 

fluence of variations in C:N ratio on the respiration of 

this organism, a typical soil bacterium. Glucose equi- 

valent to 2000 ppm was used throughout while ammonium sul- 

fate additions were varied to 'ive the desired C:1N ratios. 

The results are shown in Figure 10 and Table 10. 

They show that without the introduction of nitrogen there 

is very little growth, which is to be expected. With 

nitrogen, up to the twelfth day, the narrower the C:N ratio 

the greater is the production of CO2; after this, however, 

with the C:N ratio of 56:1, CO2 evolution still continues at 

almost the previous rate while for the other ratios it falls 

off rather sharply. This greater total production by ap- 

proximately the same C:N ratio (50:1) was observed in some 

of the previous studies with the soil (Figures 5, 5, 6, 7). 

At the end of the period samples were withdrawn for 

plate counts with nutrient agar. No contamination was four'. 

and there was fair agreement between the total carbon di- 

oxide produced and bacterial numbers as determined on the 

plates. 
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Table 10. Evolution of CO2 by Bacillus subtilis 
in Synthetic Medium with 

(NH4)2SO4 as N Source 

Treatment 

No. Additions 

(1) Glucose 

(2) Glucose 4 

(114) 2304 

(3) ditto 

(4) ditto 

(5) ditto 

11:1 

42 

g. Cas CO2 at intervals indicated 
Time (days) 

0-2 2-5 5-12 12-26 Total 

o-1 
'J .i. 

8.6 50.2 

-1 'Z 
..L. 'J ..L. e 

25.5 8.2 

L; 'J 

92.5 

22:1 3.1 39.9 30.5 10.5 84.0 

56:1 7.4 42.2 29,2 25,9 104.7 

114:1 2.1 20,9 34.9 7.5 65.4 
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The experiment was repeated, again using Bacillus 

subtilis as the t est organism, w ith sodium nitrate rather 

than ammonium sulfate as the nitrogen source. Except for 

this difference and a respiration period longer by several 

days, this study was the same as the previous one. 

Reference to Figure 11 and Table 11 shows a difference 

from the run with ammonium sulfate as a source of nitrogen. 

With nitrate, the CO2 evolved during the most active period 

bears a direct relationship to the added nitrogen. Later, 

the rate of respiration falls less rapidly with the lower 

amounts of nitrogen. 

A check for numbers of organisms and purity was made 

at the end of the study by observing Cholodny slides in- 

serted in each bottle at the beginning. No contamination 

was indicated. Numbers were relatively low in the control 

but no outstanding differences were found among the 

cultures receiving nitrogen. 

Aerobacter aeroenes, another typical bacterial in- 

habitant of the soil, but gram negative and otherwise 

significantly different from Bacillus subtilis, was similar- 

ly used in. a pure culture study. The results are given in 

Figure 12 and Table 12. With ammonium sulfate as the 

nitrogen source, the highest production of CO2 in the 

initial period resulted with the 11:1 ratio. Later, this 

leveled off very definitely. Though (3) started off slower, 

it surpassed (2) by the seventh day and did not slow down 
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Table 11. Evolution of CO2 by Bacillus subtilis in 
Synthetic Lledium with I'aNO3 as N Source 

Treatment Mg. C as CO2 at intervals indicated 

Time (days) 
io. Additions o- 2-8 8-15 15-28 28-44 Total 

(1) Glucose 1.6 3.9 3.3 6.6 7.5 22.8 

(2) Glucose 10:1 37.2 67.5 21.1 17.9 8.0 151.6 
NaO3 

(3) ditto 20:1 34.0 63.9 21.4 18.4 4.9 142.5 

(4) ditto 50:1 22.5 57.8 20.1 21.8 7.5 129.9 

(5) ditto 100:1 10.9 30.2 20.4 22.3 14.6 98.4 
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Table 12. Evolution of CO2 by Aerobacter aerogenes 
in Synthetic Medium with (Ï\1h4)2304 as N Source 

Treatment Mg. C as CO2 at intervals indic. 

Time (days) 

No. Additions O-3 3-7 7.-14 14-32 Total 

(1) Glucose 10,9 13.4 17,1 11.4 52,8 

(2) Glucose i 11:1 84,6 11.1 6.1 9.5 111.3 

(Nh4) 2°4 

(3) ditto 22:1 65.4 47.1 16.0 6.7 135.2 

(4) ditto 56:1 65.4 15.9 19.6 31,5 132.4 

(5) ditto 114:1 46.6 15.5 11.5 17.2 90.8 



to marked extent until after the fourteenth day. While (4) 

had not produced at the rate of the previous two, its rate 

was retarded least of any and very probably would have 

evolved the greatest volume of carbon dioxide if the study 

had been extended for a longer period of time. The amount 

of CO2 and its production rate were lowest with the widest 

C:N ratio; still it showed the same trend for the last 

period as did (4). No contamination and no appreciable 

variation in numbers of this organism were shown on the 

Cholodny slides. 

A similar study with an unidentified species of 

Streptomyces showed that this representative of an important 

group of soil microorganisms responded much like the 

bacteria to ammonium sulfate used with glucose in the 

synthetic medium. Generally the lower the concentration of 

the ammonium salt the greater the volume of carbon dioxide 

produced except in the case of the widest C:N ratio. It is 

very probable that if the respiration had been allowed to 

continue, this would bave surpassed (4) in total volume 

(Figure 13, Table 13). Cholodny slides showed about equal 

growth in all cultures at the surface. Beneath the surface 

(4) had the heaviest growth followed by (3) and (5), (2) 

and (1). No contamination was discovered. 

With sodium nitrate as the nitrogen source this 

Streptomcos was directly comparable with B. subtilis in 
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Table 13. Evolution of CO2 by Ztreptomyces species 
in Synthetic Medium with (M14)2804 as N Source 

Treatment C as COp at intervals indic. 

Time (days) 

No. Additions 0-3 3-7 7-15 15-28 Total 

(1) Glucose 1.7 11.1 44.0 10.5 67.3 

(2) Glucose . 11:1 13,9 58.9 33.6 6.2 112.6 

(iH4)2So4 

(3) ditto 22:1 8,6 69.7 45.8 2.6 126.7 

(4) ditto 56:1 24.8 72.6 38.9 7,5 143.8 

(5) ditto 114:1 7.4 44.8 57,9 29.7 139.8 
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response (Figure 14, Table 14). The total carbon dioxide 

released was again proportional to the amount of nitrate- 

nitrogen added, and with the wider C:N ratios started more 

slowly at first and fell less rapidly toward the end. No 

significant differences were found in mycelial development, 

except for a reduction in the control. Cholodny slides 

again showed no c ontaminat ion. 

To study the response of a mold to variations in the 

nitrogen factor Penicillium notatum was employed. The 

medium and procedure were the same as with the other pure 

cultures. FiTure 15 and Table 15 show the results obtained 

with ammonium sulfate as the source of nitrogen. Carbon 

dioxide production during the first three days was low for 

all treatments. Except with the widest C:N ratio all the 

respirations with added nitrogen behaved similarly. Again 

for the widest ratio, CO2 evolution while slower at first, 

was much more rapid than the others during the last period 

and could have caught up. Thus it would seem that the 

amount of nitrogen made available at the 11:1, 22:1, and 

56:1 ratios was sufficient for the needs of this organism 

under these conditions, while the 114:1 ratio was inadequate 

for maxirmm activity. Cholodny slides exhibited no marked 

difference in development of mycelium and showed no con- 

taminat ion. 

A last experiment, desicrned to show how this mold was 

influenced with sodium nitrate as the nitrogen source, was 
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Figure 14. Evolution of CO2 on Cumulative Basis 
by Streptomyces species in Synthetic Medium 

with JNaNO3 as N Source 2 
-o 

/ / 1--Glucose only 

/ 
2--Glucose and NaNO3 added; C/N = 10 

/ ¡ 
3--Glucose and NaNO3 added; C/N 20 

/ / 4--Glucose and NaNO3 added; C/N = 50 

I / 5--Glucose and NaNO3 added; C/N 100 
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Table 14. Evolution of CO2 by Streptomyces species 
in Synthetic Medium with IaNO3 as N Source 

Treatment Mg. C as CO2 at intervals indicated 
Time (days) 

No, Additions O-2 2-7 7-1313-30 30-51 Total 

(1) Glucose 1,8 8.1 8.9 18.3 16.7 53,8 

(2) Glucose ., 10:1 10.4 71.5 22.8 27.0 15.8 147.5 
! aNO3 

(3) ditto 20:1 8,4 69.9 21.5 22.6 17,2 138.6 

(4) ditto 50:1 6.3 49.2 34.7 28.9 14.2 133.3 

(5) ditto 100:1 8.5 35.0 28.7 35,7 14.4 122.3 
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Table 15. Evolution o CO2 by Penicilliuni notatum in 
Synthetic Medium with (NH4) 2SO4 as N aour ce 

Treatment Mg. C as CO2 at intervals indicated 

Time idays) 
No. Additions C:N 0-3 3-66-14 14-28 Total 

(1) Glucose 2.3 10.1 31.8 16.8 61.0 

(2) Glucose - 11:1 2.6 63.2 77.1 5.6 148.5 

(3) ditto 22:1 3.1 90.3 54.6 3.2 151.2 

(4) ditto 56:1 0.6 39.1 102.3 6.1 148.1 

(5) ditto 114:1 0.7 5.8 76.0 38.0 120.5 
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rendered invalid by contamination. Although the data are 

not presented they indicated in a general way a response 

similar to those shown by B. subtilis and the Streptomyces. 

DISC[JSSIOI AND CONCLUSIOIS 

In addition to the observations already made in the 

presentation of results of the various experiments, there 

are some points worthy of further discussion. The first 

obvious generalization is that the lesser amounts of nitro- 

gen gave lesser evolution of CO2 durinr the earlier periods 

of respiration. A second general characteristic is that 

the more rapid the respiration at the beginning, the slower 

the rate later on. 

More CO2 was not always obtained with more nitrogen 

except with sodium nitrate. The widest C:N ratios with 

ammonium sulfate nearly always gave the lowest initial CO2 

evolution but response to narrower ratios was not generally 

in proportion to the amount of nitrogen added. A certain 

minimum ratio appeared necessary for rapid respiration. 

Above this minimum, more nitroren enerally did not reatly 

alter the rate of CO2 evolved. Later, glucose without 

nitrogen ranked close to lucose plus nitrogen. This in- 

dicated that the available nitrogen in the soil itself, 

while not sufficient to appreciably change either the over- 

all C:N ratio or the narrower C:N ratio additions, could 
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support an active decomposition of added carbon source. 

There exists also the possibility of nitrogen fixa- 

tion by Azotobacter and Clostridium. Available nitrogen in 

the soil is sufficient to inhibit fixation by Azotobacter. 

Fixation by Clostridium would be important only where little 

or no nitrogen was added. In any event the fixation could 

be significant in amount only during the later period of 

the respiration studies. 

Another point is the possible influence of the con- 

tribution to acidity of (NH4)2SO4 brought about by the 

release of sulfate with the utilization of the ammonium 

ion. The buffer capacity of the soil was considerable as 

shown by the quantity of sulfuric acid required to lower 

the pH in the acidified-soil studies. In the synthetic 

medium employed in the pure culture studies the K2HPO4 used 

as buffer may not have had sufficient capacity to keep the 

pH up to a desirable level. This might explain the de- 

pression of CO2 evolution shown in Table 8. 



lI 
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SUIWtARY 

Different amounts of nitrogen source were added to 

soil and solution cultures with glucose to determine the 

influence of the C:N ratio on microbial respiration. Am- 

monium sulfate or sodium nitrate was used as nitrogen 

source. Respiration studies were conducted on untreated 

soil, acidified soil, a soil-sand mixture, and with pure 

cultures in a synthetic medium. 

With sodium nitrate the C:N ratio had a direct in- 

fluence on 002 production. The effect of using ammonii.im 

sulfate as the nitrogen source in some cases was apparent- 

ly inhibitory, but often was variable. A possible explana- 

tion may be an increased acidity from the residual sulfate 

ion. Wider C:N ratios often produced initial lower 002 

evolution but relatively higher evolution rates later. 



59 

BIBLIOGRAPHY 

1. Association of official agricultural chemists. 
Official and tentative methods of analysis. 6th 
ed. Washington, DC, Association of official 
agricultural chemists, 1945. 932p. 

2. Bollen, Walter B. Soil respiration studies on the de- 
composition of native organic matter. Iowa state 
college journal of science 15:353-374. 1941. 

3. Cholodny, N. fiber eine neue Methode zur Untersuchung 
der Bodenmikroflora. Archives Mikrobiologie 
1:620-652. 1930. 

4. Hutchings, I. J. and T. L. Martin. Influence of the 
carbon:nitrogen ratios of organic matter on rate 
of decomposition in the soil. Journal of 
American society of agronomy 26:333-341. 1934. 

5. Merkie, F. G. The decompositions of organic matter in 
soils. Journal of American society of agronomy 
10:281-302. 1918. 

6. Millar, H. C., F. B. Smith and P. E. Brown. The rate 
of decomposition of various plant materials in 
soils. Journal of American society of agronomy 
28:914-923. 1936. 

7. Potter, R. S. and R. S. Snyder. Carbon and nitrogen 
changes in the soil variously treated: soil 
treated with lime, ammonium sulfate and sodium 
nitrate. Soil science 1:75-94. 1916. 

8. _____________ and ____________. Carbon dioxide pro- 
duction in soils and carbon and nitrogen changes 
in soils variously treated. Ames, Iowa state 
college, 1916. 43p. (Iowa. Agricultural ex- 
periment station. Research bulletin 39) 

9. Hahn, Otto. Physiology of bacteria. Philadelphia, 
Blakistonts, 1932. 438p. 

lo. Russell, E. J. and A. Appleyard. The influence of 

soil conditions on the decomposition of organic 
matter in the soil. Journal of agricultural 
science 8:385-417. 1916. 



11. Sievers, F. J. and H. F. Holtz. The significance of 
nitrogen in soil organic matter relationships. 
Pulimen, Washington state college, 1926. 43p. 
(Washington. Agricultural experiment station. 
Bulletin 206) 

12. Starkey, Robert L. Some observations on the de.- 

composition of organic matter in soils. Soil 
science 17:293-314. 1924. 

13. Waksman, Selman A. and Robert L. Starkey. The soil 
and the microbe. N.Y., Wiley, 1931. 260p. 

14. Wilson, B. D. and J. K. Wilson. An explanation for 
relative effects of timothy and clover residues 
in the soil on nitrate depression. Ithaca, 
Cornell university, 1925. 21p. (iew York. 
Agricultural experiment station. Station memoir 
95) 


