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Crop residues are the prime source of energy and nutrients

affecting soil biolCXJical, chemical and physical processes, including

organic matter formation. This study examined the effects of manage

ment on the rate of decomposition of crop residues in the laboratory

and field. It also measured the incorporation of crop residue and

soil C and N into the microbial biomass.

14C_, 15N-labelled maize residues incorporated and incubated in

an aerobic environment, under laboratory conditions, were mineralized

to a greater extent in the short term than the surface-placed

residues. Residue C, incubated under waterlCXJged conditions,

mineralized more slowly -corpared to residue C under an aerobic

incubation.

Initially net mineralization of residue N was more rapid in the

waterlogged treabnent. In the long term, the net mineralization

reSUlts were similar to those where residues were incorporated and

incubated aerobically.

Changes in microbial biomass during maize residue decomposition

illustrated its capacity to act as a major source-sink of energy and

nutrients as well as a biocatalyst in the transformation of organic

matter. MaXimum production of microbial biomass occurred within 8-14

dayS � accounted for 24% of the C and 34% of the N added. The data

prOVided evidence for the relatively high yield coefficient of C

(>40%) in formation of microbial biomass during this period of rapid

decomposition of the simple and readily available plant constituents.

])eCcmposition of maize residues under aerobic conditions

Wcteased soil C mineralization by 10% (69 pg g-l soils) over 150 days
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of incubation. The residue addition activated about 9% (66 �g g-l
soils) of the soil microbial C. This microbial C canponent subse

quently decayed at a more rapid rate (T� = 26 days) canpared to that

in the unamended soil (Ti = 177 days) and could explain the enhanced

soil C degradation (apparent priming) •

Field studies examined the effects of management on the rate of

mineralization of cereal crop residues in a range of Saskatchewan

soils across a climatic gradient. 14c, 15N-labelled barley residues

(tops and roots) were incorporated into the plough layer of soil

contained in microplots (steel cylinders 30 em dia. x 100 em length)

'I
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summerfallow rotation compared to under continuous crop for the first

under continuous crop and crop-surmnerfallow rotations. C and N

derived fran crop residues mineralized more readily under a crop-

two growing seasons at all three sites. The difference gradually

decreased; after four growing seasons management effects were evident

only at the most arid site. Continuals cropping significantly reduced

losses of residue N (by 20-60%). This can be attributed to more

efficient utilization of mineralized residue N by crop uptake and

greater retention in the soil. The 15N losses of 15-50% over a four

year period were attributed to leaching as well as denitrification.

Continuous cropping increased microbial C and N in the plough

layer by up to 20% compared to that in the crop-summerfallow rotation.

This would have a direct effect on nutrient cycling. Labelled

microbial C accounted for 5-12% of the residue C four years after the

addition of residue. However, due to internal cycling of labelled N

the portion of residue N present as microbial N was Significantly

higher.
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C and N at this site was more stable in the long term. The C and N

derived from added crop residue decomposition are present as microbial

canpounds, urdeoorposed material and humic substances. The C and N

Microplots, containing 14c_, 15N-labelled wheat straw, were set

out in semi-arid and sub-humid sites. In the short term, minerali

zation was nore intense at the more moist site. However, the residue

chloroform fumigation-incubation method (CFIM) requires calibration,
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derived from microbial products were more resistant than the C and N

derived from crop residues, indicating that sane of the undecanposed

straw constituents were mineralizing more readily than microbial

products.

Estimation of soil microbial bianass C and N utilizing the

first for calculation of the flush and, second for determination of

the proportions of microbial C (kc) and N (�) mineralized in

fumigated soils during incubation. The' activity associated with C and

N mineralization during CFIM can be attributed mainly to proliferating

microorganisms (aerobic spore-formers) that develop during incubation,

although enzymes associated with non-living cells may make a minor

contribution. Alteration of the soil microbial population by CHCl3
treatment from one dominated by fungi to one where bacteria predom-

inate makes it difficult to corpare the biochemical activity in

fumigated and unfumigated soils. Therefore, the flush was calculated

+
frem the C02-c evolved and the net NH4 -N accumulated in the fumigated

soil alone.

Calibration of the CFIM utilizing the standard 10 day

incubation and a temperature of 280C gave values of kC = 0.40 and � =

0.33. These values were Calculated assuming a fungal:bacterial
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biomass ratio of 3:1, a bacterial C:N ratio of 4.3, and a fungal C:N

ratio of 7.3. The proportion of microbial N mineralized dur ing CFIM

was determined using the equation � = 0.93 - 0.091 (microbial C:N

ratio).

� can be estimated directly fran the ratio of co2-c
evolved:net NH4

+
-N accumulated (<;:�) during the CFIM incubation

t010
0

th
0

1<-- )-00879 ThO tOou 1 lZlng e equatuon ."N
= 1.86 (c;.:� • �s equa � n

accurately predicted the proportion of microbial N mineralized in

fumigated soil for a number of in vitro produced bacteria and fungi

having a wide range in their C:N ratios.
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Decomposition of plant residues can be described as a sequence

of physical, chemical and biological processes leading to the

mineralization of plant constituents. The main pathway of dec�

position involves senescence of the plant tissues leading to decay

initially by autolysis and subsequently by the activity of saprophytic

microorganisms. Decanposition begins while the plant is still

growing, by organisms in the phylloplane and rhizosphere, and

terminates with the production of CO2, H20 and simple mineral salts

containing N, P, S and other plant nutrients.

The pattern and rate of decomposition are affected by the

accessibility of the plant material and by its chemical complexity

�ell, 1974). Soluble plant constitutents are more accessible to

decanposition than solid tissues; simple sugars, amino acids and

organic acids are more readily decomposed than complex polymers such

as cellulose or lignin. Some plant constituents are particularly

resistant to decomposition while others such as polyphenols inhibit

the activity of decomposing organisms.

Additions of crop residues to soil provide C for microbial

growth and thereby sustaining nutrient cycling through concurrent

bnmobilization, mineralization and stabilization reactions. Although

only a minor portion of the crop residue eventually becomes stabilized

soil organic matter, the input of C is critical in the long term for

maintenance of soil organic matter levels. Crop residues, therefore,

play a major role in controlling the rate at which nutrients become

available for plant growth and in conserving soil organic matter.

The soil microbial biomass functions as a biocatalyst in the

\
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Decomposition of plant residues can be described as a sequence

of physical, chemical and biological processes leading to the

mineralization of plant constituents. The main pathway of decom

position involves senescence of the plant tissues leading to decay

initially by autolysis and subsequently by the activity of saprophytic

growing, by organisms in the phylloplane am rhizosphere, and

terminates with the production of 002, H20 and simple mineral salts

containing N, P, S and other plant nutrients.

The pattern and rate of decanposition are affected by the

accessibility of the plant material and by its chemical complexity

(Bell, 1974). Soluble plant constitutents are more accessible to

decanposition than solid tissues; simple sugars, amino acids and

organic acids are more readily decomposed than complex polymers such

as cellulose or lignin. Sane plant constituents are particularly

resistant to decomposition while others such as polyphenols inhibit

the activity of decomposing organisms.

Additions of crop residues to soil provide C for microbial

growth am thereby sustaining nutrient cycling through concurrent

UnmObilization, mineralization and stabilization reactions. Although

only a minor portion of the crop residue eventually becomes stabilized

soil organic matter I the input of C is critical in the long term for

maintenance of soil organic matter levels. Crop residues, therefore,

play a major role in controlling the rate at which nutrients became

available for plant growth and in conserving soil organic matter.

The soil microbial biomass functions as a biocatalyst in the
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transformation of organic matter as well as a significant source-sink

of energy and nutrients (Paul and Voroney, 1984). Measurement of

microbial bianass, therefore, is essential for understanding the

dynamics of C and N during crop residue decomposition. The chloroform

fumigation-incubation method (CFIM) (Jenkinson, 1976) is especially

useful for tracer investigations as it allows measurement of the flow

of C and N through the microbial biomass during decomposition.

The rate of decomposition of crop residues depends on a number

of factors including the nature of the plant constituents and

conditions within the soil envirornnent (Parr and Papendick, 1978).

Management practices which affect microbial growth and activity can

potentially alter the decanposition rate of crop residues. Crop

residue management has irrplications in facilitating tillage and

seeding operations, determining the availability of nutrients for the

production of subsequent crops, maximiz-ing water-use efficiency, and

protecting the soil from wind and water erosion.

The objective of the field research conducted in this study was

to measure the long term effects of management on the rate of decan-

position of crop residues in a range of SaSkatchewan soils across a

climatic gradient. Canplementary laboratory studies aided in the

examination of specific soil and crop residue management effects on

the rate of decanposition under controlled conditions and in the

interpretation of data obtained by the CFIM.
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organic matter and thus maintain nutrient cycling. Further,

�I

2. LlTERATCRE REVI£W

2.1 Decomposition of Isotope-Labelled Plant Residues

Crop residues are the prime source of energy and nutrients to

soils in agroecosystems and affect their biological, chemical and

physical properties. Heterotrophic microorganisms utilize the residue

-1 -1
C and N (1000-2.500 kg C and 10-40 kg N ha crop ) for biosynthesis.

Growth and decay of the microbial biomass enhance turnover of soil

conservation of soil organic matter in the long term is primarily

dependent on the rates of input of crop residues.

The production of 14C_, 15N-labelled plant residues bas made it

possible to accurately follow added material in the presence of large

annmts of soil C and N. Rates of decanposition of isotope-labelled

crop residues in soils have been estimated in a number of long term

studies involving a wide variety of plant materials and soil types in

both laboratory and natural environmental conditions (Jenkinson, 1965,

1971, 1977a, 1977b; Biederbeck, 1966: FUhr and Sauerbeck, 1968:

Oberlander and Roth, 1968; Smith and Douglas, 1971; Sauerbeck et al.,

1972; Oberl�der, 1973; Shields and Paul, 1973; Sauerbeck and

Gonzalez, 1977; Jenkinson and Ayanaba, 1977; Amato and Ladd, 1980;

Ladd et al., 1981a).

Generally, the decomposition process can be described in two

parts: the initial rapid mineralization of added substrate and

derived microbial cells followed by the slower mineralization of

stabilized microbial products and undecanposed mater ial. This

characteristic pattern of decanposition has been observed in both

field and laboratory studies in soils amended with: (1) simple



originally added C. Data fran other field studies reported in the

literature (Table 2.1) confirm this general pattern of decomposition.

Rates of initial decatp:>si tion vary widely depending on

precipitation and temperature. The slowest rates have been reported

by Shields and Paul (1973) for Saskatchewan grasslands which are

affected by extended periods of drought and frost. Similar decam-

�/

substrates such as glucose and acetate, (2) chemically separated

fractions of plant material including cellulose, hemicellulose and

lignin, and (3) complex substrates such as crop residues and microbial

constituents.

2.1.1 Decomposition of plant residue C

Jenkinson (1965, 1977b) incorporated l4C-labelled ryegrass

residues in fallow soil in field microplots and studied their rate of

decauposition over 10 years. The concentration of labelled C

decreased rapidly; only about 30% remained in the soil after one year.

The rate of loss of labelled C then decreased; after four years 19%

remained and after 10 years the soil still contained 12% of the

pJsition rates were reported for northeastern Austria which also

experiences drastic temperature fluctuations and prolonged periods of

drought (OberlAmder and Roth, 1973). Observations in southeast

England (Jenkinson, 1977b), in an area with moderate temperature and

with precipitation distributed evenly throughout the year, approxi

mated those made in northeast Germany (Sauerbeck and FUhr, 1968) which

has a similar climate. Jenkinson and Ayanaba (1977) have reported

that decomposition of ryegrass in tropical forest soils of Nigeria

proceeded at four times the rate than that of southeastern England.

Somewhat similar results were obtained after one year by Sauerbeck and

Gonzalez (1977) with labelled wheat straw deccrnposition in 12
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Percent: ad.Ed plant C

late of Soil nmnining in roil
Hcferenre

Plant material adJition Soil treabmnt
(location)

(pg c.g-l soil) Type III Clay Or9anic C 1 2 3 4 5 10
% % ---- (yr)

Irmature ground 1250 3.1 5.4 2.86 FallGl 36 26 17 13 Jenkinson (1911,
cyegrass tops 6.2 7.6 1.60 Fallo.1 27 22 15 10 . (19178) (England)

7.B IB.O 2.43 FallCM 32 26 18 12
8.1 17.5 0.97 FallGl 31 24 17 12
7.1 20.2 4.57 }o'allCM 31 25 19 12
3.7 21.2 3.96 FallGl 43 30 20 14
4.9 20.9 ].B7 Falla.o 31 26 20 13

� 2520 7.0 2.4 18 Fallow 29 25 22 18 13

Imrature groUlld 1250 7.0 19.4 4.1B FallCM 28 24 10 12

ryeqrass roots Grass ]9 30 27 15

future ground 680 6.7 1.0 Fa11Ot1 31 Frhr and Sauerbed<
wheat straw Crop 35 (1968) (Germany)

Inamt.ure clopped 1820 FallCM 30 27 22 <berlllnder and
Ilk'li ze (fresh) Ibth (l96B)

(Austria)

I nmature clopped 1240 6.9 27 2.1 Fallow 45 32 27
nru ze (dried) 6200 6.9 27 2.1 FallOt1 27 21

�Bture chopped 156 Chernozem 7.2 49 2.14 Fa11CM 1st year, 45 27 21 Shields and Paul
wheat straw then cropped (1973) (saskatoon,

720 Luvl.sof 6.8 22 2.37 FallCM 1st year, 26 19 15 Canada)
then cropped

1007 Cllerrozem 7.2 49 2.14 l"al1CM 43
Crop 53

11atllte ground 1000 Luvisol 5.35 48.6 0.96 Cereal crops 42 28 22 IB 9 Sauerbed< find
wheat straw Root & '!\ber 34 25 20 16 9 Cbnzalez (1976)

Crops (Omrany)

Jnmat.ure ground
ryeqrass h:ps 247 6.7 17 1.04 !"aHCM 20.5 14.1 ,Jenkinson and

roots 243 Fallow 21.1 Ayanaha (1977)
(Nigeria)

�Bi ze leaves 213 6.2 16 1.14 ThllOtl 11.3
(qround)

M'lture ground 1150 (12 soils) 4.5-6.1 9-55 0.5-6.7 FallOtl 23-36 SmErl>eck andwheat straw
Gonzalez (1916)
(Costa Rica)

dl(JIl_,,'d nedic 342 0.2 5 0.66 FallCM 24 19 26 Ladd et al.leaves, stens 342 B.6 20 1.02 Falla..r 30 27 21 (l901b)and roots 513 0.5 12 0.73 FallCM 25 21 18 (Australia)5lJ 0.4 42 1.29 FallCM 21 19 15
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different Costa Rican soils. Ladd et ale {l98la} reported that the

average rate of breakdown of Medicago littoralis (medic) tissue in

south Australian soils during the rapid decomposition phase was

similar to that found by Jenkinson and Ayanaba for tropical Nigerian

soils whereas the slow decoeposftion phase was similar to that

established in temperate climates (Jenkinson, 1977b).

stems and leaves, decomposed at significantly different rates during

the first t� weeks but after that there were no significant

During the initial stage of decomposition of added residue, the

structure and composition of the intact plant material, which varies

with age and between species, limit the rate of loss of residue C from

the soil. Lespinat et al. {l976} repor ted that plant parts, including

differences in C mineralized. Waksman and Tenny (l927) showed that

imnature plant mater ial, which contained a large water-soluble

fraction, decanposed more rapidly than mature material. oberLander

(l973) also repor ted that fresh green maize decanposed more rapidly

than dried green maize or mature wheat straw. The water-soluble

fraction, including sugars, starch, organic acids and proteins, are

readily utilized followed by fats, waxes, resins and oils (Reber and

Schara, 1971; Parr and Papendick, 1978). Hemicellulose and cellulose

decompose more slowly followed by lignin and other phenolics. Herman

et ale (l977) reported that the decomposition of roots of different

native grass species was controlled by an interaction of the roots'

C:N ratio with lignin and carbohydrate contents.

By the end of a year, roost crop residue constituents have

deccmposed. However, lignin, the most resistant of the major plant

constituents, is decomposed slowly in soil under aerobic conditions



resistant humic constituents (KassUn et al., 1982; Martin et al.,

7�/

(Jenkinson and Tinsley, 1959) and <20% would have mineralized during

this period (Stott et al., 1983). The residue C remaining in the soil

is present as living microorganisms and stabilized microbial products

(Oberl:!nder, 1973; Shields and Paul, 1973; Sauerbeck, 1976; Jenkinson,

1977b) • Part of the residual decanposition products, autolyzed

microbial cells and the extracellular metabolites of microorganisms

may undergo oxidation reactions resulting in the formation of humic

substances (SflSrensen, 1967; Mortland, 1970; Wang et al., 1983). At

all stages of degradation prior to ring cleavage, lignin fractions and

other aromatic compounds are subject to polymerization reactions with

1982; Stott et al., 1983).

Decomposition of labelled plant C in soil under bare fallow and

under crcps, Jenkinson (l977b) reported that the decomposition of

ryegrass roots was considerably slCMer in soil under a continuous

rate of decomposition caused by the growing grass ended with the grass �!:.'.'.'.•.•'.:.")

l.

(
!:

I
I
r

cover of ryegrass canpared to the same soil kept bare. The reduced

crop being removed. Other field studies by Fflhr and Sauerbeck (l968)

found that keeping soils under wheat, resown annually, slCMed the

decomposition of added plant residues compared to bare fallowed soil

although the effects were smaller and more transient than those

observed by Jenkinson (l977b). The decreased rate of decomposition in

the presence of plants has been attributed to the growing plants

reducing soil moisture and so slowing microbial activity (Shields and

Paul, 1973; Jenkinson, 1977b). Furthermore, Jenkinson (l977b) found

that the l4C content of grasses growing in the microplots of his

decamposition experiments was too low to be detected.
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fwt:)re recently, Sparling et ale (1982) have reported that barley

plants reduced the evolution of 14002 by 70% during decomposition of

14C-1abe11ed ryegrass in soil under moist conditions in the

laboratory. Reduction of microbial activity as a result of a soil

moisture deficit could explain same of the reduction in organic matter

decomposition in the presence of plants. However, more than half of

the reduction was accounted for by the uptake of labelled C by the

plant roots; very little labelled C was associated with the shoot.

Chemical fractionation of root tissue sl'xMed that labelled C was

present in the structural canponents of the root, suggesting that low

nolecular weight canpounds released during decanposition had been

taken up and used for biosynthesis. Photosynthetic fixation of

labelled CO2, evolved fran the soil during decanposition, with

subsequent translocation to the roots and back to the soil did not

significantly contribute to the conserving effect.

2.1.2 Decomposition of plant residue N

Net mineralization of plant residue N is essentially similar to

that of residue C. A long term laboratory incubation of 13C_ and

15N-labelled barley plant tops (C:N = 17.3:1) and roots (C:N = 35.6:1)

shoWed that after five years, fran 38 (tops) to 58% (roots) of the

plant N could be accounted for as soil organic N canpared wi th fran 12

(toPS) to 16% (roots) of the plant C (Broadbent and Nakashima, 1974).

During the first five months, 22% of the nitrogen and 65% of the C in

barley tops was mineralized. Amato and Ladd (1980) reported that 14c_

and lSN-labelled medic leaf material (C:N = 8.7:1) decomposed rapidly

in a calcareous clay soil over a 130 day laboratory incubation study.

After 34 days of incubation, when the rapid decomposition rates had



9

ceased, about one-half of the plant C and bJo-thirds of the plant N

remained in the soil as organic residues. Thereafter, labelled

residues mineralized relatively slowly. The half lives of labelled

residues in soils during the period 34 to 130 days were 1.7 years for

labelled C and 2.3 years for labelled N.

Field studies of the decomposition of l4C_, and 15N-labelled

medic residues in four calcareous soils at various locations within

the semi-arid zone of the southern Australian wheat belt were

comparable with those from the laboratory incubation studies in that

similar portions of the residue C and N were mineralized during the

rapid and slow decomposition phases (Ladd et al., 1981a). However,

the rates of decomposition in the field were one-fifth those in the

laboratory. The data showed that 75% of the medic C and 40% of the

medic N decomposed rapidly with half lives of about 0.06 years and

0.37 years, respectively. The remainder of the residue decomposed

Paul and McGill (l977) showed higher rates of wheat straw C

slowly with half lives of 8.4 years for labelled C and 10.7 years for

labelled N.

mineralization compared with straw N in a Chernozemic soil in Western

Canada. After one year, 55% of the straw N and 38% of the straw C

remained; after four years, 41% of the straw N remained which was

alnost double- that of plant residue C.

Uptake of N fran decatJ?Osing plant residues by growing crops.

Ladd et ale (l98lb) added �-labelled medic tissue (at rates ranging

fran 38-57 kg N ha-l for a 0-10 em depth) to soil and allowed it to

decanpose in a bare fallow for eight to nine rronths before being

cropped to wheat. At harvest, about 90% of the added labelled N was

\



the CFIM coupled with tracer techniques. In a study of the decompo-
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recovered in the mature wheat crops and soil sampled to 90 em depth.

Total recoveries of labelled N as inorganic N in soils ranged fran 0.6

to 3.1%. Organic soil N was the largest pool of labelled organic soil

N accounting for 72-78% of the added residue N. The wheat plants took

up 10.9-17.3% of the labelled N. Grain N accounted for 51-70% of the

betal labelled N recovered in the wheat plant while root N contained

3.5-7.2%. Deficits of labelled N were attributed to denitrification

and leaching of N03
-

below the sampling depth in the sandy soil.

McGill (1971) reported that plant uptake could account for only

20% of added wheat straw N over a two year decomposition study in the

field. Fran 49 to 65% of the straw N had mineralized during this

time. Losses of labelled N were more evident in the m::>ister Luviso1ic

soil compared to the arid Chernozemic soil.

2.1.3 Microbial growth during the decomposition of l4C_, and 15N_
labelled plant residues and formation of microbial products

The flow of C and N through the soil microbial bianass during

decanposition of plant residues can be directly measured by the use of

sition of ryegrass, in which 30% remained after one year and about 20%

after four years, Jenkinson (1966) showed that, of the labelled C

remaining in the soil, about 21% was present as microbial bicmass

after one year; 13% was biomass after four years (data recalculated

employing a value of kc = 0.5).

Recently, Amato and Ladd (1980) have followed the formation of

labelled bianass acccmpanying the decomposition of 14c_ and l5N_
labelled medic leaf tissue in a laboratory study extending over 130

\
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days. Formation and decay of labelled biomass N paralleled those of

bianass C. Labelled bianass C and N pool,s attained maximum size after

62 days of incubation, accounting for 22% of the total labelled

organic C and 23% of the total labelled organic N remaining in the

soil. The rate of labelled biomass decay after day 62 was greater

than that of the total labelled organic material in the soil and

therefore indicative of the greater biological lability of the biomass

pool. These results supported an earlier observation by Ladd et al.

(1977) which showed that microbial decay products were more stable

than the living microbial bianass.

In the field, Ladd et ale (1981a) showed that labelled bicmass

peaked four to eight weeks after incorporation of medic residues (Fig.

2.1) •

100

��o o �_g_a_ni_c__15_N__(t_ot_O_I) O

T.l = 14·8 yr
'. 2

......-........!_ 14
� Organic C (total)
.-----.

�Tl�=�7�.3���-------·Residual
. 14C AAti.

organic \
.. T.L = O·28yrand 10.. Z

. 15N "
�

organic �
(0/0) 4

4_ Microbial 15N

�� --------�T��=�4�.0���:------
� =O'34yr

•

�.-----__��·��M�ic�r�ob�io�I__�'4�C
___T, =4'2yr

�1:0
•

0·5

52 104 156

Decomposition period (weeks)

Fig. 2.1 Formation and decay of isot��l�lled microbial biomass

during the decomposition of C, ��-labelled M. littoralis
;in- Rose"-K)rthy soil (Soorce: Ladd et al., 1981a).

a 208
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At eight weeks, C and N labelled biomass accounted for 14% of the

labelled C and 22% of the residual labelled N. The percentages of

labelled bianass C and N decreased rapidly at first, and then IOOre

slowly. The half lives of the labelled biomass C and N for the first

six months of net decay were 127 and 101 days, respectively. During

the one to four year period, the half lives of labelled bianass C and

N had increased to four years, or four times longer than in the

laboratory. Although the decline in the labelled bianass C and N was

canparatively sIaN during the last 3.4 years of the incubation, the

percentage declines in the amount of labelled C and N in the soil

biomass exceeded those of the labelled C and N in the soil exclusive

of bianass, as observed in lal:x>ratory studies.

2.1.4 Stabilization of the microbial bianass and microbial prcducts

The proportion of added plant residue remaining in the soil

after the initial flush of decomposition is determined by a number of

factors. The effect of soil colloids, particularly soil clay content,

and efficiency of substrate incorporation into microbial bianass will

be reviewed.

2.1.4.1 Soil clay content

In a two year Laboratory study, S¢rensen (1975) examined the

decomposition of l4C-labelled cellulose incubated in seven different

soils containing silt and clay in am::x.mts that var ied frcm 8 to 75%.

Neither the rate of decanposition of cellulose nor the percentage

present as biomass was related to the amount of silt and clay in the

soils. However, labelled amino acid metabolites accumulated in soils

during the first 10 days of incubation in direct proportion to their

clay content. Thereafater, the rate of decompoSition of the labelled
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the extent of glucose oxidation to CO2 was greater in a sandy than in

a clay soil. Enhanced stabilization was evident as soon as the

glucose was metabolized, after 2.5 days of incubation, and was

observed during the remainder of the study. These results are

consistent with the general observation that organic matter stabili

zation is favoured in soils of high clay content (Jenkinson, 1971;

amino acid metabolites was similar. Ladd et ale (1977) showed that

was inversely related to the soil clay content although the proportion

of total labelled C remaining after 16 weeks of decomposition in the

S¢rensen, 1972, 1981).

Ladd et ale (1981a) showed that the decline of labelled bianass

field was similar in all- soils irrespective of texture. The rate of

decline of labelled biomass C and N waS less in soils of greater clay

faster in sandy soils. These data reflect the greater degree of

content. Ladd et ale (1977) reported that the quantity of labelled

biomass N in soils containing labelled organic residues exclusively of

microbial origin was significantly higher in heavier textured soils.

FUrthermore, the net rate of mineralization of labelled organic N was

stabilization of both living microbial biomass and products formed

from decaying biomass in a clay soil compared to a sandy soil.

Physical protection. Physical protection from microorganisms

and extracellular enzymes results from adsorption of organic material

by soil colloids and entrapment within aggregates (Tisdall and Oades,

1982). Proteinaceous materials have been shown to be resistant to

microbial attack after adsorption to inorganic colloids or organic

matter (Simonart and Mayaudon, 1961; S¢rensen, 1967; Pinck et al.,

1954) • Indirect evidence of the protective effect of soil aggregates
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on organic matter was obtained from data which showed that physical

disruptions of soils resulted in an increased mineralization of soil C

and N (Rovira and Graecen, 1957; Waring and Bremner, 1964; Craswell

and Waring, 1972; Huira et al., 1976) exclusive of the microbial

formations that yield oxidized forms of C and ultimately CO2• Under

anaerobiosis, CO2 and low molecular weight organic canpounds are

produced. The energy released by the oxidation drives the metabolic

bianass (Powlson, 1980).

Efficiency of substrate use. Research by Filip and Haider

Chemical stabilization. The interaction of organic mater ial

with mineral surfaces can enhance free radical formation (Wang et al.,

1983). This can increase the rate of polycondensation of phenolic

c:c:mp:>unds, resulting in the formation of biologically stable soil

humic canponents.

(l970), Filip et a1. (1971) and Martin et ale (1976) has shown that

the presence of clay minerals caused a significant increase in the

efficiency of glucose utilization and nitrogen consumption and in the

formation of microbial biomass. S¢renSen (1981) recently confirmed

these findings in experiments using cellulose as substrate for

biosynthesis. Living bianass and bianass constituents were IIDre

stable than added substrates.

2.1.4.2 Microbial growth efficiency
The stabilization of organic C inputs to soil is dependent on

the efficiency of incorporation of added C residues into microbial

biomass and subsequent turnover of bianass constituents (van Veen and

Paul, 1981). Decay of plant residues in aerobic soil involves trans-

processes of the microorganisms. The assimilated C is utilized for



anaerobic bacteria assimilated 2-5%. Lees and porteus (l950)

--------�--------------------------15�/

maintenance and synthesis of the new microbial tissue, i.e. growth. A

low efficiency of utilizing the residue C for biosynthesis would

result in rapid C turnover aOO more C liberated as CO2• Early

estimates by Waksman (l929) based on CO2 evolution data suggested that

fungi assimilated 30-50% of the C, aerobic bacteria 20-40% and

indicated that the soil microflora assimilated fram 25 to 33% of the

several s:i.rnple organic ccmpounda. Recent evidence suggests that

growth efficiencies of 50-60% are more typical for decomposition of

readily available substrates such as glucose in aerobic soil (Payne,

1970� Verstraete, 1977). However, factors such as the type of

substrate and sequential growth of microbial populations can decrease

apparent efficiency (Paul and van Veen, 1978).

McGill et ale (1973) in a simulation study of the decomposition
of acetate in soil attributed the relatively low stabilization of

acetate C in soil to the sequential growth of a number of microbial

rx>PUlations, each having a fairly high efficiency. Sequential growth

resulted in large losses of labelled C during the initial period of

Support for the hypothesis that substrate C is utiliZed by the

soil biomass with a high efficiency and subsequently recycled through

various biomass components was presented by Paul and Voroney (1980).

rapid decanposi tion before the microbial population and its meta-

balites were stabilizd in the soil.

Microbial biamass C was determined during a Laboratory Lncubacton

study of the decanposition of 14C-labelled glucose. All the glucose C

was metabolized after one day of incubation and could be accounted for

as labelled biomass C. Glucose C had been transformed into microbial



the glucose had been assimilated, accounted for 35% of the total

labelled bianass C am. decayed with a rate constant of 1.18 day-1 (T�
-2Canponent II, with a decay rate constant of 9.08 x 10

--------�------------�r_-----------16

C with a growth efficiency of 60%. The decanposition curve describing

the decay of labelled biomass C was differentiated into three cam

ponentis (Fig. 2.2). Component I which, decayed most rapidly when all

= 0.6 days).

day-1 (T� = 7.6 days), accounted for 18% of the labelled biomass.

catp:>nent III, the largest and most stable biomass canponent,

accounted for 56% of the labelled biomass and decayed with a rate

-3 -1 1constant of 6.5 x 10 day (T2 = 107 days). The decay rate constant

of Component II of the labelled biomass corresponded to that of the

active unlabelled biomass. The decay rate constant of Component III

was equivalent to that of the resting Unlabelled biomass in the

glucose amended soil. It also was the same as the decay rate constant

of the total soil biomass in an unamended soil.

810MASs REMAINING IN
•

(CONTROl.. SOIl: 622 .-4.5Ow10- . ,
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Fig. 2.2 Decay rates and pool sizes of the labelled and U�abelledrrdcrobial biomass present in soil after growth on -glucose(Som'l!e: Paul and Voroney, 1980).



Mathematical descriptions of organic matter decomposition in

2.1.5 Mathematical analysis of deoal@QSition data

soil have generally used first order rate kinetics (Hunt, 1977;

Jenkinson and Rayner, 1977; Paul and van Veen, 1977; van Veen and

Paul, 1981). The use of first order kinetics to describe the decom-

position process implies that the biological potential of soil is not

rate limiting at any time (van Veen et al., 1981). The lag times

involved in substrate invasion and microbial growth would be short due

to: (1) the large size of the microbial population relative to the

arcount of substrate added, and (2) to its rapid growth rate,

The rate of deoalfOsition of a substrate as decribed by first

order rate kinetics is:

dc
V = = kC

dt

where V = decanposition rate (am::runt • time-I)
C = substrate concentration (arrount)

t = time

k = specific decay rate constant (time-I)
Integration of this equation gives:

-kt
C = Co e or

C
In = -kt

Co
where Co is the concentration of C at t = O. Values of k can be

d:>tained graphically fran plots of In g versus t.
o

Jenkinson (1977b) found it necessary to split the decomposition

curve and use a double exponential function to obtain a good fit to

data (Fig. 2.3). The decomposition pattern of ryegrass was described
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Fig. 2.3 Losses of l�lled C from Rothamsted soils during dec�

posd.t.ion of C-labelled ryegrass (Soorce: Jenkinson,
1977b) •

by the equation:

Y = 70.ge-2•83t + 29.le-O·087t

where Y was the percent retention of residue C and t was time in

years. This equation showed that about 70% of the incaming plant

mater ial decClTlpOSed with a half-life of 0.25 years and the remainder

with a half-life of 8 years. This simple � canpartment exponential

decay model, although providing a gross description of the decay-time

curve, is an overs�lification of the entire decomposition process.

Mindennann (l968) suggested that decanposition could be represented by
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unsatisfactory because it does not take into account: (1) the

sunmation of the exponential decay curves for all major chemical

constituents of the plant residues. However, this description is

formation and decay of the microbial biomass (Clark and Paul, 1970),

(2) production of stable organic matter (camPbell et al., 1967), (3)

inhibition or enhancement of decomposition of some substances in the

presence of others (Gaudy et al., 1963; LewiS and Starkey, 1968; Kirk

et al., 1976; Ander et al., 1980), and (4) decanposition conforming to

kinetics other than first order reaction rates.

Other attempts to relate decomposition to plant composition

have relied on more general plant characteristics. Jenkinson and

Rayner (l977) split incoming plant C into decanposab1e (83.7%) and

resistant (16.3%) material. Hunt (1977) alSO treated plant material

as consisting of two fractions and estimated the size of the labile

this concept further to incorporate the effect of the diversity of

oamponent from the plant C:N ratio. MCGill et ale (1981) developed

plant constituents on decomposition. Plant residues were viewed as

containing two relatively independent components, a rapidly minerali-

zable cytoplasmic canponent including storage materials, and a

structural component which took longer to decompose mainly due to its

chemical recalcitrance. The relative proportions of the structural

and metabolic canponents were estimated fran the plant C:N ratio.

van Veen and Paul (1981) developed a computer simulation model

that described the deccrnposition of crop residues and included

subsequent microbial processes. The aboveground crop residues were

divided into three fractions: (1) carbohydrates and proteins (15%),

(2) cellulose and hemicellulose (65%), and (3) lignin (20%). Easily
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deca1p)Sable materials were assumed to account for 63% of the roots

and 80% of the plant litter C, with the remainder as more resistant

lignin components. The model output (Fig. 2.4) showed a significant

difference between actual decomposition and apparent decomposition as

derived from CO2 evolution data or from the total amount of residue C

remaining in soil. The difference between the apparent and actual

decomposition rate was attributed primarily to microbial production.

100

80

60
Labelled

organiC C

remaining 40
(%)

o 20 40 60 80

Decomposition period (days)

100

Fig. 2.4 Decanposition of crop residue C in the laboratory, plotted
as a series of first order reactions after correction for
microbial production (source: van Veen and Paul, 1981).

2.2 Measurement of the Soil Microbial Biomass

The organisms comprising the micro-biota of temperate grassland

soils include fungi, bacteria and invertebrates (Paul et al., 1979).

The fungi and bacteria are the major components of the soil microbial
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biomass and are the principal decomposers of organic matter in the

soil-plant system. SOil invertebrates account for a minor portion of

the microbial biomass and consume insignificant amounts of organic

natter. They are involved in predation of bacteria and other

organisms which aid in decomposition and assist in the mechanical

disintegration and mixing of organic residues and are of considerable

ecological importance. Although these activities would directly

enhance energy and nutrient cycling, the major role of soil inverte-

for simple and objective methods of measuring the microbial biomass
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bates would appear to be in dampening fluctuations in nutrient flux

(Ausmus et al., 1976). The soil microbial bianass constitutes a major

dynamic reservoir of energy and nutrients available either for plant

uptake or for further secondary metabolism by soil organisms.

Interest in the role of microorganisms in mediating energy, C and

nutrient flow through the soil-plant system has resulted in the need

and activity in soil. However, a lack of knowledge of the underlying

principles often limits general application of a method.

Methods for measurement of the microbial bianass and its

nutrient content have recently been reviewed (Paul and Voroney, 1980;

Jenkinson and Ladd, 1981). Four methods have shown reasonably close

agreement: (l) direct microscopic observation (SMerstrtn, 1977 ;

SChmidt and Paul, 1982), (2) adenosine 51-triphosphate assay (Karl,

1980; Tate and Jenkinson, 1982), (3) measurement of the flush of

decomposition caused by chloroform fumigation (Jenkinson and Pow1son,

1976b; parkinson and Paul, 1982), and (4) measurement of substrate

induced respiratory response (Anderson and Dansch, 1978b). The

chloroform fumigation-incubation method (CFIM) proposed by Jenkinson

"



doses of radiation can ster ilize soil. Steaming, oven-drying ,
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was considered to be most useful for soil studies in measuring the

flow of C and nutrients through the microbial biomass following an

amerx:1ment with labelled substrates.

2.2.1 Effects of biocidal treatments on soil biological properties

The proportion of soil organisms killed upon biocidal treatment

depends on the nature of the biocidal treatment. Autoclaving and high

irradiation at lower doses and treatment with chemical fumigants are

also highly biocidal but generally do not sterilize the soil. Air

drying and rewetting, freezing and thawing and mechanical disturbance

are only slightly biocidal (Powlson, 1975). Biocidal treatments have

been used for more than 100 years to study the interrelationships of

soil microorganisms and their activities. By 1923 when Waksrnan and

Starkey published the results of their studies, biocides had already

been extensively used to study soil biological activities (Waksman and

Starkey,1923a).

This review will examine the effects of chloroform fumigation

and other biocidal treatments in relation to the interpretation of

data for soil microbial biomass measurement. Control of soil-borne

plant pathogens by biocides will not be considered; this topic has

been reviewed by WiLhelm (1966) and Wilson (1968). The effects of

biocidal treatments on soil biological and chemical properties has

been reviewed by PCMlson (1975).

2.2.1.1 Microbial population

Application of a biocidal treatment reduces the number of

organisms in the soil, the more effective the biocidal treatment the

fewer numbers of survivors.
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Bacteria. On incubation of a soil after a highly biocidal

treatment, numbers of bacteria, which are capable of growth on

dilution-agar plate counts, increase rapidly to greatly exceed those

of untreated soil (Russell and Hutchinson, 1909; Waksman and Starkey,

1923a, 1923b; Martin, 1963; Ridge, 1976). After sane time, bacterial

IlUII'bers decline and gradually approach those of untreated soil. Data

reported by Shields et al. (l974) illustrate the usual pattern of the

response (Fig. 2.5). Treatment with CHC� reduced the number of

colonies on agar plates to less than 0.1% of that of untreated soil.

Following inoculation and incubation, a number of colonies increased

rapidly to a maximum after t� days am then declined to the

pretreatment level. Direct microscopic counts of bacter ia stained

with fluorescein isothiocyanate (FTTC) also declined after fumigation

I Standard
deviation

After inoculation

•

,d ..__--+_._-+-_..._-;-...._+-�-----'-+-<,.-1

o 2 4 6 8 14 21

D�omposition period (days)

Fig. 2.5 Bacterial numbers in Sceptre soil before and after treatment
with chloroform (Source: Shields et al., 1974).
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but neither this decrease nor the subsequent increase on incubation
:1

Iwere as dramatic as observed by colony counts on agar plates.

Jenkinson et ale (1976), employing a modification of the Jones and

�llison procedure for direct microscopy, found no evidence of

increased bacterial numbers in fumigated-incubated soil.. An explan

ation for the discrepancy between colony counts on agar plates and

direct microscopic observation was that stainable cell walls of many

of the organisms killed during ftnnigation can persist for a

severity of the biocidal treatment: the greater the initial kill, the

considerable time.

The magnitude of the changes in numbers and composition of the

bacterial population caused by fumigation is directly related to the

greater the subsequent peak in numbers (Martin, 1963). Studies have

shown that numbers of pseudcm::>nads recolonizing ftnnigated soil

paralleled increased doses of chloropicrin (Ridge, 1976) and methyl

branide (Ridge and Theo1orou, 1972).

Studies by Martin (1963) and Ridge (1976) showed that

fluorescent pseudaronads formed the major portion of the aerobic

bacterial population that developed after treatment with chloropicrin

or with a combined application of chloropicrin and methyl bromide.

Kreutzer (1965) attributed the survival of fluorescent pseudomonads to

shielding by soil organic constituents. Numbers of aerobic spore-

formers also increased but far more gradually and reached a ccmpara-

tively lower peak.

It has long been known that nitrifiers, the bacteria that

OKidize NH4+ to N02- and N02- to N03-, are particularly sensitive to

biocidal treatments. The classical study by Jean-Jacques Geophile

\
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Schloesing (1824-1919) and Charles-Achille Mtlntz (1846-1919) in 1877

provided the first firm evidence that microorganisms were responsible

for chemical transformations in soil. Nitrification in their soil

columns was interrupted by chloroform and reactivated by adding an

inoculum of untreated soil (Aulie, 1970) (see Section 2.1.1.2) •

Fungi. Fungi are more readily killed by biocides than

bacteria. Reber (1967) showed that fumigation with chloropicrin

vitually eliminated the soil fungal population for 12-18 months as

determined by colony counts on agar plates, and inoculation with fresh

soil did not affect the recovery rate. Similar findings were reported

by Lynch and Panting (1980) (Table 2.2) who showed that greater than

99% of the fungal population as determined by colony counts on agar

plates were eliminated by chloroform fumigation and failed to develop

during a subsequent 10 day incubation.

Table 2.2 The efficiency of soil fumigation with chloroform and the

pattern of microbial development after inoculation (Source:
Lynch and Parting, 1980).

Treatment
Bact:7ia Fung�
(x 10 ) (x 10 )
(colony counts g-l soil)

--------------------------------------------------------------

Unfumigated

Fumigated

Inoculated and incubated for
10 days

1.34 + 0.12

0.146 + 0.0252

5.22 + 0.437

2.29 + 0.509

0.0044 + 0.00048

0.403 + 0.663

---------------------------- ----,----

Results are expressed � standard error
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The fungal population recolonizing treated soil usually

contains fewer species than in untreated soil. Trichoderma vir ide and

Protozoa. Protozoan numbers are greatly reduced (Waksman and

PenicillLDn spp. have been nost; camonly reported as the dominant fungi

recolonizing soil (Warcup, 1951, 1976; Bollen, 1974). The ability of

T. viride to recolonize fumigated soil was attributed to its

relatively high growth rate rather than to its tolerance to biocidal

treatments (Saksena, 1960).

Actinamycetes. The effects of biocidal treatments on the soil

actinanycete 'fX)pulation have not always been as clearly shown as those

on bacteria and fungi. Generally, fumigation markedly decreases the

number of actinamycetes. On incubation, numbers develop only to the

level of the unfumigated treatment (Reber, 1967).

Starkey, 1923a) by biocidal treatments and recover slowly during

subsequent incubation. Singh and Crump (1953) reported that steamed

soil contained more protozoa than untreated soil over a seven month

period whereas soil treated with formalin contained significantly
fewer protozoa for over a year. Stout (1955) also reported that

steamed soil contained more protozoa after 100 days than untreated

SOil, but fewer species were represented.

2.2.1.2 Soil metabolism

Respiration. The main effects of biocidal treatments on soil

respiration were established in four classical papers by Darbishire

and Russell (1907), Russell and Hutchinson (1909) and Waksman and

Starkey (1923a, 1923b). When incubated, soils exposed to a biocidal

treatment show an initial lag in respiration rate, often less than in

an untreated sample, while the soil microflora recover. After a time,

\
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the respiration rate of the treated soil becomes greater than that of

an untreated sample for a few days. Subsequently, the rate of

respiration slowly decreases to approximate that of the untreated

soil. Therefore, over a short period, treated soil consumes more 02
and evolves more CO2 than untreated soil. More recent studies by

Birch (1959), Jenkinson and Powlson (1970, 1976a), Jenkinson (1966),

Powlson and Jenkinson (1976), Kudeyarov and Jenkinson (1976) and

Powlson (1980) have confirmed these early observations.

Respiration is reduced after fumigation for a period depending

on the number of organisms surviving the treatment and the presence of

an inoculum. A longer lag period and a more pronounced effect of

inoculum were observed after fumigation with CH)Br compared to CHC13,
presumably because CHJBr was more biocidal and the population respon

sible for the metal::x:llic activity had to rebuild itself fran fewer

numbers (Powlson and Jenkinson, 1976). The respiration rate over a 10

day incubation, however, was not significantly different after either

treatment. Kudeyarov and Jenkinson (1976) reported that the anount of

02 consumed during the incubation after CHC� fumigation was consis

tently greater than after CS2• The lag phase in respiration activity

was also slightly shorter after CS2 fumigation suggesting that CS2 was

a slightly less efficient biocide than CHC�.
Mineral N. Biocidal treatments caused an iImnediate increase in

the exchangeable ammonium content of soil (Russell and Hutchinson,

1909; Waksman and Starkey, 1923a; Gasser and Peachey, 1964; Jenkinson

and Powlson, 1976a) and on incubation resulted in the further accumu-

1ation of exchangeable arrrronium (Russell and Hutchinson, 1909 i Waksrnan

and Starkey, 1923a) due to accelerated mineralization of organic N.

'\
\
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The inhibition of nitrification by biocidal treatments has been

widely reported in the literature (Stark et al., 1939; Hall and Clegg,

1949 i Warcup, 1957; Dansch, 1964; Martin, 1966). Nitrifying organisms

are particularly sensitive to biocidal treatments so that organic N

mineralized accumulates as NH4
+

and remains uooxidized for long

periods (Russell and Hutchinson, 1909; Tillet, 1964; Martin, 1966;

Orayoott and Last, 1971: Ebbels, 1971; Jenkinson and Powlson, 1976a;

Pow1son and Jenkinson, 1976; Ladd et aL, 1977). Kudeyarov and

Jenkinson (1976) reported that CS2 applied at a concentration of 10 pg

g
-1

soil stopped nitrification canpletely while not appreciably

altering the N mineralization rate in a soil containing 2.93% organic

c. However, mineralization of N was affected in a soil containing

1.07% organic C.

The N03
-

content of soils after fumigation and incubation

occasionally decreases. Rapid oxidatlon of organic substrates

\
\

\

released during fumigation treatment results in an 02 demand SO large

that 02 becomes limiting and N03- is reduced, i.e., denitrification

(Waksman and Starkey, 1923a; Jenkinson and Powlson, 1976a; Kudeyarov

aOO Jenkinson, 1976; Powlson and Jenkinson, 1976). Lynch and Panting

(1980) suggested the size of the soil crumbs affected the denitrifi-

cation rates. Denitrification was observed in soil which passed

through a 6.25 mm sieve but not in a soil passed. through a 2.5 nm

sieve.

The ratio of C mineralized to N mineralized in a fumigated soil

(<=P:NF) was less than that of an untreated soil indicating that the

fraction of organic matter rendered decorposahle was rich in N

(Jenkinson, 1966, 1976). Data presented by Ayanaba et a1. (1976) for



Table 2.3 Values for c;.:� in a range of soils.
*

CF:Np Reference

20 tropical Nigerian soils showed a c;.:� ratio which was comparable

to the data reported by Jenkinson and coworkers (Jenkinson, 1976;

Jenkinson and Powlson, 1976a; Kudeyarov and Jenkinson, 1976 i Powlson,

1980) for their English soils and to unamended soils in Saskatchewan

(Voroney and Paul, 1984) (Table 2.3). Ayanaba et ale (1976) reported

that, of the parameters measured in fumigated and unfumigated soils,

the most highly correlated were C and N mineralized by a fumigated

soil.

Location Cropping

Englarrl Cropland - woodland 6.7+0.99 Powlson and Jenkinson
(l976)

Nigeria Forest - arable 5.7 Powlson and Jenkinson
(1976)

6.1+1.0 Ayanaba et ale (1976)

6.1 Powlson (1980)

Nigeria Forest - arable

England Crop - pasture

Saskatchewan C unamended 6.0 Voroney and Paul
(1984)

Saskatchewan C amended l3.0 Voroney and Paul
(1984)

* +

<X>2-C evo1ved:net NH4 -N accumulated in a fumigated soil during 10
days of incubation

2.2.1.3 Explanation of the changes in soil metabolism following
f�gat�on treatment

Fumdgation treatment briefly accelerates the decomposition of

soil organic matter during a subsequent incubation canpared to an

untreated soil. Jenkinson (1966) sumnar i.zed the theories proposed to
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explain the source for the flush of decanposition under three

categories:

1. Microbial activity is inhibited in untreated soil and

fumigation disrupts the inhibitory effect. Mechanisms postulated for

increased microbial activity observed in treated soil include

elimination of a diffusible taKin (Greig-Smith, 1911), accelerated

entry into logarithmic growth (Gooding and McCalla, 1945; Birch,

1958), differential killing of antagonist microorganisms (Russell and

Hutchison, 1909; McLaren et al., 1962; Martin, 1963). Jenkinson and

PCMlson (1976a) ruled out these explanations shCMing that the flush of

decomposition was unaffected by the presence of a large quantity of

untreated soil.

2. Physical alteration of protected substrate. Greig-Smith

(l911) postul.ated that chloroform solubilized the waxy film protecting

substrate thereby exposing waterproof, non-biomass organic matter to

decomposition. The main argument against the physical protection

theory was advanced by Jenkinson (1966). The biocidal effects of

OlC13 vapour and -y -irradiation were canpared on a non-uniformly

labelled soil and found to be similar. This strongly suggested that

both treatments, which have very different mechanisms of action,

affected the same fraction of the soil organic matter.

3. Chemical alteration of potential substrates. Unavailable

substrates can be made available in two different ways:

(a) Microorganisms are killed and lysed by the fumigation treatment

and are subsequently decomposed during incubation by the survivors

or by organisms added in the incx:::ulum (StOrmer, 1908; Waksman and

Starkey, 1923a; Jenkinson, 1966; Jenkinson and Powlson, 1976ai
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Powlson and Jenkinson, 1976). This theory has received strong

support from extensive research by Jenkinson and co-workers. They

have shown that a range of biocidal treatments including auto

claving, air-drying, irradiation, �Br fumigation, CHC13
fumigation and oven-drying, whose only comon effect was the

killing of organisms, all caused the evolution of canparable

anomts of CO2 of about the same specific activity from non

uniformly labelled soil.

(b) Non-bianass is made decceposabl.e, Shields et aL (1974) con

sidered that fumigation with CHC13 vapour, in addition to killing

organisms, also made more deccmpoaabke considerable annmts of

ron-living, biologically stable organic matter. Anderson and

temsch (l978a) studied this further by preparing stabilized

labelled microbial metabolites and fungal cells and examining the

effect of fumigation treatment on the extent to which they were

mineralized. CHC13 might be expected to cause dissolution of

stabilized residues, especially those associated with lipids.

However, CHC13 vapour did not change the susceptibility of dead

fungal cells or stabilized microbial metabolites to mineralization

in soil.

The research to date, therefore, indicates that the flush of

decomposition caused by fumigation treatment is due in large part to

the decanPOsition of organisms killed by the fumigation treatment.

contributions fran non-bicmass material would be expected to be small

and certainly not greater than the untreated soil (Jenkinson, 1966,

1976: Anderson and Domsch, 1978a).
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2.2.1.4 CH� fumigation-incubation method (CFIM) for measuring soil
bl ss

Method. The original CFIM involved exposure of a soil sample

to me13 vapor for 24 hours and then its reroval, by successive evacua

tions. The fumigated soil was inoculated with a portion of unfumi

gated soil and sufficient water was added to bring the soil to 55% of

its water holding capaciey. Both the fumigated sample and an

equivalent but unfumigated control were incubated for 10 days at 250C

and rewetting, freezing and thawing and sieving should be avoided

during which CO2 evolution was measured.

Sample preparation. Fresh soil samples taken with a minimum of

disturbance should be used (Jenkinson and Powlson, 1976b). Air-drying

because these operations may kill microorganisms or make otherwise

resistant soil C available. Moist soil cores were passed through a

6.35 rom sieve to r�e stones and plant material and used within 24 .

hours. Problems of CO2 evolution due to disturbance during sample

preparation (sieving) and the presence of fresh plant residues were

avoided by pre-incubating the soil for 10 days before bianass

measurement. It was further suggested that the CO2 evolved by an

unfumigated soil over the 10-20 day period be used as a control.

Ha,rever, Lynch and Panting (1980) reccmnended that intact (unsieved)

soil cores frem the field be used as sieving resulted in smaller

estimates of the biomass.

Incubation per iod, The CFIM is presently limited by the

inability to determine what constitutes an appropriate control for

comparison with the fumigated samples (Paul and Voroney, 1980). The

extent of attack on the native soil organic matter, plant residues and
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for each soil sample and only data, where the CO2 evolved by the

fumigated sample was greater than the control, be used. RosS et ale

microbial metabolites not associated with the living organisms during
the flush of decomposition after chloroform fumigation is not known.

A fixed 10 day incubation period was proposed because after that time

fumigated and untreated soils respire and mineralize N at similar

rates (Jenkinson, 1966: Jenkinson and poolson, 1976a).

Anderson and Dcm3ch (1978a) observed that strict use of

cumulative CO2 data as suggested by Jenkinson would lead to errors due

to the fumigated soil respiring tess both at the beginning and before

the end of the standard 10 day incubation period. To avoid these

errors, they suggested that net respiration curves should be prepared

(1980) had two further suggestions: (1) the total aroount of CO2
produced by a fumigated soil be determined fran the start of the

incubation until the respiration rate is the same as the untreated

soil, and (2) the amxmt; of CO2 produced by an untreated soil be

determined when its rate of production is constant. However, the

flush of respiration caused by fumigation calculated with these

m:Xiifications was very similar to that calculated using Jenkinson's

formula employing a fixed incubation period.

Parameters measured. Respiration during the incubation after

C8C� fumigation has been measured as 02 consumption and CO2 evolution

(Jenkinson, 1966; Jenkinson and pow1son, 1976a, 1976b; powlson and

Jenkinson, 1976). 02 is used in the oxidation of organic matter

released by fumigation treatment but if denitrification occurs, 02
consumption will be reduced (Jenkinson and Pow1son, 1976a). CO2
evOlution has more ccrrm:::>n1y been measured as it can be directly



for measuring the developnent of bicmass in the presence of

14C-labelled substrates (see Section 2.3) •

Organic N mineralized during the incubation after CHCl:3
treatment accumulates as NH4+ whereas that of an untreated soil is

nitrified (Jenkinson and Powlson, 1976a). Ayanaba et ale (1976)

calculated the net N mineralized as a result of fumigation treatment

by subtracting the net N mineralized (exchangeable NH4
+

+ N03-) in an

untreated soil fran that in a treated soil. Ladd et al. (1981a),

however, determined the net N flush by subtracting the mineral N in

the soil before fumigation from that at the end of the incubation.

With the fumigation method, the net N mineralized should be the

related to the mineralization of bianass C. This is especially useful

most accurate measure of biomass as the ratio of N mineralized by a

fumigated soil: N mineralized by an unfumigated soil is much greater

than the corresponding ratio for either CO2 evolved or 02 consumed

(Ayanaba et aL, 1976). The problem of what value to use as a

control, therefore, is not as critical as that for C •

.!5c and �. The propor tdons of microbial bianass C and N

mineralized during the 10 day incubation after CHC13 fumigation (kC
and �) have been derived experimentally employing organisms produced

in vitro and in situ (Table 2.4). The basic assumption in the methods

used to determine kC and � is that the rate of degradation of tested

organisms is characteristic of native soil organisms. 'I"-No related

factors which may affect this assumption include the age of the

organisms and their C:N rato. The former would affect the proportion

of microbial C mineralized while the latter would affect the net N

mineralized.
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Table 2.4 Values for kC and � for so i.L organisns.

--------------------------------------------------------------------------

Amendment
(number of
species)

C:N Incubation conditions

Proportion of the

microbial biomass
mineralized

---------------------- ----------------------

Range Mean T�rature Duration
( C) (days)

kC
References

�
---------------------------------------------------------------------------------------------------------

Bacteria:
" "

----' 1 4.6 22 10 0.32 0.31 Marwooto et a1. (l982a)
2 3.7- 5.5 4.6 28 7 0.41+0.08 0.46+0.10 Nicolardot (1981)
5 - 25 10 0.57+0.00 0.4oIo·07 Mc1-t. Adams and Laughlin

(1901)
11 22 10 0.32+0.09 n.d. Anderson and Dcrnsch (1978a)
7 3.5- 4.2 3.0 25 10 0.47+0.10 0.54+1.06 Jenkinson (1976)

FUngi:

22 0.43+0.07
" "

3 9.2-1l.a 10.4 10 o . 19tO .09 Marumoto et al. (1982a)
2 7.5- 7.7 7.6 28 7 0.40+0.07 0.25+0.08 Nicolardot (1981)
2 - 25 10 0.45- iniID- Mc1-t. Adams and Laughlin

bllized (1981)
16 - 22 10 0.44+0.05 n.d. Anderson and Dansch (1978a)
2 12.1 25 10 0.55- -0.13 Jenkinson (1976)

IIctlfDl!YOetes:
" "

1 4.6 22 10 0.]7 0.27 Manunoto et al. (l982a)
1 4.3 28 7 O. ]9+0 .00 0.49+0.03 Nicolardot (1981)
1 - 25 10 0.57- 0.50- Mc1-t. Adams and Laughlin

(1901)
1 - 22 10 0.49tO.06 n.d. Anderson and Dansch (1970a)
1 4.4 25 10 0.60- 0.53 .Jenkinson (1976)

Yeast:

2 - 25 10 0.57 0.]1 MeM. Adams and Laugh lin
(1981)

2 6.4 25 10 0.44 0.08 Jenkinson (1976)

NematDdea: <1.5 25 10 0.51 0.54 Jenkinson (1976)

In situ:

C UQclllKm:led 20 10 0.30 VorOiley and Paul (1984)
C amended 0.41 0.20 Voroney and Paul (1984)

----------------------------------------------------------------------------------------------------

..

Interpolated data



The C content of soil organisms is less variable than the N

content (MCGill et al., 1981). The C:N ratio of fungi generally is

considered to be higher and more variable than bacteria (Heck, 1929;

Herbert, 1976). The C:N ratio of individual organisms is not constant

but fluctuates with growth rate and availability of nutrients

(Herbert, 1976; Hunt et al., 1977).

AnderSOn and oamsch (l980) reported that the concentration of

glUcose �n the nutrient broth affected the amounts of C and mineral

elements incorporated by the mycelia of several different fungal

iSOlates. Fungal mycelia grown in medium containing 1.0 g glucose L-l

had a C content of 31.7% and a C:N ratio of 7.14. Increasing the

glUcose concentration in the medium by 10 times increased the C

content of the mycelia to 37.3% with a C:N ratio of 8.33. Because C

Microorganisms becane less decanposable with age. Hurst and

Wagner (1969) and Meyer (1970) reported that the proportion of melanin

in melanic fungal cell walls increased with age which inversely

affected their decanposability; Malik and Haider (1982) have recently

concluded the same. Further, as the ratio of cell wall:cytoplasm

increases with age and cytoplasmic components are more readily d�

posed than cell walls (Verma and Martin, 1976; Marurroto et al.,

1982a), the overall proportion of readily mineralizable microbial

tissue walld also be affected with age. Anderson and Dansch (1980)

used fungal cultures that were harvested in the early stationary phase

of growth. Fungal cultures of this physiological age contain large

POp.llations of cells and also small populations of both young and

senescent cells, and would be presumably similar to the fungi found in

SOils.



The relative contributions of fungi and bacteria to the soil

microbial bianass \to.lld have to be considered in order to calculate an

overall weighted kC and � for the soil p:>pUlation. This is due to

significant differences in the proportions of fungal and bacterial

tissue mineralized during the CFIM. Several investigators using a

wide range of methods including direct microscopy (Clark and Paul,

1970; Shields et al., 1973: Flanagan and van Cleve, 1977: Nannipieri

et al., 1978, 1979), selective inhibition (Anderson and Damsch, 1973,

1975: Vancura and Kune, 1977; Paeschke and Heitefuss, 1978; parkinson

et al., 1978; Damsch et al., 1979) and a combination centrifugation

microscopy (Faegri et al., 1977) have found that fungi daninate

microbial biomass in most soils. A fungal:bacterial biomass ratio of

3:1 is generally considered representative of agricultural soils

(Shields et al., 1973; Nannipieri et al., 1978: Anderson and Domsch,

1980) •

is generally considered to be the limiting nutrient in soils, Anderson

and Dansch selected the C and mineral. values for fungal cells grown on

the b«> lower concentrations of glUCOse as indicators of soil fungi.

The mean values for these fungi were 33.2% C and 4.57% N (C:N ratio =

7.3) •
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3.1 Crop Residue Decomposition Studies

3.1.1 Nature of soils and crop residues

3.1.1.1 Soils

The laboratory study of the decanposition of maize straw

residue was carried out on a Bradwell fine sandy loam. Ten Year field

studies of cereal crop residue decomposition were initiated in 1968 on

a Sceptre clay and a Waitvi1le loam. Further studies utilizing

glucose and cereal straw amendments were Dnp1emented in 1971 on the

Sceptre field site (seven year study). Field sites, to determine the

effect of management on cereal crop residue decomposition during four

years and over a single season, were located on a Bradwell fine sandy

loam, a Naicarn loam and a Waitville loam. These soils span the

textural range and include semi-arid Chernozems to sub-humid Luviso1s.

Selected chemical and physical properties of these soils are reported

in Table 3.1. The general climatic conditions prevailing at the field

sites are reported in Table 3.2

3.1.1.2 Establishment of field sites

Ten and seven year field studies. A detailed description of

the establishment of these experiments and same of the early results

have been reported by W.B. McGill (1971) and J .A. Shields (l972).

Fallow fields of level topography were selected for the 10 year study.

Four replicate plots 3 m square were set out and the agricultural

practices of the area were simulated. Microplots to contain the

labelled crop residues were prepared by pressing aluminum cylinders

(30 em diameter x 25 em length) into the center of each plot to a

depth of 20 em.
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Table3.1 Properties of soils in crop residue decomposition studies.
---------------------------------------------------------------------------------------------------
Experiment Soil

Nearest
conmunity

Legal
location Classification % C % N 15 ..

N

Laboratory study:
�'Decomposi tion of Bradwell fine Kyle SW28-20-13-W3 Orthic Dark Brown 2.05 0.24 0.37008maizeresidues sandy loam
during 150 days

Fieldstudies:
--

Decomposition of Sceptre clay Bradwell SW28-32-2-W2 Rego Brown Chernozem 2.73 0.24 0.3722wheatstraw during
(Ar id ic Boroll)7and10 years

Waitville loam Dark Gray Luvisol 2.46 0.21 0.3702
(Boralfic Boroll)

Decomposition of Bradwell fine Orthic Dark Brown 2.82 0.278 0.36916barleycrop residues sandy loam Chernozem (Typicduringa single
Boroll)cropping season and

overfour years Naicam loam Annaheim NW33-38-20-w2 Orthie Black Chernozem 4.88 0.437 0.36855
(Udie Boroll)

Waitville loam Nut Mountain SW4-38-10-W2 Dark Gray Luvisol 2.50 0.197 0.36809
(Mollie Boralf)--------------------------------------------------------------------------------------------------------------------*Natural 15 atom % abundance in total Kjeldahl N
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Table 3.2 Climatic conditions
*
at field sites.

Soil
Parameters

Sceptre Bradwell Naicam Waitville

Terq;>eratures
July mean, °c 19.4 18.9 17.8 17.2

0
-14.4 -17.2 -18.9 -19.4January mean, C

oegree-days above SoC 1526 1387 ll79 lilO

Frost-free per icd (days) 110 105 85 80

Start of the growing season Apr. 18 Apr. 24 Apr. 28 Apr. 30

End of the growing season Oct. 16 Oct. 10 Oct. 8 Oct. 7

M:>isture (an)

Annual precipitation 33 36 38 43

May-Sept. precipitation 20 23 25 28

Potential evapotranspiration 58 53 53 51

AnnUal water deficiency 23 18 13 13

* .

Estimated fran data in chapman and Brown (1966)

Additional field plots for the seven year study were esta-

blished on the Sceptre soil empl�ing a similar plot design. Wheat

had been grown on the site during the previous year and the plow layer

soil was undisturbed prior to initiation of the experiment in spring

(May) •.

Four year field study. Sites were selected on level stubble

fields in May and eight 6 m square plots were set out to provide four

replicates for each of the b40 management practices : continuous

cropping and a crop-fallow rotation. Microplots were prepared from

steel cylinders (30 em diameter x 90 em length) pressed into the soil
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to a depth of 80 em. The plots and microplots were seeded to bar ley

and fertilized with N (40 kg N ha-l) and P (40 kg P205 ha-l) in

preparation for initiation of the study in fall.

3.1.1.3 14C_, lSN-labelled crop residues

The chemical characteristics of the crop residues are reported

in Table 3.3.

14 15 '

'dC-, N-m,uze reSl ues. The labelled maize residues utilized

in the laboratory incubation study were supplied by Dr. L.H. S¢rensen

(Riso National Laboratory, Agric. Res. Dept., 4000 Roskilde, Statens

Forsogsstation, Hornum, Denmark). Maize plants were grown to ear set

in a phytotron under hydroponic conditions in an atmosphere containing

14002• The harvested residues had a C:N ratio of 40:1. The residues

were dried and chopped to <2 mm.

l4C_, 15N_ wheat straw. Labelled wheat straw residues for the

ten and seven year field studies were produced fram plants grown to

seed set (90 days) in a growth chamber containing soil fertilized with

K15m3 and an atrrosphere enriched with 14C02• The growth chamber

consisted of a clear plexiglass canopy (75 em diameter it 85 em height)

sealed to a metal base (20 em height) which contained the soil. A gas

circulation system was connected to the growth chamber to provide and

maintain a constant concentration of 002 of uniform specific activity
in the atmosphere of the growth chamber. The C:N ratio of the wheat

straw residues was 20.3:1. This ratio is considerably narrower than

that of mature field grown wheat crop residues (80-140:1). The wheat

straw was chopped to <2.5 em pr ior to addition to the soil.

l4C_, 15N barley crop residues. Uniformly 14c_, 15N-labelled
barley plants for the four year study were produced in two crops
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�able3.3 14C_, 15N-labelled crop residues.

i-----------------------------------------------------------------------------------------------------------------------C N 14C 15N Duration of Rate of additi�nNatureof crop residues (Percent) (Bq pg-l C) (atom % abundance) experLment (�g crop residue g- soil)--------------------------------------------------------------------------------------------------------------------�
L�ratory study:
�ize- leaves + stalks
�' 40.5 0.983 3.70 27.3529 150 days 1337

Fieldstudies:

Wheatstraw Sceptre waitville
38.3 1.88 2.96 3.9072 ten years 1974 1880

seven years 2629

Barleycrop - Straw + roots
four years Bradwell Naicam WaitvillECrop1 34.7 2.50 6.20 7.1898 3040 914 0Crop2 36.3 2.55 3.96 6.8535 0 2011 2258

Barleystraw
single season

Crop1 36.2 2.66 1.05 1.86528 197 243 189Crop2 32.4 2.74 1.32 0.62804 254 313 243

-------------------------------------------------------------------------------------------------------------------------
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employing a slightly no:Ufied procedure fran that utilized in the

production of labelled wheat plants. The two crops of barley were

seeded into an Asquith soil which had been fertilized with a mixture

15 15 -15 -1 'I andof NH4 N03' Ca( N03) 2 and r N03 at a rate of 75 pg N g SOl

�P04 (50 ).1g P205 g-l soil). After the plants were 15 em high (twO

weeks growth), a plexiglass canopy was set in place and the plants

were exposed to an atm::>sphere of 14co2• The concentration of CO2 in

the growth chamber was maintained at 0.03-0.067% with a specific

activity of 5.55 Bq ).19-1 C for the duration of the 9r� period. The

plants were harvested just before setting seed, dried and chopped to

<2 em. The barley residues produced, which included shoots and roots,

had a C:N of 14:1. These plant residues were considerably richer in N

with less structural components than in mature, field grown barley.

14c_, 15N-barley straw. 14c_, 15N-labelled barley plants for

the single season study were produced
.

in � crops as previously

described. The plant tops were harvested after six weeks, dried and

chopped to <2 em.

3.1.2 Laboratory study: maize crop residues

The decomposition of maize crop residue in a Bradwell soil was

studied in the laboratory over a 150 day incubation period. Pre-

incubated soil (34 kPa rroisture tension) was amended with maize

residue at a rate of 542 ).19 C and 13 .. 1 ).1g N g-l soil. TWo treabnents

were incubated under aerobic conditions, one with maize residues on

the soil surface, the other with residues incorporated. A third

treatment measured decomposition of incorporated maize residues under

waterlogged conditions maintained by keeping five em of water above

the soil surface. The amended soils 'Here incubated in the dark at a
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temperature of 20-230C.

Duplicate samples of each treatment were incubated in closed

2 L desiccators to allO#1 collection of CO2 by absorption in Na<JH and

its determination by titration. Soil water loss was corrected for by

addition of deionized water to bring the sample to its initial weight.

02 tension would have decreased by <1% between sampling periods and

was restored when the desiccators were opened to change the NaQH

solution. CO2 evolution was determined every two days for the first

five weeks of the incubation after which measurements were obtained at

weekly intervals. Exchangeable NH4+-N and N03--N were determined

weekly for the first four weeks and after 45, 60, 90, 120 and 150 days
of incubation. Microbial biomass C and N were also determined at

these time intervals in the treatments incubated under aerobic

conditions.

\

3.1.3 Field studies

3.1.3.1 Ten year: wheat straw

Wheat straw residues were incorporated into the plough layer

soil in July. The upper 15 ern of soil was removed fran the micro

plots, canposited, mixed well and passed through a 6 Iran sieve.

Weighed portions of moist soil were mixed with labelled wheat straw

(16.35 g residue in 8.283 kg Sceptre SOil and 16.35 g in 8.697 kg

Waitville soil oven dry basis (008) and returned to the microplots.

The initial concentrations of labelled-C and �� in the rnicroplots were

756 �g C and 37.1 �g N g-l soil at the Sceptre site and 720 �g C and

35.3 �g N g-l soil at the Waitville site.

The plots and microplots were maintained in bare fallow during

the remainder of the first growing period and the cropping rotation
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started the following spring. The microplots and plots were seeded to

wheat at 100 kg ha-l (22 seeds per microplot) and managed conven-

tionally in the crop rotation sequence shown in Table 3.4.

3.1.3.2 Seven year: wheat straw, glucose

Additional microplots were established on the Sceptre soil to

c:rnpare crop residue decattpJsition under surrrnerfallow arrl crop

employing a technique similar to the 10 year field study. Microplots

Table 3.4 Crop rotations in field crop residue decomposition studies.

Crop year 1 2 3 4 5 6 7 8 9 10 11

Ten year study:

Sceptre Fl r}- W W W F W W F W W

Waitville F W W W W F W W W W W

SENen year study:

Sceptre 1 F W F W W F W W

2 W W F W W F W W

Falr year study:
Bradwell 1 F B F B

2 B3 B B B

Naicam 1 F B F B

2 B B B B

Waitville 1 F B F B

2 B B B B

-----

�allOW
�eat crop
\arley crop

\
\
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were amended wit., wheat straw (1007 jl9 C and 49.4 pg N g-l soil) in

May. During the first season one-half of the microplots were cropped

to wheat while the remaining microplots were fallowed. The microplots

were treated similarly for the remainder of the study (Table 3.4) •

nIplicate microplots were also set out in the fallowed plots to

compare decomposition of a glucose plus NH4N03 amendment to wheat

straw under a similar crop rotation (treatment 1). l4C-labelled
*

.

� B H

glucose was added at a rate of 937 }lg C g
-1 soil and NH4 N03 at

37.3 Jl9 N g-l soil.
3.1.3.3 Four year: barley crop residues

Barley crop residues were added to the soil contained by the

microplots in mid-Qctober. The plough layer or upper 8-10 em of soil

was rexroved fran seven of the eight microplots, conpoai ted and sieved.

A 10 mesh nylon screen was placed in each microplot to separate

amended fran nonamended soil and to ensure a uniform subsarqpling depth

during the study. Weighed quantities of mist soil-barley residue

mixture were returned to each microplot (Table 3.4). The eighth

microplot in the crop-sumnerfallow treatment was left unamended.

The following May each cropped treatment was seeded to Bonanza

barley at 60 kg ha
-1

(22 seeds per microplot) and the plots fertilized

with N and P according to soil test recommendations; microplots were

not fertilized. Weeds were controlled by tillage during the fallow

year and with herbicides in the crop year. These management practices

were continued at the three sites for four seasons.

*4.33 Bq }-lg-l C

**5.4282 l� atom % abundance

\



The decomposition of immature barley residues was examined over

3.1.3.4 Single season: barley straw

a growing season (May 3 I-Aug • 30) on the third season of the four year

study. Microplots consisting of aluminum cylinders (20 em diameter x

36 em length) were set between the existing microplots at the three

field plots. The rate of addition of barley residue to the microplots

is reported in Table 3.3. Management and field techniques followed

that of the four year study.

3.1.4 Field sampling procedures and analyses

Soil samples were obtained in the spring prior to seeding and

in the late fall after harvesting. The soil containing the added

labelled straw was passed through a 2 rran sieve and a 100 g sample

obtained. Samples were maintained at ambient temperature during

transportation to the laboratory. They were frozen (-400C) within 12

hours of sampling, freeze-dried and ground to finer than 100 mesh for

C and N analyses.

The above ground crop was harvested near maturity in mid

August. Plant samples were oven dried (600C), threshed and ground to

finer than 60 mesh for N analysis. In the four year study, unlabelled

straw from the surrounding plots was returned to the microplots to

replace that harvested.

3.2 Assessment of the caC13 Fumigation-Incubation Method

3.2.1 Quantitative and qualitative analyses of the microbial
popllation

The microbial population surviving mCl3 fumigation was

determined using the dilution-agar spread plate technique. A Bradwell

sandy loam soil used earlier, and an OXbow loam (3.4% C and 0.33% N)
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Orthic Black Chernozemic soil were used. The canponents of the micro

bial population examined included total bacteria, fluorescent pseudo

monads, spore-forming bacteria, actinomycetes, fungi and protozoans.

Analyses were performed on unfumigated soil, soil immediatedly after

24 hours of fumigation treatment, and after two days of incubation

following fumigation.

Total bacteria and spore-formers were evaluated on 0.3%

trypticase-soy agar plates, fluorescent pseudcmonada on NPa: agar

(SiIron et al., 1973) , actinanycetes on actinanycete isolation agar and

fungi on Czapek-Dax agar. The composition of the media is listed in

Appendix 1. Ten grams (000) moist soil were mixed with 95 mL sterile

tap water in a Waring blender for 1 min followed by serial 1/10

dilutions in 0.01 M Tris HCl buffer. An inoculum of 0.1 mL was added

to each plate in triplicate and spread under asceptic conditions. The

isolation plates were incubated at 25°C-and were counted after appro

priate incubation periods: bacteria, 3 days; actinomycetes, 7-10

days; fungi, 7 days; fluorescent pseudomonads, 2-3 days.

Soil protozoans were determined by the most probable number

method (Clark and Beard, 1965). Enterobacter aerogenes was used as

the host culture for protozoan feeding. A washed suspension was

spread on the agar surface within each isolation ring to form a patch

about 1 em in diameter. The rings were inoculated with 0.1 mL soil

dilution. The plates were placed inside plastic bags together with a

beaker of water to reduce drying, and incubated at 2SoC for three

weeks. Sterilized water was added to the rings as required. The

presence of protozoan activity in each bacterial ring was determined

by observation under a stereo microscope.
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3.2.2 Microbial activity

The microbial activity in CHC� fumigated and unfumigated soils

was assessed from the rates of mineralization of C and N.

3.2.2.1 Mineralization of C and N

The rate of CO2 evolution and mineral N (NH4+ + N03-) accumu

lation in a aIe13 fumigated and unfumigated l4C_, �-labelled
Bradwell soil was measured daily during 20 days of incubation. The

soil was labelled by amendment with l4C-labelled glucose (200 pg C g-l
soil) and lSN-labelled RN03 (150 pg N 9

-1
soil), and incubated for 32

days prior to fumigation. Each treatment consisted of triplicate

The nature of the metabolically active microbial population

samples of lOOist soil (100 9 OrB) in 150 mL beakers.

3.2.2.2 Use of selective microbial inhibition to differentiate
bacterial and fungal respiratory activlty

during the incubation after CHe13 fumigation was examined based on the

procedure of Anderson and Dansch (1973). The bacterial and fungal

components were differentiated by the selective use of antibiotics.

CO2 production by bacteria was inhibited with streptomycin sulphate

(1000 ).1g g
-1

soil) and by fungi with actidione (2000 p.g g
-1

soil).

The inhibitors were diluted with talc and shaken with soil (1:100 w/w)

in an inflated plastic bag. The soil was then fumigated with CHe13
vapour for 24 hours and 002 evolution was measured daily in duplicate

samples over 10 days of incubation.

3.2.2.3 Amendment with defined compounds

The metabolism of a wide range of defined chemical compounds of

varying canplexity including amino acids, organic acids, lipids,

carbohydrates and aromatic acids, �NaS canpared in a CHC13 fumigated

\



and unfumigated Bradwell soil. Unlabelled analytical grade compounds

were mixed with talc (1: 1 w/w), (Anderson and oansch, 1978b), and

added -1 'Ito rooist soil to supply frem 1000 to 2000 pg C g SOl.

Control samples for the fumigated and unfumigated treatments were

amended with talc only. CO2 evolution and exchangeable NH4
+ and N03-

were determined after 2 and 10 days of incubation (280C).
3.3 Determination of kC and �
3.3.1 Amendment with bacteria and fungi

Pure cultures of microorganisms including four bacter ial

species and ten fungal species were produced in vitro. The harvested

microbial biomass was mixed with talc (1:1 w/w) and added to moist

Bradwell soil at a rate of _500 jlg C g-l soil. The soil was fumigated

with CHC13 and the amount of microbial C and N mineralized after 10

days of incubation were measured.

...,__ , 50

Production of microbial biomass. The fungi were grown on

rnalt-yeast-soytone broth in still cultures and harvested after six

days. The mycelia were filtered onto a 300 mesh sieve, washed with

distilled water, freeze-dried and ground to finer than 20 mesh.

Bacteria were grown on glucose-yeast nutrient broth in shake

batch cultures and harvested after three days. The bacterial biomass

was concentrated and washed by repeated centrifugation (10,000 g x 12

min, 200C) and freeze-dried. The canpositions of the media are

reported in Appendix 2.

3.4 Analytical Procedures

3.4.1 Total and l4C-labelled soil C

Total C in soil was determined by dry combustion (McKeague,

1976) slightly modified to allC7N measurement of l4C content. The CO2

'\
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liberated upon combustion of the soil C was absorbed in 0.5 M NaOH.

After sample combustion and prior to washing the Naoa-C02 absorption

tower, duplicate 1 mL samples of NaoH scrubbing SOlution were obtained

using a micropipette for 14C analysis by liquid scintillation

counting. Unreacted NaCH W-ClS titrated with standardized Hel using

phenolphathalein as an indicator after precipitating the carbonate

wi th BaC12• Greater than 96% of the C in standards was recovered by

the procedure.

l4e-labelled C. The sample of NacH/N� l4C03 was placed in a

glass scintillation vial together with 1 mL deionized water and 20 rot

scintillation cocktail (Scintiverse, Fisher), sealed with a foi1-

backed plastic cap and swirled in a vortex mixer until clear. All

level of 2%, or for 10 minutes.

3.4.2 Kjeldahl N: Total and �-labelled N

Analysis of total N was conducted on soil and plant samples

using a m:rlified version of the semi-micro Kjeldahl technique

(Bremner, 1965). Kjeldahl digestion in a block digestor for four

hours at a temperature of 3600e was used to convert all organic N to

the amronium form. Ten milliliters H2S04 (conc.), 3 g �ered K2S04:

CUS04.5�O (30:1 by weight) and a selenium catalyst in the form of one

selenized Hengar granule were used in the digestion of each sample.

After dilution, the ammonia was liberated from digests by the addition

of 40% NaOH (w/v) and steam distillation into 4% alcoholic boric acid

(w/v) • Cross contamination was avoided by distilling 20 mL of 95%

ethanol (w/v) after each sample to flush the distillation head and

samples were dark adapted for 12 hours and counted in a Beckman 18

9000 liquid scintillation spectrometer set to count each sample to a 2 0



attached to a high vacuum manifold unit am evacuated. Lithium

+
hypobromite (LiCBr) was added to oxidize the NH4 to N2 (Ross and

Martin, 1970). The gaseous sample was transferred, using a Toepler

tunP, to a gas storage bulb. These vessels were then attached to the

condenser. The distillates were titrated with 0.05 M H2SO4 to pH 4.8.

15N-labelled N. In preparation for mass spectraneter analysis

of � atom % abundance, the samples from the Kjeldahl titration were

concentrated to <1 mL in an oven at 60oC. The samples were

transferred to a vial (15 nm x 85 mm pyrex culture tubes) using a

disposable Pasteur pipette and oven-dried (60oC). The dried NH4+-N
salt was converted to N2 gas using a modification of the conversion

system described by Porter and O'Deen (1977). The sample vial was

inlet manifold of the Micranass 602 E mass spectraneter.

3.4.3 CO2-C evolved: Total and l4C-labelled CO2

CO2 evolved during incubation studies was absorbed in 20 mL of

M NaOH. One milliliter of the NaOH/N�14C03 solution was r�ed

using a micropipette for l4C determination by liquid scintillation

counting. CO2 absorbed in NaoH was measured directly by titration of

carbonic acid with standard 0.05 M Hel in the presence of carbonic

anhydrase (Bovine erythrocyte carbonic anhydrase (3000 �A units mg-l
-1

protein), Sigma Chemical Co., [1 reg mL ] (UndenJOOd, 1961}). The

solution was brought to a pH of about 10 by drop-wise addition of 1 M

HCl, five drops of carbonic anhydrase were added, and then the pH was

lowered to 8.3 by titration with 0.05 M HCl. The solution was then

titrated with standard 0.05 M HCl to determine the volume of acid

needed to decrease the pH of the solution fran 8.3 to 3. 7 .

\
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3.4.4 Exchangeable NH
4
+
- and N03

-

-N: Total and 15N-labelled N

Exchangeable NH4+- and N03--N were determined in a 2 M KCl

extract of 50 g soil (1:2 weight of soil:volume of extractant) using

the Technicon Autoanalyzer II system (Industrial Method No. 325-7W and

NO. lOO-70W) for NH4
+

and N03-, respectively. Samples for l�

analysis were steam distilled with MgO and Devarda' s alloy-MgO

(Bremner and Keeney, 1966).

3.4.5 Microbial biomass C and N

Microbial C and N were measured using the CFIM (Jenkinson and

Powlson, 1976b).

3.4.5.1 CHC� fumigation and incubation procedure

Four replicate portions of fresh sample containing 50-100 g

soil (000) were placed into 150 mL beakers for duplicate measurements

Soils were fumigated in a 2 L glass vacuum desiccator lined

fran fumigated and unfumigated samples.

with moistened paper towels, by exposure to freshly prepared ethanol

free CHC13 vapours for 18-24 hours. After this period, samples were

transferred to a clean vacuum desiccator and all residual CHC� vapour

was rerroved fran the soil by repeated evacuation employing first an

aspirator pump followed by a two stage rotary oil pump capable of

drawing a vacuum of 10-5 kPa (15-20 min evacuation). Moisture lost

during evacuation was restored by addition of distilled water.

Fumigated and unfumigated samples were placed in 2 L wide Il'OUth

glass jars (I�son) together with a 100 mL plastic vial containing 20

mL of M NaOH to absorb evolved CO2• Each container was sealed with a

fresh rubber lined lid and incubated for 10 days at 20oC.



where ke - is the fraction of microbial e mineralized to CO2 over the

10 day incubation per iod, am equals 0.41 at 220C (Anderson

and Dansch, 1978a).

3.4.5.3 Microbial N

54

3.4.5.2 Microbial e

Microbial C was calculated fran the anounts of C02-C evolved

from fumigated and unfumigated samples during the 10 day incubation

period. � methods of calculation were employed:

(1) Microbial C = (<X>2-C evolved from ftnnigated soil minus C02-C
evolved fran unfumigated soil) Ike (Jenkinson, 1966)

(2) Microbial e = 0)2-C evolved fran fumigated soillkC (Voroney and

paul, 1984)

Microbial N was calculated fran the net accumulation of

exchangeable NH4
+
-N (exchangeable NH4

+
-N accumulated in the ftnnigated

sample at the em of 10 days of incubation minus the exchangeable

NH4+� in the sample before fumigation treatment)� as proposed by

Voroney am Paul (1984) (see Section 5.6.4) •

3.4.6 Statistical analysis

Statistical analysis of the data were performed using prepared

prcgrams obtained fran the Hewlett Packard Applications Programs

manual (1975).
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4. RfSIlT!IS

4.1 Maize Residue Decomposition in the Laboratory

Crop residues returned to the soil provide substrate C for

microbial growth. Growth and decay of the microbial biomass directly

affects internal nutrient cycling through immobilization and

mineralization reactions. The objectives of this experiment were:

(1) to compare the rate of decomposition under an aerobic incubation

be that under waterlogged conditions, (2) to determine the effect of

placement on the rate of decanposition of crop residues, (3) to

measure net irItrobilization and mineralization of soil N during

decanposition of crop residues, and (4) to measure product.ion of

microbial C and N derived fran crop residues and stabilization of

microbial producta, This research was carried out in cooperation with

Chantana Siripaibco1, a visiting scientist fran Thailand.

4.1.1 Mineralization of labelled C

The mineralization of labelled C in soil amended with maize

residue and incubated under aerobic and waterlogged conditions

followed a biphasic pattern during the course of the incubation study.

Initially labelled C deccmposed rapidly with a slowing of the rate

after 70 days of incubation (Fig. 4.1).

The mineralization curves were analyzed, assuming first order

reaction rate kinetics, by applying exponential regression statistics

and curve peeling techniques. An example of the use of this method to

facilitate the splitting of the decanposition curve into its

canponents is shown in Fig. 4.2. A sumnary of the parameters Obtained

by analyses of the mineralization curves from the three treatments is

reI;Orted in Table 4.1.



Fig. 4.1 Effect of residue placement and aeration o£4 the !�lled C
remaining in a Bradwell soil amended with C-, N-labelled
maize.
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Table 4.1 First order reaction rate parameters for mineralization of
labelled C.

Labelled C Specific net Tl
-

Nature of incubation canponent decay rate (day� or

(percent of cons�t years)
added residue C) (day- )

Aerobic

Surface-placed C-l 5 2.1 x 10-1 3 d

C-2 47 4.0 x 10-2 17 d

C-3 48 1.5 x 10-3 1.31 yr

Incorp:>rated C-l 15 3.9 x 10-1 1.8d

C-2 42 3.4 x 10-2 21 d

C-3 43 1.0 x 10-3 1.82 yr

Waterlogged C-l 30 1.8 x 10-2 38 d

C-2 70 1.5 x 10-3 1.31 yr

Aeration drastically altered the dynamics of the labelled C

mineralization-stabilization reactions. Crop residue placement under

the saturated atmosphere of the desiccator showed more subtle

differences. Both aeration and residue placement affect the bio-

chemistry of decomposition and associated physical-chemical reactions.

The mineralization curves showing the labelled C remaining in

soil incubated under aerobic conditions were separated mathematically

into three components. Where crop residues were incorporated,

component C-l accounted for 15% of the labelled C with k = 3.9 x 10-1

day-1. This component was three times larger in size and decayed two

times faster than the same component of the surface-placed treatment.

Incorporation, with closer contact between soil and added residues



the short term. However, the specific net decay rate constants of

provided both a greater microbial inoculum and a source of extra

cellular enzymes to enhance mineralization reactions. Microbial

colonization of surface-placed residues largely depends on the growth

of fungal hyphae. The relative humidity was maintained at a

saturation level in the closed incubation containers, preventing the

desiccation of surface-placed residues.

Incorporation also resulted in a 10% reduction in the size of

the C-2 and C-3 components as a result of enhanced mineralization in

these canponents 'Were 18-50% lower than those obtained in the surface

placed treatment. These data indicate that, in the longer term, decay

of labelled microbial products was slowed by stabilization reactions

conditions canpared to aerobic conditions. Under waterlcgged

with soil constituents.

Mineralization of labelled C under aerobic conditions could be

described by the following equations. -The high r2 values indicate

that values predicted by the equations were closely correlated to

observed values.

(i) Surface-placed:

Percent labelled C
remaining at time t (days)

-1 -2 -3
= 5e-2•1x10 .t

+ 47e-4.0xlO .t + 48e-l.5xlO .t

(r2 = 0.97)

(il) Irx:orporated:

Percent labelled C
remaining at time t (days)

-1 -2 -3
= 15e-3.9xlO .t

+ 42e-3.4xlO .t + 43e-l.OxlO .t

2
_(r - 0.98)

Deoalposition of labelled C was much slower under waterlcgged

\



Percent labelled C

remaining at time t (days)

-2 -3
= 30e-l.8xlO .• t + 70e-l.5xlO .t (r2 = 0.96)

)

conditions a restricted POPllation of anaerobic bacteria would be

active and, during the mineralization process, they would excrete a

variety of low molecular weight canpounds in addition to fully

oxidized CO2• Microbial decomposition of aromatic compounds requires

oxygen for ring cleavage and under waterlogged conditions this

reaction would be drastic�y reduced.

Two labelled organic C components were distinguished from the

mineralization data obtained fran the waterlogged incubation.

Component C-l accounted for 30% of the labelled C initially added and

decayed with k = 1.8 x 10-2 day-I; C-2 accounted for the remainder of

the labelled C and decayed with k = 1.5 x 10-3 day-I. This was

equivalent to that obtained for the C-3 ccmponent; of the surface

placed treatment. Mineralization of labelled organic C under water-

logged conditions can be described by the equation:

4.1.2 Mineralization of labelled N

The labelled organic N remaining in the soil during the

incubation was calculated by subtracting the accumulated labelled

mineral N from the added residue (Fig. 4.3). Net mineralization of

labelled N was more rapid initially in the waterlogged treatment but

less was mineralized in the long term. Where residues were inoor-

porated and incubated under aerobic conditions, a higher net

mineralization of labelled N resulted, although the results were not

significantly different (P <0.05) •

The labelled N mineralization curves were separated into two
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Fig. 4.3 Effect of aeration on the l�llrg organic N remaining in a

Bradwell soil amended with C, N-labelled maize.
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canponents (Table 4.2): N-l in the aerobic incubation accounted for

24% of the added labelled N with k = 3.0 x 10-2 day-I, and 22% with k

= 3.1 x 10-2 day
-1 in the waterlogged incubation. The remainder of

the labelled N in both treatments decayed with k = 1.9 x 10-3 day-I.

Table 4.2 First order reaction rate parameters for mineralization of
labelled N.

Nature of
incubation

Aerobic N-l

N-2

Waterlogged N-l

N-2

Labelled organic N

ccnponent
(percent of added

residue N)

Specific net

decay rate

cons�t
(day )

24

76

3.0 x 10-2
1.9 x 10-3

22

78

3.1 x 10-2
1.9 x 10-3

23 d

1.01 yr

22 d

1.00 yr
,-----------------------------

\



Percent labelled organic N

remaining at time t (days)

-2 -3
= 24e-3.0xlO .t + 76e-l.9xlO .t

Mineralization of labelled organic N under aerobic and waterlogged

conditions can be described by the equations:

(i) Aerobic

2
(r = 0.99)

(ii) Waterlogged

Percent labelled organic N

remaining at time t (days)

-2
.

-3
= 22e-3.lxlO .t + 78e-l.9xlO .t 2

_(r - 0.98)

4.1.3 Effect of maize residue amendment on mineralization of
unlabelled C and N

Utilization of labelled crop residues in this study facilitated

the measurement of unlabelled or soil C and N mineralization in the

presence and absence of the C amendment. Under aerobic conditions,

the incorporation of maize residues increased the amount; of unlabelled

C mineralized by 10% canpared to an unamended soil (significant at P

<0.05) whereas surface placement had only a marginal effect «2%)

(Fig. 4.4). Mineralization of unlabelled C was reduced by 4% in the

maize residue amended treatment incubated under waterlogged conditions

caupared to that in an unamended treatment incubated under similar

conditions (Fig. 4.5); the difference was not significant.

Net mineralization of unlabelled N was markedly reduced during

the initial rapid decanposition phase in the maize residue amended

treatment incubated under aerobic conditions, canpared to that in the

unamended treatment (Fig. 4.5). Incorporation of maize residues

resulted in net �ilization of 21 pg unlabelled mineral N g-l soil
by day 8. Where residues were surface-placed, the effect was less

significant as net mineralization of unlabelled N was reduced by 5 �g
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lated equivalent amounts of unlabelled mineral N by 90 days of

incubation and, by the end of the study the incorporated residue

treatment produced 10% more unlabelled mineral N (9 pg g-l soil) than

the unamended treabnent.

� . 65

-1
g soil. However, residue amended and unamended treatments accumu-

end of the study and showed negligible evidence of mineralization of

Initially, net mineralization of unlabelled N was more rapid

under waterlogged conditions compared to the aerobic incubation in the

unamended treatment but after 150 days of incubation 10 pg g-l soil
more unlabelled mineral N was present under aerobic conditions (Fig.

4.5) • The maize residue amended treatment reduced the unlabelled

+ -1
NH4 -N level by 12 ).1g 9 soil at day 14 of the incubation under

waterlogged conditions due to reduced net mineralization of unlabelled

N. The N03
-

initially present (34,ug N g
-1

soil) decreased to <1 )lg N

g-l soil by day 8 in both the residue amended and unamended treat-

ments. It presumably was lost fran the soil by denitrification.

Immobilization of N03--N by heterotrophs under a waterlogged incu

bation appears to be minimal because the arrounts of unlabelled NH4+-N
in the residue amended and unamended treatments were similar by the

any unlabelled N iImobilized earlier.

4.1. 4 Production of labelled microbial C

Production of labelled microbial btcmass was measured using

C'FIM. The flush of CO2 due to mineralization of microbial C was

calculated with and without subtracting the CO2 evolved by an unfumi

gated sample (Voroney and Paul, 1984) and setting kC = 0.41 (Anderson

and Dansch, 1978a) (Table 4.3). Labelled microbial C reached a

maximum of about 130 pg g
-1 soil within 8-14 days and decreased
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Table 4.3 Measurement of labelled microbial biomass C

prcrluction.

Incubation
Labelled micr��ial.biomass C

(pg 9 sot.l)
pericrl

CVO•41 t (c;, - CuF) /0.41r(days)

8 134 *

14 132 17

21 117 32

28 98 15

45 80 5

60 68 51

90 58 49

120 55 44

150 51 41

too evolved by the fumigated sample during 10 days of
in6ubation 0Toroney and Paul, 1984)

=1=0)2 evolved by the fumigated sample minus CO2 evolved by an

unEumigated sample incubated over the same 1.0 day per iod
(Jenkinson and Powlson, 197Gb)

CO2 evolution data: microbial C = x.y, where x = amount of 002lOO-y

*

More labelled C was mineralized in the unfumigated sample
canpared to the fumigated sample

Incorporated residue treatment

consistently for the remainder of the incubation if the 002 data frem

the unfumigated samples were disregarded in the microbial C calcu-

lation. utilization of the data fran the unfumigated samples gave

variable values for labelled microbial C throughout the incubation

study with a maximum labelled microbial C of 50 pg g-l soil at GO-90

days of incubation.

Labelled microbial biomass C production was also estimated from

\
\



evolved, and y = yield coefficient (%) for biosynthesis of microbial

bianass asstnning negligible turnover of labelled microbial products.
calculated production of labelled microbial C employing efficiencies

of 20, 40 and 60 percent is shown in Table 4.4. Canparison of the

microbial C estimates at 40% efficiency to measured values whereby

microbial C was calculated without conSidering an unfumigated soil

shows close agreement. A C use effiCiency of much less than 20% would

be implied fran Jenkinson's method for calculating microbial C.

However, he has discouraged the use of the CFIM for microbial bianass

measurement in the presence of freshly added substrates.

The production of labelled microbial C during the incubation

study estimated frem the CO2 evolution data was canpared to values

Table 4.4 Calculated cumulative production of
labelled microbial biomass C from CO2evolution data. -

2

6

10

14

22

30

Labelled microeial �
production (pg g SOlI)

C yield coefficient (%)

20 40 60

11 30 67

28 75 169

36 96 216

42 III 250

51 137 307

57 151 340

-----

Incubation
period
(days)

,

oofal, bi C x.yMicr 1 lcmaSS =

lOO-y
where x = amount of CO2 evolved

y = yield coefficient (%) of microbial
biomass



measured by the CFIM and calculated by considering the CO2 evolved

fran the fumigated samples alone (<;) (Fig. 4.6). Maximum arrounts of

microbial C were measured at days 8-14 of the incubation study, thus

day 14 was regarded as day 0 for calculation of the net decay of

microbial biomass C. Labelled microbial biomass C accounted for 24%

of the added maize residue amendment and 34% of the labelled C

remaining in the soil. Net decay of labelled microbial bianass C can

be described by:

Labelled microbial
biomass C remaining at

=

time t (days) (percent
of added maize residue C)

-2 -3
lle-5.2xlO .t

+ l3e-2.3xlO .t 2
(r = 0.99)

50

Labelled
microbial
biomass C

(% of added
residue C) 30 calculated

cumulative
production

CFIM

25 100 125 15050 75

Decomposition period (days)

4 6 formation of labelled microbial biomass C in a Bradwell soilFig. •

amended with l4C":', l�-labelled maize.
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4.1.5 Production of labelled microbial N

The net accumulation of NH4+� during 10 days of incubation

after mC13 fumigation (�) was divided by � to estimate microbial N.

Values for � were determined from the cp:NF ratio using the equation

� = 1.86 x <<; :NF)
-0.879

(see Section 5.6). Labelled microbial

bianass N was largest at day 14 accounting for up to 34% of the N

added as maize residue (Fig. 4.7). Consideration of the net decay

curve after day 14 allowed the differentiation of two microbial N

components, and the following equation:

Table 4.5 Determination of � for estimation
of microbial N pr uction during the
decomposition of labelled maize
residues.

Incubation C
1 �2 �:� �3

per iod (days) (p?'g-l ill

8 362 45.3 7.99 0.30

14 352 50.3 7.00 0.34

21 336 50.0 6.72 0.35

28 314 47.9 6.55 0.36

45 281 45.9 6.12 0.38

60 256 44.4 5.77 0.40

90 216 42.2 5.12 0.44

UO 190 38.7 4.90 0.46

150 167 36.1 4.63 0.48

1002-c evolved dur ing CFIM

�et NH4
+
-N accumulated during CFIM

3� = 1.86 <CF:NF)-O·879 (see Section 5.6)
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Labelled microbial
bianass N remaining at

=

time t (days) (percent
of added maize residue N)

-2 -3 t9.2e-2.7xlO .t
+ 25e-2.4xlO • (r2 ::: 0.97)

4.1.6 Net decay of unlabelled microbial C and N

The net decay of unlabelled microbial C was altered signifi

cantly by the maize residue amendme.i"lt (Fig. 4.8). The unlabelled

microbial C in the residue amended treatment could be separated inbO

two canponents, an active canponent which accounted for 9% of the

total unlabelled microbial C with k ::: 2.7 x 10-2 day
-1 (T�::: 26 days),

and a more stable component with k = 4.6 x 10-3 day
-1 (Ti-::: 151 days).

The more stable component decayed at a rate similar to the unlabelled
-3

microbial C in the unamended treatment which had a k = 3.9 x 10

day-l (�= 177 days). The anount of unlabelled microbial C in the

residue amended treatment was 76 pg g-l soil less than that present in

the unamended treatment after 150 days of incubation. This unlabelled

microbial C could make a major contr ibution to the unlabelled CO2
evolved in the amended treatment.

Microbial growth with addition of maize residues resulted in

the net immobilization of unlabelled mineral N over the short term

(Fig. 4.5). This increased the size of the unlabelled microbial

biomass N by 26 pg g-l soil to a maximum value at day 14 of 162 �g g-l
soil. Net decay of unlabelled microbial N in the amended treatment (k

: 3.2 x 10-3 day-I) was slightly slower than the unamended treatment

(k = 3.5 x 10-3 day-I) for the remainder of the incubation.

4.2 Ten Year Field Study of the Mineralization of Wheat Straw

Under field conditions, the mineralization of crop residues is

influenced by climatic factors such as moi.sture and temperature in



Fig. 4.8 Net decay of unl�lled �crobial C and N in a Bradwell
soil amended wit.'1 C-, :>N-labelled maize.
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addition to the effects of the chemical and physical properties Of �e

residues and soils. Most field studies of residue decomposition h8v�

been of short duration, resulting in a lack of data on the long-te�

stabilization of crop residue derived C and N.

Climatic conditions of the two field si�es in this study we'�

markedly different. The Sceptre site has less seasonal precipitatiOn

and a higher mean water deficit than the cooler more humid Waitvill�

site. The objective of this study was to examine the net minerali

zation of C and N derived from cereal crop residues under different

climatic conditions over a short term (rronths) and a long term

(years). The soils were cropped following a conventional wheat-fallOw

or wheat-wheat-fallow rotation.

4.2.1 Mineralization of labelled C

Labelled C added as wheat straw was rapidly mineralized in bOth

soils (Fig. 4.9). During the initial period residues mineralized mote

quickly in the Waitville soil, with 30% less labelled C remaining

after two years. This was attributed to the more mist environment

and more intense biological activity at the Waitville site, as

canpared to that at Sceptre.

Two components of net mineralization could be differentiated by

mathematical analysis of the mineralization curves. Seventy-b.o

{Sceptre} to 80% (Waitville) of the labelled C was mineralized

relatively quickly with k = 1.4 year-l (Ti = 0.50 year) in the Sceptre

soil and with k = 1.5 year-l (T� = 0.46 year) in the Waitville soil.

This relatively small difference may reflect the effect of climate.

The high proportion of clay minerals in the Sceptre soil may have

contributed to the enhanced stabilization of labelled C in the soil

Ji
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Fig. 4.9 The labelled C remaining in Sceptre (semil�rid)l�dWaitville (sub-humid) soils amended with C-, 1N-labelled
wheat straw.
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Labelled C remaining
in a Waitville soil at
time t (year) (percent
of added residue C)

-2
= 80e-l•S•t + 20e-7.7xlO .t (r2 = 0.97)

during this early period. The labelled C remaining mineralized rrore

slowly with k = 8.1 x 10-2 year-l (T1 = 8.5 year) in the Sceptre soil

and with k = 7.7 x 10-2 year-l (T1 = 9.0 year) in the Waitville soil.

The slightly slower decay rate for remaining C in the Waitville soil

may indicate stabilization of C in chemically resistant forms, as

canpared to potentially clay protected forms in the Sceptre.

Mineralization of labelled C derived fran wheat straw in the field can

be described by:

Labelled C remaining
in a Sceptre soil at
time t (year) (percent
of added residue C)

-2
= 72e-l•4•t + 28e-8•1x10 .t (r2 = 0.95)

4.2.2 oecamposition of labelled N

Harvested grain and straw removed 17% of the added wheat straw

N in the first cropping season in toth the Waitville and Sceptre soils

(Table 4.6). However, only 63% of the N added as straw was accounted

for in the Waitville soil and 84% in the Sceptre soil indicating that

there had been substantial losses of labelled N fram the plough layer

SOil. part of the apparent low recovery of labelled N in the

vqaitvil1e soil may be attributed to the leaching of labelled N03-
below the microplots (20 em depth) • Recovery of labelled N in the

following tv.o harvested crops was significantly higher in the

waitville soil canpared to that in the Sceptre soil. Examination of

the distribution of labelled N in the profile of the Waitville soil
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Table 4.6 Disposition of labelled N derived from added wheat straw.

Oecan- Sceptre Waitville
I:X>sition
period Crop Soil Unaccounted Crep Soil Unaccounted
(years) (percent of added straw N)

July 1968 (0)

0.84 57.4 42.6 57.1 42.9

1.17 16.9 66.6 16.5 17.0 46.0 37.0

2.17 3.3 48.0 31.8 4.0 35.4 43.6

2.84 N.D. 29.9

3.17 0.8 40.7 1.3 28.3 49.4

3.84 34.1 N.D.

4.17 0.6 32.3 46.1 0.5 26.1 51.1

5.84 26.6 20.6

7.34 0.4 N.D. 0.5 17.9 58.8

7.84 19.7 16.5

8.34 N.D. 0.3 N.D.

9.34 0.3 17.7 60.3 0.3 14.4 61.7

10.09 0.2 16.0 61.8 0.2 13.4 62.5

Total 22.5 Total 24.0

----

after three cropping seasons showed negligible amounts of labelled N

below 15 em depth (Table 4.7). Greater than 95.5% of the total

labelled N in the soil was located in the plough layer. The labelled

N in the soil and that recovered in the harvested crops accounted for

only 49-54% of the added residue N.

The rate of loss of labelled N from the soil decreased after

the initial flush and 13-16% was retained in the soil by the end of

the study. Labelled N in the harvested crops accounted for 24% of

that added to the Waitville soil and for slightly less in the Sceptre

..
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Table 4.7 Distribution of labelled N in a

Waitville soil after three cropping
seasons (Scurce: Shields, 1972).

Soil depth
(em)

Labelled N

(percent of added residue N)

0-15

15-30

30-45

45-60

60-75

29.9 + 0

1.1 + 0.2

0.18 + 0.07

0.09 + 0.11

0.03 + 0.06

soil, although the difference was not significant.

Labelled N remaining
in a Waitville soil at
time t (years) (percent
of added residue N)

-1
= 60e-l.3t + 40e-l.lxlO .t (r2 = 1.00)

The labelled N remaining in the Sceptre and Waitville soils and

accounted for in harvested crops over 10 years in the field is shown

in Fig. 4.10. The specific net decay rate constants of the labelled N

components in the soil reflected the enhanced rates of mineralization

in the Waitville soil during the initial period, and greater stabili-

zation during the remainder of the study. The mineralization curves

were described by the equations:

Labelled N remaining
in a sceptre soil at

time t (years) (percent
of added residue N)

-1 -1
= 47e-7.9xlO .t

+ 53e-l.2xlO .t 2
(r = 0.95)

The labelled N accounted for in soil and cumulative removal in

harvested crops is described by the equations:



Fig. 4.10 The labelled N accounted for in harvested crops and remaining
in SCri'tre ieemi-arid) and Waitville (sub-humid) soils amended
with C-, �-labelled wheat straw.
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Labelled N accounted
for in a Sceptre soil +
cumulative harvested crop =

at time t (years) (percent
of added residue N)

-1 -2
33e-6.1x10 .t

+ 67e-5.6xlO .t 2
(r = 0.99)

Labelled N accounted
for in a Waitville soil
+ cumulative harvested
crop at time t (years)
(percent of added

residue N)

-2
= 42e-l.2.t + 58e-4.5xlO .t 2

(r = 0.99)

Unaccounted labelled N = 100 - 15N-labelled N accounted for in soil +

cumulative harvested crop.

4.3 Seven Year Field Study of the Mineralization of Wheat straw and
Glucose

4.3.1 Effect of management on the rate of wheat straw mineralization

The crop-summerfallow rotation is the conventional management

practice in nose areas of Saskatchewan with an increasing trend toward

extended cropping in recent years. The objective of this study was to

�e the rate of mineralization of wheat straw under summerfallow

\
\

and crop. A Sceptre soil was chosen for the study because it was

considered that the effects of management on the mineralization of

straw residues would be greatest at the more arid site.

The treatment cropped to wheat during the first year retained

10% more of the labelled C than that surrmerfallowed (Table 4.8).

However, under similar management in subsequent years this difference

gradually was reduced.

Data showing the disposition of labelled N in soil and in the

harvested crop were not available for the first season but presumably

a significant amount of the labelled N was removed with the harvested

crop. Notwithstanding, significantly more labelled N was retained as



Table 4.8 Effect of management on the minerali-
zation of labelled C.

Labelled C remaining
Decan- (percent of added straw C)
position * **

period Treatment Treatment
(years) 1 2

June (0)
0.3 42.2 52.5

1.2 31.0 36.2

3.2 22.1 24.7

4.2 19.4 21.0

5.2 17.1 19.5

6.2 15.8 17.4

7.3 14.9 16.4

____ i

Labelled wheat straw w� added in early June at
a rate of 1.007 mg C g soil
*

1 Fallowed during the first season
**

2 Cropped during the first season

soil organic N in the cropped treatment in the following spr ing (Table

4.9), but over twice as much labelled N was taken up subsequently by

the crop growing on the fallow soil. This indicates that sane of the

labelled N was mineralized, translocated below the plough layer and

not accounted for in the analysis, but subsequently taken up by deep

rooting of the crop. The labelled N retained in the soil and renoved

with the harvested crops in both treatments were similar for the

remainder of the study.

The different management treatments during the first year did

not alter the mineralization of crop residue C and N in the long term.

Although cropping had slowed the rate of C and N mineralization over
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Table 4.9 Effect of management on the disposition
of labelled N derived from added wheat
straw.

Disposition of labelled N
Decan- (percent of added straw N)
position -

* **

period Treatment 1 Treatment 2

(years)
Soil Crop Soil Crop

(June) 0

1.0 48.3 51.5

1.2 46.4 3.8 41.3 1.8

3.2 37.7 2.9 38.3 3.1

4.2 30.8 2.2 31.2 2.6

5.2 26.6 27.8

6.2 24.9 1.2 24.1 1.2

7.2 23.0 0.9 22.5 0.9

*

1 Fallowed during the first season
**

2 Cropped during the first season

the first growing season, the cr�� treatment eventually caught up

to the fallowed treatment.

4.3.2 Stabilization of microbial products and resistant plant residue
const�tuents

Crop residues are transformed into microbial biomass and other

microbial products during decomposition. Therefore, C and N derived

fran added residues walld be present as microbial canpounds, urrlecom-

posed plant material and humic substances. The objective of this

study was to determine the relative proportions of added C and N

present as micrObial and plant materials by canparison of the net

decay curves of C and N derived from wheat straw with those derived
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(i) Glucose

fran the decay of microbial material. Labelled microbial bianass was

produced in soil by an addition of 14C-labelled glucose + 15N-labelled

The net decay of labelled C der ived from added glucose and

wheat straw is shown in Fig. 4.11. All of the glucose C was assimi

lated within the first three days with concomitant production of

microbial bianass. The decay of C fran this time would represent the

mineralization of microbial products. Initially, labelled C derived

from glucose was mineralized at a higher rate than the straw derived

C, with 8% more labelled C remained in the straw amended soil by the

end of the first season. However, by the end of the second season

nore labelled C remained in the glucose amended soil indicating a

higher rate of mineralization of labelled C in the wheat straw amended

treatment. The first order equations for net mineralization of

labelled Care:

Percent labelled C -1 -2 -4

remaining in soil = 2ge-3.6xlO .t
+ 40e-2.3xIO .t

+ 3le-2.0xlO .t

at time t (years)

(Li.) Wheat straw

Percent labelled C -2 -3 -4
remaining in soil = 52e-3.6xlO • t + 1ge-3•O}clO • t

+ 2ge-2.6xlO • t

at time t (years)

The majority of the stabilized C in the wheat straw amended soil is

microbial produccs , However, a small portion of the stabilized C may

be comprised of undecompased residue constituents such as lignin as

the microbial C produced fran glucose was slightly more stable than



Fig. 4.11 Labelled C remaini���� fsSceptre soil �nd�5with 14C_
labelled glucose + 1N.H4 N03 and with C-, N-labelled
wheat straw.
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the labelled C remaining fran wheat straw. The sizes of the

stabilized C canponents resulting fran the C amendments were

oomparable, indicating that the readily available plant constituents

were metabolized with a biosynthetic efficiency similar to gluCOse.

Labelled NH4N03 was rapidly imrobiliZed during the initial

period, with labelled organic N accounting for aboUt 90% of the

mineral l5N originally added. Catq?aring cropped and fallowed

treatments it was observed that· alrIost all of the labelled N was

recovered in the fallow treatment whereas up be 20% was unaccounted

for in the cropped treatment (Table 4.10). Most of the labelled N

remaining was retained in the surface soil in both treatments although

7.4% had been leached below 12 em depth in the fallowed soil. Less

Table 4.10 Disp:>sition of labelled N derived fran
microbial products (glucose + NH4NO'1 amend
ment) in a cropped and a fallowed soil after
one season.

Soil depth
(em)

Disp:>sition of labelled N

(percent of added NH4N03)
Fallowed Cropped

Soil Soil Crop

0-12 88.5 76.3 4.6

12-30 5.2 N.D.

30-40 1.2 N.D.

40-56 0.5 N.D.

56-71 0.5 N.D.

71-86 0 N.D.

Total 95.9 80.9

N.D. - Not Determined

\



than 2% of the labelled organic N was mineralized in the fallowed soil

during the first season (data reported by Shields, 1972). Therefore,

labelled inorganic N not immobilized with the glucose amendment would

have supplied most of the labelled N taken up by the plants in the

cropped treatment.

The disposition of labelled N derived from microbial products

and fran wheat straw is reported in Table 4.11. In total, 11% of the

added labelled N was recovered in the harvested crops in the straw

amended treatment whereas only 6.4% was recovered frem the labelled N

Table 4.11 Ccmparison of the disposition of labelled N
derived from microbial products and from wheat
straw.

Disposition of labelled N

(percent of added labelled N)
Decan-

poSition Microbia�
Wheat strawperiod prcrlucts

(years)
SoilCrop Soil Crop

(May) 0
**

88.50.3

1.0 78.3 48.3

1.2 1.6 63.9 3.8 46.4

3.2 3.3 43.4 2.9 37.7

4.2 0.8 36.7 2.2 30.8

5.2 32.8 26.5

6.2 0.6 31.3 1.2 24.9

7.3 0.7 29.9 0.9 23.0

Total 6.4 Total 11.0

-----------

\

*produced by an addition of glucose + 15N-labelled NH4N03**
d

.

th f'Surnmerfallowed ur�ng e �rst season



study.

supplied by microbial products. However, sail N accounted for rrore of

the added labelled N in the glucose + NH4N03 amended treatment cern

pared to the straw amended treatment. Substantial losses of labelled

N from the soil were evident within the first year especially in the

straw amended soil where less than 50% of the labelled N was accounted

for; 64-66% was unaccounted for in both treatments by the end of the

The labelled N remaining in soils amended with glucose + NH4N03
and wheat straw is shown in Fig. 4.U. The stabilized N canponent

derived from the glucose + NH4N03 amendment was more stable with k =

-2 -1 1
6.4 x 10 year (� = 10.8 years) canpared to that derived fram the

. -2 -1 1
wheat straw amendment w�th k = 9.1 x 10 year (T� = 7.6 years).

This agrees with the data obtained for labelled C in the treatments.

The proportion of added labelled N canprising the stabilized N

canponent was canparable in both treatments, 44-47% of the added

\

labelled N.

4.4 Four Year Field Study of the Mineralization of l4c_, l5N-labelled
Barley Crop Residues

Data obtained from the seven year field study discussed above

showed that management could significantly alter the rate of minerali-

zation of crop residues over a single growing season. The objective

of this study was to compare the fate of C and N derived from barley

crop residues in soils managed under continuous crop and under a

conventional crop-sunmerfallow rotation.

4.4.1 Mineralization of labelled C

Crop residues were incorporated into the Ap hor izons of

Bradwell, Naicam and Waitville soils in late fall, and mineralization



Fig. 4.12 Labelled N remaini�5in �sceptre soil �nd�5with l4C_
labelled glucose + NH4 ND3 and with C-, N-labelled
wheat straw.
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followed over four growing seasons. considerable labelled C was lost

from the soils prior to cultivation and seeding the next spring (Fig.

4.13). The Bradwell soil, with 52% of the added C remaining, retained

less labelled C than the Naicarn (71%) am Waitville (58%) soils. .�

growing season that is 4-6 days earlier at the Bradwell site than at

the other sites may have contributed to the difference.

The effects of both management and climatic conditions on the

labelled C remaining were evident after the first growing season.

Mineralization of labelled C was more intense under fallow than under

crop. The cropped treatment canpared to the fallowed treatment

retained 40% more labelled C in the Bradwell soil, 25% more in the

Naicarn soil and 5% nore in the Waitville soil. The fallowed treatment

retained similar proportions of labelled C (about 30% of the added C)

at all three sites. However, the cropped treatment at the drier

Bradwell soil retained significantly JOC)re labelled C (42%) than at the

nore mist Naicam (39%) and Waitville (33%) soils.

Differences between the management treatments in the labelled C

remaining were substantially reduced prior to seeding time of the

second spring and, by the end of the second grOWing season were not

significant in the Waitville soil. After four seasons, all soils

retained a similar proportion (about 20%) of the added labelled C.

A sumnary of the parameters obtained by statistical analysis of

the labelled C decanposition curves is reported in Table 4.12.

Component 1 was significantly larger and decayed more quickly under

the crop-sumner fallow rotation canpared to that under continuous crop.

Furthernore, component 2 decayed more slowly under �,e fallow treat

nent, Thus, fallowing enhanced mineralization of labelled C in the
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0.96 \
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Table4.12 First order reaction rate parameters describing the labelled C remaining in barley crop residue amended

Bradwell, Naicam and Waitville soils.

-----------------------�����-i--------------�l-�------�----------������-;------------��--------;�----------
(percent of added C) (year-) (ye�rs) (percent of added C) (year-I) (years) ,2

Bradwell

Crop-summer fallow

Continuous crop

__.--'
Mean

Naicam

Crop-surnmerfallow
Continuous crop

Mean

Waitville

Crop-summer fallow

Continuous crop

Mean

Mean

Crop-summer fallow

Continuous crop

74.9

73.1

74.0

-1.93

-1.22

-1.57

75.7

73.5

74.6

-1.72

-1.55

-1.63

74.5

73.9

74.2

-1.42

-1.33

-1.37

75.0

73.5

0.36

0.55

0.45

25.1

26.9

26.0

-0.078

-0.085

-0.081

8.9

8.1

8.5

11.7

9.0

10.2

8.2

7.5

7.9

0.95

0.99

0.95

0.94

0.95

0.94

0.40

0.45

0.43

24.3

26.5

25.4

-0.059

-0.077

-0.068

0.49

0.52

0.50

25.5

26.1

25.8

-0.084

-0.092

-0.088

25.0

26.5



short term� the labelled C remaining was nore stable in the long term.

Camponent 2 decayed least quickly in the high organic matter Naicam

soil and decayed most quickly in the low organic matter Waitville

soil.

4.4.2 DecOlllfOsition of labelled N

The disposition of labelled N in the plough lpyer soil and

CUIllllative rennval in the harvested crops is shown in Fig. 4.14.

Major losses of labelled N occurred while the soil was fallowed and

losses frem both treatments were marginal after cropping. The plough

layer soil accounted for 70-75% of the labelled N by the following

spring and <55% in the followed treatment by the fall. part of the

labelled N unaccounted for was leached fran the plough layer as

recovery of labelled N in soil and harvested crop in fall was greater

than the labelled N recovered in the soil alone in spring. The uptake

of labelled N from below the plough layer was evident in the first

crop harvested from both treatments and in the second crop fran the

crop-summerfallow treatment•. The microplots in this study extended

nuch deeper into the soil (80 em) than those utilized in the 10 year

study (20 em) thereby allowing greater recovery of labelled N.

Continuous cropping significantly reduced losses of labelled N

canpared to the crop-summerfallow rotation and this was attributed to

more efficient utilization of mineralized labelled N by crops (Table

4.13). Crop uptake accounted for 16.8% (Bradwell), 13.5% (Naicam) and

15.5% (Waitville) of the added labelled N under the crop-summerfallow

treatment with comparable figures for continuous cropping of 22.0%,

38.6% and 20.5%, respectively. Labelled N was utilized most

efficiently under continuous cropping in the Naicam soil and accounted

_--'
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Table 4.13 Disposition of total labelled N after four cropping
seasons.

Crop-summerfallow Continuous crop
(percent of added N)

Bradwell

Crop 16.8 22.0

Soil depth (em)

0-8 37.6 53.9

8-16 5.3 6.5

16-24 . 1.9 2.5

24-54 0.4 0.3

TOtal soil 45.2 63.2

TOtal soil + crop 62.0 85.2

unaccounted 38.0 14.8

Naicam

Crop 13.5 38.6

Soil depth (em)

0-8 35.0 37.3

8-16 3.4 3.5

16-24 0.7 1.2

24-54 0.3 0.8

Total soil 39.4 42.8

Total soil + crop 52.9 81.4

unaccounted 47.1 18.6

Waitvi1le

Crop 15.5 20.5

Soil depth (em)

0-10 36.7 40.7

10-18 3.8 4.0

18-26 0.5 0.5

26-56 0.3 0.2

Total soil 41.3 45.4

Total soil + crop 56.8 65.9

Unaccounted 43.2 34.1

\
\



for 62% of the mineralized labelled N. In canparison, labelled N was

utilized with an efficiency of 48% in the Bradwell soil and 35% in the

Waitville soil under continuous cropping. Greater crop yield and the

consequent higher uptake of labelled N resulted in a high efficiency

of labelled N utilization at the Naicam soil. However, the efficiency

of labelled N utilization was also lowest in the Naicam soil under the

crop-summerfallow rotation where crop uptake accounted for only 21% of

the mineralized labelled N. Crop uptake of the labelled N mineralized

under the crop-summerfallow rotation was 27% in the Bradwell soil and

25% in the Waitville soil. Denitrification of labelled N during

fallow was likely responsible for these large losses as their magni
tude was related to the organic matter content of the soils: Naicam >

Bradwell > Waitville. Denitrification is affected by the supply of

readily available organic C and soil moisture content, both serving to

enhance microbial activity (Aulakh et ale, 1984).

4.4.3 Distribution of labelled C and N in the soil

Approximately 90% of the total labelled C in the soil was

located in the plough layer (Table 4.14). Most of the remainder was

accounted for in the soil tmmediately below the plough layer. Total

labelled N, however, was found at greater depth. Downward movement of

labelled N in the soil can be attributed to leaching and to trans

location by plant roots.

The distribution of labelled mineral N in the soil after four

cropping seasons is reported in Table 4.15. The level of mineral N in

the soil was generally low as both treatments had been cropped in the

fourth year. Labelled mineral N accounted for a minor portion, 1.6-

2.3%, of the total mineral N in the plough layer soil and this portion



Table 4.14 Distribution of the total labelled C and N remaining
in the soil after four cropping seasons.

Crop-sumnerfallCM Continuous crop
Soil
depth Labelled Labelled Labelled Labelled
(em) C N C N

(percent C and N remaining in the profile)

Bradwell 0-8 89 83 91 85
8-16 9 12 8 10
16-24 2 4 1 4
24-54 1 1

Naicam 0-8 93 89 92 87
8-16 6 8 6 8
16-24 1 2 2 3
24-54 1 1

waitville 0-10 91 89 93 89
10-18 8 9 6 9
18-26 1 1 1 1
26-56 1 1

decreased to <1% with depth. Furthernore, the total labelled mineral

N in the soil comprised only 0.54-0.84% of the added labelled N.

However, labelled mineral N accounted for an increasing proportion of

the total labelled N with depth. These data suggest that leaching was

the dcminant mechanism for the downward :rrovement of labelled N.

4.4.4 Total and labelled microbial C

Microbial bianass C was calculated by the two methods described

in Section 4.15 and is reported in Table 4.16. Estimates of microbial

C calculated fran the fumigated soil data alone (<;) were 25-50%

higher than if the CO2 evolved fran unfumiqated samples was considered

(� - CuF). However, the same general relationships were observed

regardless of which of the two methods was used to calculate the flush

.\
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Table 4.15 Distribution of mineral N (exchangeable NH4+ + N03-) in the soil after four cropping seasons.
--------------------------------------------------------------------------------------------------------------------

Soil depth
(em)

Mineral N

----------------------------�---------------------------------------------
Crop-summerfallow Continuous crop

T91al
(Jlg 9 soil)

Percent Percent of added T91al
labelled labelled N (pg 9 soil)

Percent Percent of added
labelled labelled N

Bradwell 0-8 13.4 2.04 0.30 14.4 2.31 0.37

� 8-16 12.7 1.05 0.18 13.1 0.69 0.17

16-24 11.4 0.68 0.12 10.4 0.44 0.098

24-54 6.1 0.13 8.0 0.25
-- --

Total 0.60 Total 0.64

Naicam 0-8 17 .5 1. 71 0.38 19.9 1.56 0.41

8-16 14.5 0.75 0.18 13.7 0.70 0.17

16-24 9.4 0.90 0.16 7.5 0.42 0.063

24-54 5.9 0.38 4.6 0.36
--

Total 0.72 Total 0.54

Waitvil1e 0-10 13.7 2.20 0.57 12.5 1.67 0.36

10-18 10.3 0.79 0.17 9.6 0.73 0.14

18-26 6.4 0.71 0.10 8.0 0.69 0.073

26-56 4.8 0.54 2.9 0.43
--

Total 0.84 Total 0.57

---------�------------------------------------------------------------------------�---------------------------------

*

Cropped on the fourth season



Table 4.16 Microbial C in the plough layer soil after four cropping
seasons.

!.ucrobial bianass C ().lg g-l soil)
Soil <;. /O.41t (c;, - CuP) /O.41f

Labelled Total Labelled Total

Bradwell Crop-summer fallow 2Ll+O.9a 795+32a 16.9+l.0a 574+30a
-

Continuous crop 22.3+0.6a 870+33b l7.4+O.7a 60l+33a

Naicam Crop-summer fallow 22.5+0.Sa 1019+34c 16.l+0.Sa 681+36b

Continuous crop 24.l+O.7b 1188+35d 16.9+l.0a 805+36c

Waitville Crop-summer fallow ll.3+0.5c 627+l6e 8.03+O.45b 566+1la

Continuous crop 12.4+L4c 769+S1a 9.24+1.45b 55S+4Sa

--

\

Group means followed by the same letter are not significantly different at
P <0.05.

t
�..2-C evolved by the fumigated sampl,e during 10 days of incubation
\voroney and Paul, 1984) -

f�2� evolved by the fumigated sample minus 002 evolved by an unfumigated
sample incubated over the same 10 day period (Jenkinson and PCMlson, 1976)

Total microbial biomass C like soil organic matter content was

greatest in the Naicam soil, less in the Bradwell soil, and least in

the Waitville soil. Furthermore, total microbial C was 5-20% higher

in the continuously cropped treatment canpared to the crop

smnerfallow treatment with the most significant increase evident in

the Waitville SOil. The level of labelled microbial C was also higher

under continuous cropping although the difference did not always have

statistical significance.

Labelled microbial C in the plough layer soil accounted for



1-2% of the added labelled C after four cropping seasons (Table 4.17) •

It represented 5-12% of the labelled C remaining this layer. Estimates

of the proportion of the labelled C in the plough layer soil present

as microbial C depended on the method of calculating microbial C, thus

affecting interpretation. The proportion of labelled C remaining in

the plough layer present as microbial C was not significantly affected

by management practices but marked differences were evident among

soils. Calculations using cr resulted in a higher portion of labelled

C in the Naicam soil whereas cp - CUF resulted in a higher proportion

in the Bradwell soil. Nevertheless I labelled microbial C in the

waitville soil accounted for 30% less of the remaining labelled C.

The level of microbial C is affected by the supply of available

organic matter and by turnover of the microbial biomass. Greater

inputs of crop residues and higher organic matter contents of the

Naicam and Bradwell soils maintained the microbial biomass at a higher

level than at the Waitville soil.

4.4.5 Total and labelled microbial N

The parameters measured dur ing the incubation after rnC13
fumigation that were used to estimate microbial N are reported in

Table 4.18. The ratio of CO2-c evolved (CF) to the net NH4
+
-N

accumulated (�) was used for the calculation of � (Section 5.6). �
was equal to 0.28 for the Bradwell and Naicam soils and to 0.30-0.31

in the waitville soil. Total microbial N content in the plough layer

soil (Table 4.19) paralleled the total microbial C content in the

three soils I Naicam soil > Bradwell soil > waitvi11e soil. Total

microbial N increased by 12-20% under continuous cropping compared to

the crop-sumnerfallow rotation.

-_.---_
. ...;;......:._.'----

\
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Table 4.17 Labelled microbial C in the plough layer soil after four cropping seasons.------------------------------------------------------------------------------------------------Labelled microbial C

YO.41 <<;. - CW)/0.41
Percent
of added
labelled C

Percent of
labelled C

remaining in the
plough layer

Percent
of added
labelled C

Percent of
labelled C

remaining in the
plough layer

----_/

Bradwell Crop-summer fallow 2.00+D.09a 10.9 +O.Sa 1.60+O.09a B.73+0.S2a
-

-

-

-Continuous crop 2.12+D.06a 10.9 +0.2a 1.6S+O.07a B.S3+O.34a
-

-

Naicam Crop-summer fallow 2.1S+0.06a 11.2 +0.6b 1.S4+0.0Sa B.04+0.2Sa
-

-

-Continuous crop 2.30+O.07b 11.9 0.3b 1.61+0.09a B.3B+0.SOa
-

-

-

-

Waitville Crop-summer fallow 1.38+O.06c 7.6S+0.S2b 0.98+0.0Sb S.44+0.30b
-

-

-Continuous crop 1.S1+0.17c 8.S1+0.96b 1.13+O.1Bb 6.34+0c99b

Group means followed by the same letter are not significantly different at P < 0.05
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Table 4.18 Parameters measured during the incubation after CHC13 fumigation forcalculation of �.
-----------------------------------------------------------------------------------------Total CO Net NH

*evolv� (�) aCClD1\Ul�.t� (r:r> c;.:� �(pg C 9 soll) (pg N 9 soil
--------------------'"_--------------------------------------------------------

�--- Bradwell Crop-summer fallow 336+13 37.3+0.8 8.73+0.18 0.28-

-

-COntinuous crop 357+13 42.0+1.3 8.50+0.23 0.28-

-

Naicam Crop-summerfa11ow 418+14 48.2+2.4 8.68+0.33 0.28-

I-
Continuous crop 487+14 55.7+0.9 8.74+0.22 0.28 c

c

waitville Crop-summerfa11ow 257+7 33.2+1.8 7.7770.24 0.31-

-

-Continuous crop 315+21 39.6+3.3 7.99+0.75 0.30
*

� = 1.86 (c;.:�)-O.879



\ !

Table 4.19 Microbial N in the plough layer soil after four cropping seasons.

-------------------------------------------------------------------i------------------------Microbial N

Percent Percent ofLabelle91 Total of added labelled N remaining(pg g soil) labelled N in the plough layer--------------------------------------------------------------------------------------------
Bradwell Cr?p-summerfallow 4.7S+0.30a 133+3a 6.2S+O.39a 16.7+0.4a-

-

-

Continuous crop 5.57+0.31b 150+5b 7.32+0.42b 13.6+O.7b

Naicam Crop-sumrnerfa1low 4.92+0.30c 172+5c 6.64+O.44a 1S.7+0.5c-
-

-Continuous crop 4.69+0.20c 199+3d 6.33+O.2Sa 16.9+0.Sa l-
e-

I-

Waitville Crop-summer fallow 3.75+0.15d 107+6e 6.52+O.25a 17.7+0.4c-
-

-

-Continuous crop 4.65+O.47e 132+Sa S.OS+0.S2c 19.3+1. 7c

Group means followed by the same letter are not significantly different at P < 0.05*Microbial N = NF� where � = 1.S6 (CF:NF)-0.S79



Labelled microbial N accounted for 17-21% more of the added

labelled N under continuous cropping in the Bradwell and Waitville

soils ccmpared to under crop-st.mrnerfallow but management had no

significant effect in the Naicam soil. The proportion of added

labelled N present as microbial N was similar (about 6.5%) under the

crop-summerfallow rotation at the three soils. Continuous cropping

reduced the proportion of labelled N remaining in the plough layer

soil present as microbial N (by '11-18%) in the Bradwell and Naicam

soils and increased the portion in the Waitville soil although the

effect did not have statistical significance. The effects of

management can be attributed to greater retention of non-microbial N

in the soil under continuous cropping rather than to significant

alterations in the amounts of labelled microbial N.

4.5 Single Season Study

The objective of this study was' to determine the rates of

deconpoai.tdon of crop residues in soils already under established

management practices. The management practices in previous studies

were �sed onto field soils that had been under a crop-summerfallow

rotation. This study was initiated during the third growing season of

the four year study at the same three field sites. Thus, decem

posi.t.ion of crop residues was ccmpared in soil that had been cropped

consecutively for four years with that under a conventional crop

sL1I11Ilerfallow rotation.

Plough layer soil in microplots set into the two treatments was

amended with 14C_, l5N-labelled immature barley residues in late May

prior to seeding. The disposition of labelled C and N were determined

three oonths later at harvest (Table 4.20). The Bradwell and

\



Table 4.20 Disposition of labelled C and N derived from a barley
residue amendment after three months in the field.

Total
Labelled labelled N

Management Labelled C N in in soil and
and N retained harvested harvested

in soil crop crop

(percent of added residue C and N)

C N

Bradwell Crop-summerfallow 76+4a 97+6 97+6

Continuous crop 68+7a 81+7 17+1 98+8

Naicam Crop-summer fallow 63+2b 103+ll 103+11

Continuous crop 60+3b 82+10 17+1 99+11

Waitville Crop-summer fallow 75+6a 98+4 98+4
-

Continuous crop 72+13a 90+3 8.1+0.5 98+3

Group means followed by the same letter are not significantly different
at p <0.05

Waitville soils retained about 75% of the labelled C in the plough

layer soil whereas 60% remained in the Naicam soil. Management did

roe significantly affect the portion of labelled C retained.

Virtually all of the labelled N remained in the surface soil after

summerfallow: 80-90% remained in the soil after cropping. Harvested

crop accounted for most of the remaining labelled N. Recovery of

labelled N in the harvested crop from the Waitville soil was 50% less

than that from the other two soils and could be attributed to a low

crop yield.

The recovery of labelled N in this study was much higher than

that recorded in previous studies. Several factors may have contri-



The importance of heterotrophic microorganisms in C and

ooted to minimize labelled N losses. Unlabelled, mature, field-

produced, barley crop residues were added at a rate comparable to

-1 -1annual rates of residue return (2400 kg ha - Bradwell, 4000 kg ha

- Naicam and 2600 kg ha-l - Waitville) along with the labelled crop

residues. Thus net mineralization of labelled N would have been

markedly reduced. Both treatments had been cropped the previous sea

son and spring soil moisture was low and comparable in both treat-

ments. precipitation during the growing season was belCM average at

the Bradwell and Waitville sites (Environment canada Weather Summary,

1977). Reduced soil moisture would have slowed residue decomposition,

and minimized leaching and denitrification losses of labelled N.

4.6 Factors Affecting the Interpretation of the mC13 Fumigation
Incubation Method

nutrient element C'JCling in terrestrial ecosystems has led to an

increased interest in determination of soil microbial biomass. The

\

CHC13 fumigation-incubation method (CFIM) which makes it possible to

measure the microbial bianass and its nutrient content (Jenkinson,

1966) is considered to be most useful for soil studies. In the CFIM,

microorganisms are made susceptible to mineralization by fumigation

with CHC� vapor. This disrupts the microbial cell membranes and

releases internal constituents which are available to the surviving

microorganisms (or added inoculum) and stabilized soil enzymes.

Microbial C and N mineralized during a subsequent 10 day incubation

can be measured from the evolution of 002 and accumulation of NH4+.
This series of experiments was designed to investigate some of

the factors affecting the interpretation of the CFIM for determination



Effect of length of exp:>sure

of soil microbial biomass C and N. Two soils of similar texture (loam

-sandy loam) but with different organic matter content, a Bradwell

(2.82% C) and an Oxbow (3.60% C), were used for these studies.

4.6.1 Microbial activity

The effect of CHC13 vapor on microbial activity was assessed by

measurement of the rates of CO2 evolution and net NH4+ accumulation.

CO2 evolution was measured during 10 days following fumigation while

NH4+ accumulation was determined-during fumigation treatment as well

as during 10 days following fumigation.

Increasing the exposure period of soil to CHC� vapour did not

significantly alter the amount of CO2 evolved during a subsequent 10

day incubation (Table 4.21). The Oxbow soil mineralized an average of

355 � 8.8 pg C g-l soil as canpared to 276 � 9.1 }lg C g-l soil in the

Bradwell soil.

AccUmUlation of NH4+ during exposure of soil to CHC13 vapour

and after a 10 day incubation are reported in Table 4.22. Exposure
+ -1for 1 day iocreased the level of exchangeable NH

4 by 5.2 pg N g

soil in roth the Oxbow and Bradwell soils canpared to unfumigated

\

soils. Extended fumigation treatment for up to 10 days resulted in

further increases in the level of exchangeable NH4
+

• The rate of

accumulation of NH4+ in the presence of a fumigant was not signifi

cantly different in the Oxbow and Brad\o1ell soils.

Incubation for 10 days resulted in the accumulation of 25.1 pg

N 9
-1 in the OXbow soil and 36.0 }lg N g

-1
in the Bradwell soil

following exposure of the soil to CHC13 vapour for 1 day. Increasing

the exposure pericd beyond 1 day did not significantly affect the
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Table 4.21 Effect of length of exposure to CHC13
vapour on the arrount of CO2 evolved
during a subsequent 10 day incubation.

-1 '

0)2 evolved (�g C g solI)
Exposure period

(days)

6.1

7.7

10.5

35.8

41.8

43.6

Bradwell

1

2

346

366

-357

350

267

285

5 282

26910

Mean + S.D. 355+8.8 276+9.1

Table 4.22 Net accumulation of NHi+ during OlCl) fumigation
treatment and after a 0 day incubatlon.

+*
Net exchanqeabl.e NH4

-----

Bradwell

Ftnnigation
period (days)

---

-1--
----- (�g N 9 soil) ------

Fumi- Incu- Fumi- Incu-

gation bation Total gation bation Total

1

2

5

10

5.2 25.1

24.8

25.0

25.2

30.3

30.9

32.7

35.7

5.2

6.2

7.8

10.7

36.0

35.6

41.2

35.7 46.4

Mean 25.0+0.2 35.8+0.2

*Exchangeable NH4+-N fumigated soil minus exchangeable NH4+-N
unfumigated SOil, exchang��le ,NH4

+
-N of unfumigated SOil

Oxbow: 2.6 � 0.3 �g g-l s071
Bradwell: 0.6 � 0.1 ).lg 9 soi.L

-- .. ,-----'_- ---_._-

\
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fumigation reduced total numbers of bacteria to 11-22% of unfumigated

soil while much less than 1% of the fungal propagules survived.

Spore-forming bacteria were not Significantly affected by the

amount of NH4+ that accumulated during a subsequent 10 day incubation.

Thus, biological mineralization accounted for 83-88% of the total net

accumulated NH4
+
in CFIM.

4.6.2 Quantitative and qualitative analyses of the microorganisms
surviving caC13 fumigation

The micrObial populations that survived CHC� fumigation and

developed during a subsequent two days of incubation were examined in

a Bradwell and an Oxbow soil (Table 4.23). Dilution agar plate counts

of the microbial population were comparable in the two soils before

fumigation treatment. Response from each their microbial population

to fumigation was similar; fluorescent pseudamonads, actinomycetes and

protozoans were not observed after fumigation treatment. Furthermore,

CHC� fumigation treatment and, constituted a major portion of the

surviving bacterial population. After two days of incubation, numbers

of fungal propagules had further declined whereas numbers of spore

fOrming bacteria increased by 100-fold presumably due to growth on

substrates made available by fumigation. The number of spore-fOrming

bacteria after two days incubation was significantly higher than in

unfumigated soil as fumigation had also reduced the competition from

other soil organisms.

4.6.3 Differentiation of bacterial and fungal respiratory activity

The relative contributions of bacteria and fungi to the

respiratory activity during the incubation after CHCl3 fumigation were

differentiated utilizing specific inhibitors of microbial activity.

\
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Table 4.23 Microbial population surviving CHel3 fumigation.
-------------------------------------------------------------------------------------------

Bacteria
----------------------------------------

*
Total

(x 106)

Fluorescent Spore- Actina-
pseudomonads formers ffi¥£rtes

3 (Number of �rganisms g Soil)(x 10 ) (x 10 ) (x 10 )

Fung i Protozoans

-------------------------------------------------------------------------------------------
(x 102)

.'

Bradwell.:
�--

BFl 34+11 5.6+2.5 3.4+0.9 14+2 720+180 NoD.
-

-

-

-

AF2 3.8+0.9 0 3.7+1.6 0 2.0+1.6 0
0 -

-

-AF3 120+30 0 100+20 0 1.0+0.9 0
2 -

l-
c
c

Oxbow:

BF 28+6 N.D. 3.6+0.6 3.4+1.3 130+30 45
-

-

-

-

AFO 6.1+1.1 0 3.2+0.8 0 0.44+0.53 0
-

-

AF2 420+330 0 100+30 0 0.22+0.44 0
-

-------------------------------------------------------------------------------------------Lunfumigated soil
2Immediately after 24 hours CHel3 fumigation32 days of incubation of fumigated soil*

Growth on trypticase-soy agar plates
N.D. - not determined



Treatment with streptomycin delayed. mineralization of labelled

The effects of the inhibitors on respiratory activity were distin

guished from mineralization of the added inhibitors (equivalent to 470

pg C g-l soil for streptomycin and 1060 pg C g-l soil for actidione)
by utilizing a soil in which the active organic matter had been 14C_
labelled.

C for the first 2 days of incubation, whereas actidione had no

further canparative information on the metabolic activity in soil

significant effect (F ig • 4.15). "Thereafter, the cumulative labelled C

mineralized in the streptomycin treated soil recovered to approach the

quantity mineralized in the actidione treated soil. By 10 days of

�ation, treated soils had mineralized about 10% more labelled C

than the untreated soil. This could be attributed to enhanced

biological cycling in the presence of additional C.

The data suggest that the major portion of respiratory activity

during the incubation after eRCl3 fumigation could be attributed to

the metabolic activity of bacteria. This is also in agreement with

the data obtained from dilution agar plate counts which showed that

bacterial numbers, especially spore-formers, increased markedly during

the incubation after fumigation.

4.6.4 The mineralization of C and N in fumigated and unfumigated soils

The mineralization of C and N in fLnnigated and unfumigated

soils amended wi th a range of organic canpounds was examined to obtain

after OiC� treatment. The biochemistry of C and N mineralization

v.Q.lld be expected to be altered after CHCl:3 fumigation treatment since

the microbial population was affected. A microbial population pre

dominated by bacteria would be active after CHCl3 treatment, while a

___
-------

" .. _e_
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5000

Untreated

10000

Actidione

Srreptomyc i n

00

7500

Cumulative

labelled CO2
evolved

(cpm g-l soil)

2500

Decomposition period (days)

Fig. 4.15 The effect of streptanycin and actidione en respiration
during the incubation after CHC13 fumigation.



nore diverse microbial population could :p:>tentially respond in

unfumigated soil.

The mineralization of C in fumigated and unfumigated soils

amended with a variety of canpounds including amino acids, organic

acids, lipids, carbohydrates, aromatic acids and more complex organic

carq;x>L1llds is shown in Table 4.24. Generally, fumigated and unfumi

gated soils mineralized the C of simple canpounds such as amino acids,

organic acids and carbohydrates to a similar extent after two and ten

days of incubation. However, sane of these compounds including

cystine, tryptophan, ex -amino butyric acid, trehalose and glycogen and

many of the remaining more complex substrates were mineralized very

differently in the two treatments. Canpounds which were slowly

mineralized, including lipids, and sane of the aromatic acids and

complex canpounds, were degraded to a greater extent in unfumigated

soil canpared to those in fumigated soil. Cellulose, starch and

chitin were not degraded in the fumigated soil. The native mixed soil

microbial population would be expected to decompose a broader range of

compounds compared to the select bacterial population active follOWing

fumigation treatment.

In a few cases, e.g. cystine, trehalose and sane of the organic

acids, a greater proportion of the organic substrate was mineralized

in the fumigated soil carpared to that in the unfumigated soil. This

could be attributed to a higher turnover rate of the microbial

population in fumigated soils.

The metabolism of N, as measured by changes in mineral N level

with added substrate (net mineralization or immobilization) was also

altered by fumigation treatment (Table 4.25). More N was irrurobilized

-----'---- -'

\
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Table 4.24 Metabolism of C in fumigated (F) and unfurnigated (UF) soils
with the addition of various substrates.

C mineralized (%)

Arroun�added
2 days(pg g

-

soil) 10 days

C N F UF F UF

Amino acids

Alanine 975 379 32 25 67 63

Glutamine 1498 . 350 53 44 63 62

Lysine 1185 461 7 31 43 40

Arginine 994 773 45 43 57 54

Cysteine 245 95 33 35 54 56

Cystine 720 280 17 4 75 28

Proline 1270 297 26 24 30 28

Phenylalanine 1575 204 7 11 41 52

Tryptophan 1212 257 15 8 30 58

Mean 26.1 25.0 51.1 49.0

Organic acids

Na acetate 1069 0 0 13 77 77

Na pyruvate 1194 0 51 37 71 61

Na succinate 1082 0 64 55 86 78

Citric 1371 0 30 43 89 77

a-amino n-butyric 1702 496 0 3 12 41

Mean 29.0 30.2 67.0 66.8

Lipids
Choline chloride 1330 364 4 31 37 68

Phosphatidylcholine 2573 0 5 9 26 39

Palmitic 2722 0 <1 1 2 19

Mean 3.3
* *

13.7 21.7 42

Carbohydrates
Cellulose 1033 0 0 <1 0 12

Cellobiose 980 0 50 54 57 63

- --------_----'- ... -- ..... _--_._.--_._

\



Table 4.24 Metabolism of C in fumigated (F) and unfumigated (UP) soils
with the addition of various substrates.

C mineralized (%)

AIroUn�added --

(pg g- soil) 2 days 10 days

C N F UP F UP

Amino acids

Alanine 975 379 32 25 67 63

Glutamine 1498 350 53 44 63 62

Lysine ll85 461 7 31 43 40

Arginine 994 773 45 43 57 54

Cysteine 245 95 33 35 54 56

Cystine 720 280 17 4 75 28

Proline 1270 297 26 24 30 28

Phenylalanine 1575 204 7 11 41 52

Tryptophan 1212 257 15 8 30 58

Mean 26.1 25.0 51.1 49.0

Organic acids

Na acetate 1069 0 0 13 77 77

Na pyruvate 1194 0 51 37 71 61

Na succinate 1082 0 64 55 86 78

Citric 1371 0 30 43 89 77

a-amino n-butyric 1702 496 0 3 12 41

Mean 29.0 30.2 67.0 66.8

Lipids
Choline chloride 1330 364 4 31 37 68

Phosphatidy1cho1ine 2573 0 5 9 26 39

Palmitic 2722 0 <1 1 2 19

3.3
*

42*Mean 13.7 21.7



Table 4.25 Metabolism of N in fumigated (F) and unfumigated (UF) soils
with the addition of various substrates.

Net N mineralized (+)/
irrm:>bi�zed (-)
(}Jg 9

-

soil)
Annln�added

10 days(pg 9
-

soil) 2 days

C N F UF F OF

Amino acids

Alanine 975 .379 184 169 276 291

Glutamine 1498 350 177 200 208 216

Lysine li85 461 70 227 237 249

Arginine 994 773 508 490 520 522

Cysteine 245 95 37 22 N.D. N.D.

Cystine 720 280 35 23 117 52

Proline U70 297 67 80 82 80

Phenylalanine 1575 204 12 22 39 68

Tryptophan UU 257 38 30 77 153

Mean 136 155 195 203

Organic acids

Na acetate 1069 0 -13 -22 -51 -20

Na pyruvate 1194 0 -83 -41 -65 0

Na succinate 1082 0 -99 -83 -72 -80

Citric 1371 0 -69 -68 -li3 -71

a-amino n-butyric 1702 496 51 57 110 230

Mean -43 -31 -38 12

Lipids
Choline chloride 1330 364 0 149 U7 308

Phosphatidy1cho1ine 2573 0 -li -41 -76 -105

Pal.mitic 2722 0 -8 0 -19 -119

Mean -6 36 -u 28

carbohydrates
Cellulose 1033 0 0 0 -2 -33

Cellob�ose 980 0 -78 N.D.* -67 N.D.
-----__!.,..:____.,:..:.::..:.:>::::..:,�"';_�.��'

\



Table 4.25 Continued.

Net N mineralized (+) /
irrmJbi�fzed. (-)
(pg 9 soi.L)

AIroun�added
(pg g- soil) 2 days 10 days

C N F UF F OF

Trehalose 868 0 -63 -37 -70 -52

Glycogen 579 0 -45 -23 -44 -38

Starch 1070 -0 -3 0 0 0

Mannin 500 0 -4 -5 N.D. N.D.

Mean -28 -15 -29 -31

Aranatic acids

Protocatechuic 1328 0 -62 -47 -93 -42

p-hydroxybenzoic 2223 0 -8 -36 -70 -55

p-coumaric 1585 0 -4 -4 -18 -9

caffeic 1445 0 -u -2 -21 5

vanillic 2080 0 -2 0 -15 -26

Feru1ic 2257 0 -7 0 -16 -17

4-CJH 3,5 1325 a a 0 -4 -25
dimethoxybenzoic
p-amino benzoic 2246 373 -4 -4 8 91

3-oH anthranillic 1060 177 5 6 21 64

Gallic 1808 a -u 0 -24 a

Tannic 2153 0 -u 0 -17 0

Mean -11 -7 -23 -1

canplex canpounds
Chitin 1139 166 0 N.D. a N.D.

N-acetylglucosamine 1100 160 37 N.D. 48 N.D.

N-acetylmuramic 54 6 N.D. N.D. N.D. N.D.

Lignin 1050 a 3 2 5 a

Pectin 1163 a -2 N.D. a N.D.

Wheat straw 500 N.D. 0 -3 a N.D.

Mean

N.,O.
- not--Getermined: ',alculation of

-

the mean excluded rONS containing N.D.

--
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during the decomposition of organic acids, carbohydrates and aromatic

acids in fumigated soils whereas more N was mineralized in compounds

containing N in uni:-urnigated soils. These data suggest that the

organisms responsible for the mineralization of substrates in fumi

gated soil have a narrower C:N ratio than the soil population active

in unfumigated soil.

The major portion of the organic matter in soil is canprised of

canplex aromatic humic substances that are recalcitrant to decan-

posi.t.ion by even the heterogenous population of soil organisms.

Simple compounds which are readily mineralized would normally be in

low concentration. Therefore, the mineralization of canplex canpounds

which was Significantly altered by CHC13 treatment would not be �

parable in fumigated and unfumigated soils. Net mineralization of N

which is dependent on both the rate of C decanposition and the C:N

ratio of the organisms carrying out the deccmposition, would also be

affected.

4.6.5 Respiratory activity in fumigated and unfumigated soil:
calculat�on of the flush

When Jenkinson (1966) proposed the CFIM, he suggested that the

C02-c evolved by a fumigated soil was derived from the mineralization

of both microbial C and native soil organic matter. Furtherrrore, he

proposed that the rate of mineralization of native soil organic matter

in fumigated soil was equivalent to that in an unfumigated soil.

Therefore, the flush of C derived from mineralization of microbial C

was calculated by subtracting the CO2 evolved by an unfumigated soil

frem that evolved by a fumigated soil incubated over the same period.

A 10 day incubation was used as the rate of mineralization of C in the

--_._---
_- - -

\



Fumigated/O .41
(Fumigated

Unfumigated)/0.4l

fumigated soil approximated the unfumigated soil at that time.

However, Paul and voroney (l980) questioned the assumption that decem

position of native soil organic matter was unaffected during CFIM.

The objective of this study was to determine the extent of minerali-

zation of non-microbial C in a fumigated soil. This study was

conducted on a Bradwell soil in which the organic matter had pre

viously been labelled by an amendment with l4C-labelled glucose (200

pg C g-l soil) 32 days prior 00" initiation of the experiment. The

labelled C remaining, l36 )19 g-l soil, was canprised of microbial

biomass and stabilized microbial products. The microbial biomass is

reported in Table 4.26.

Table 4.26 Microbial b±�ss C measured using CFIW in a soil
containing C-labelled organic matter •

Microbial biomass C (�g g-l soil)

Labelled Unlabelled Labelled Unlabelled

�1icrobial biomass 84 595 76 424

Stabilized products 52 60 -
"

*Soil had received an amendment of gluco2r (200 pg c g-l soil) 32 days
prior to this experbnent and 136 P9 C 9 soil remained

The rates of labelled and unlabelled 002 evolution from fumi

gated and unfumigated soils over 20 days of incubation are shown in

Fig. 4.16. Labelled and unlabelled CO2 evolution was higher in

ftmligated soil ccmpared to that in unfumigated soil for the duration

- --�-- .. -----�-----. ___::.. ... ......;.
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Fig. 4.16 Rate of labelled and unlabelled CO2 evolution fran fumi
gated and unfumigated soils over 20 days of incubation.
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of the study. The decay rate curves were analyzed assuming first

order kinetics and applying linear regresl:3ion statistics. According

to the equation In (dct/dt) = In (CO. k) -kt (Appendix 3), a plot of In

(rate of C mineralization) versus time Should be linear if the

reaction follows first order rate kinetics. The specific net decay

rate constant, k, can be obtained fran the slope of the line, and the

size of the mineralizable C pool, CO' can be calculated by dividing

the Y-axis intercept value by k ,

A sunmary of the parameters obtained is reported in Table 4.27.

CO2 evolution in the unfumigated soil could be described as the net

decay of a single mineralizable C pool. �he unlabelled Co was about

20 ttmes larger than the labelled Co pool, whereas the half lives were

not significantly different (T� = 31-33 days).

Plotting In (rates of unlabelled and labelled CO2 evolution)

versus ttme (days) for fumigated soil (Fig. 4.16) resulted in curves

that could be split into t� mineralizable C camponents. The C-l

microbial bianass was readily mineralized (T� = 0.38-0.64 days)

whereas C-2 was much more resistant (T� = 8.1-9.4 days). The C-l

components fran both labelled and unlabelled pools had similar decay

. . 12 14It 1S of interest that the ratao of CO2: CO2 evolved by the

fumigated soil, while much lower during the early period of the incu

bation, gradually increased to approach that fran the unfumigated

rates as did the C-2 components. The more resistant fraction, C-2,

contained a greater proportion of microbial biomass (74%) compared to

that in the labelled microbial biomass (40%). This difference may be

due to the nature of the labelled and unlabelled microbial biomass

constituents.

�-�-,---"-""---�--- "<,
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Table 4.27 Parameters obtained fran analyses of the decay rate

curves describing CO2 evolution fran unfumigated and

fumigated soils.

Co
(pg C g

-1
soil)

�2
(days)

Coefficient of
determination

(r2)
k

(days-I)

Unfumigated soU:

Labelled 19

Unlabelled 347

-2.lxlO-2
-2.2xlO-2

33

31

0.71

0.71

Fumigated soil:

Labelled

C-l 27

C-2 18

Unlabelled

C-l 117

C-2 335

-r.i 0.64

-8.5x10-2 8.1

-l.8 0.38

-7.4xlO-2 9.4

0.98

0.98

soil (Fig. 4.17). The reason for this cannot be readily explained,

however it does not justify use of fumigated soil data as a control.

In summary, mineralization of C fran fumigated soil would

appear not to be directly canparable to that in an unfumigated soil.

C mineralized in unfumigated soil results fram a breakdown of soil

organic matter as well as turnover of tl1e entire microbial biomass

(mainly fungal). On the other hand, C mineralized in fumigated soil

comes from the decomposition of freshly killed microbial biomass and

activity of stabilized enzymes, and turnover of the microbial popu-

lation (mainly bacterial) that develops after CHCl3 treatment.

However, the rate of mineralization of soil organic matter during the

___._··.__ c._·_-·�c ••
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Fig. 4.17 The ratio of unlabelled C02-c: labelled C02� during incubation of fumigated and unfumigatedsoils.
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fumigation incubation could not be determined by analysis of the 002
data. In this study, employing the unfumigated soil as a control

would had a greater effect on the estimated size of the mineralizable

unlabelled C pool in canparison to that of the labelled C pooL The

ratio of the CO2 evolved by fumigated soil:unfumigated soil during 10

days of incubation (CFlO:CUFlO) for labelled C = 10.8, whereas the

same ratio for unlabelled C = 3.5. Therefore, besides altering the

botal microbial biomass size estimate, utilization of a control would

alter the proportions of labelled to unlabelled microbial C.

4.6.6 Determination of kC and �
Use of the CFIM for soil microbial biomass measurement requires

calibration to relate the C02-c evolved and the net NH4+-N accumulated

during 10 days of incubation to microbial bianass C and N. These

between amended and unamended soils (Appendix 4). The proportions of

experiments were designed to determine the proportions of microbial C

(kC) and N (�) mineralized in CHCl3 fumigated soil. Microorganisms

including different species of bacteria and fungi grown in pure

culture were incorporated into soil, the soil was fumigated, and the

microbial C and N mineralized were determined by the difference

C and N mineralized from four bacterial species and ten fungal species

during 10 days of incubation in CHC� fumigated soil at 280C are

reported in Table 4.28. Bacterial C and N were mineralized to a mich

greater extent than that of fungi. The proportion of C mineralized

was 0.54�0.06 for bacteria while for fungi it was 0.35�0.03. Measure

ment of the proportion of microbial N mineralized was complicated by

the fact that for sane microorganisms, notably fungal species,

imrobilization of mineral N rather than net mineralization was



Proportion of
microbial biomass

mineralized

C:N <;.1 �2
Arthrobacter globiformis 3.7 0.61 0.59

Arthrobacter oxidans 4.5 0.56 0.52

Micrococcus flaws 5.1 0.48 0.49

Pseudomonas aeruginosa 4.3 0.51 0.64

penicillium frequentans 10.9 0.34 -0.09

ASpergillus fumigatus 9.5 0.34 0.13

Mucor silvaticus 8.8 0.29 0.18
-

Fusarium roseum 5.9 0.33 0.37

Chrysosporium pannorum 5.4 0.34 0.33

paeci10myces carneus 11.3 0.35 -0.13

�rtierella nana 8.6 0.40 0.085

Cladosporium cladosporidia 14.2 0.36 -0.35

Trichoderma vir ide 10.0 0.36 0.054

Zygorrhynchus m011eri 7.4 0.38 0.20

123

Table 4.28 Mineralization of bacterial and �al C and N in fumigated soil
during 10 days of incubation, 28 C.

1
((OO2-c produced by fumigated soil plus added organisms) - (X)2-C produced by
fumigated unamended soil) /microbial C added)

2
((net NH4

+
-N produced by fumigated soil plus added organisms) - (net NH4

+
-N

produced by fumigated unamended soil) /microbial N added)

-"�- ... �-'.--- ..... ------=_------ .....
<,
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observed. Thus, the average proportion of fungal N mineralized was

0.078+0.22 in oomparison to 0.56�.06 for bacterial N.

The proportion of microbial N mineralized was indirectly

related to the C:N ratio of the microbial tissue (Fig. 4.18) and could

be described by the equation = 0.93 - 0.091 (microbial C:N ratio).

The C:N ratio of the bacterial species examined varied within a narrow

range (3.7-5.1), whereas the fungal species sl'nwed a significant

variation (S.9-14.2). This supports the finding of the marked range

in mineralization in fungal N. The highly significant relationship

(r2 = 0.96) between microbial C:N ratio and the proportion of

microbial N mineralized suggest that \t can be estimated easily.

However, the C:N ratio of in situ soil organisms is not known with any

degree of certainty. Further, since the proportions of bacterial and

fungal C and N mineralized were statistically different, the overall

kc and � of the soil microbial bianass depends on the cantr ibution of

the bacterial and fungal populations to the total microbial biomass in

SOils.

\
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Fig. 4.18 The relationship between the proportion of microbial N
mineralized during the CHC13 incubation and the C:N ratio
of the microbial tissue.
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5. DISCmSICN

5.1. Effects of Management on Decomposition of Crop Residues and
Microbial Biomass Production

Management including crop residue placement, aeration and

cultivation affected the dynamics of residue C and N mineralization-

stabilization reactions. In the laboratory study, maize residues

incorporated am. incubated under aerobic conditions mineralized

rapidly leaving a stabilized component which accounted for 43% of the

added C and decayed with a half-life (rr�) = 1.82 years. Surface

placement, even under the same high relative hlmlidity atmosphere of

the incubation vessels, reduced net mineralization rates. Field

studies have also shown that surface-placement reduced mineralization

rates of crop residues (parker, 1962; Brown and Dickey, 1970; Myrold

et al., 1979) canpared to that in an incorporated treatment. However,

in the field moisture and temperature would deviate far from the near

optimum laboratory conditions and result in a greater difference in

the mineralization rates of these treatments.

Minimal tillage resulting in less incorporation of crop

residues is becoming a cammon practice in the Great Plains. Fenster

and Peterson (1974) showed that a chemical fallow lost only 20-25% of

its residues during a l4-month period while stubble mulch lost 55-75%

and moldboard-plowed systems lost 90-95%.

Mineralization of maize C was much slower when incubated under

waterlogged conditions canpared to that in an aerobic incubation.

When incubated under aerobic conditions, 52-57% of the maize C was

rapidly mineralized (Ti <25 days) while only 30% was mineralized (Ti =
38 days) when incubated under waterlogged conditions. Flooding paddy
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soils would delay mineralization of crop residue C. However, in the

long term this practice may aid in the conservation of soil organic

matter.

Under waterlogged conditions, low IOCllecular weight organic

compounds are produced by microbial fermentation (Ellis and Lynch,

1979; Wallace and Elliot, 1979) that can readily react with soil

inorganic constituents (Greenland, 1965). The interaction of the

organic molecules with mineral surfaces can exert a protective action

against biological degradation (Kune and Stotzky, 1974; Marshall,

1971; Anderson and Paul, 1984). Further, this interaction can

increase the rate of polycondensation of phenolic compounds (Wang et

al., 1978). Shindo and Kuwatsuka (1977) have shown that deccmposition

of phenolic canpounds in rice straw was reduced under flooding.

Net mineralization of maize N was greater in the short term

(four weeks) when incubated under waterlogged conditions canpared to

that in an aerobic incubation. This is in agreement with studies

reported by Tusneem and Patrick (1971). Therefore, the practice of

f1000ing soils can enhance the net release of N fran the crop

residues, thereby increasing the available N for the next cropping

season. The rate of mineralization of maize N, unlike that of C, was

not significantly affected by aeration in the long term.

Microbial bianass C increased by 5-20% and microbial N by

12-20% in soils continuously cropped for four years compared to the

crop-summerfallow rotation. Carter and Rennie (1982) reported a

significant redistribution of microbial biomass in the surface soil

(8% increase in microbial C and 26% increase in microbial N) after

four years of continuous wheat. Several other studies, which have
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assessed the effects of various soil and cropping practices, empha

sized the importance of microbial biomass measurements (Powlson and

Jenkinson, 1976; Doran, 1980; Lynch and panting, 1980).

Although the primary role of soil microorganisms is in the

decomposition of organic matter, the microbial biomass also comprise a

significant storehouse of nutrients potentially available to plantS.

Fluctuations in the size of the microbial bianass due to changing

environmental conditions (Biederbeck and Campbell, 1971) result in

dead microbial cells that can be readily mineralized by the surviving

microflora. The nutrients released in this flush contribute signifi

cantly to available N (Marumoto et al., 1982b). Microbial biomass

accumulates during cropping and decays during fallow. The greater the

microbial production, the larger the potential for net N i.mrobili

zation or release (Ferguson and Gorby, 1964; Black and Siddoway,

1979). Soil management must include ways of coordinating microbial

bianass changes with plant N demand, Le. I i.mrrd:>ilization during

periods of non-plant growth and mineralization during plant growth

periods.

5.2 �cs of Crop Residue Decomposition

5.2.1 Rapid decomposition phase

Decomposition of crop residues during the rapid decomposition

phase (less than 2 years) is mainly determined by the nature of the

residue. Alteration in decomposition rates can be induced by manage

ment (cropping and tillage practices) and by seasonal variations in

climate. Both of these act primarily through effects on soil

nofsture , aeration and temperature. In accordance with studies

reported by Sauerbeck and Gonzalez (1977), Jenkinson (1977), and Ladd

\
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et ale (198la), short term differences in the rate of mineralization

of straw C were found. However, these differences decreased over

extended periods and gradually disappeared. In this study, the

labelled C remaining in continuously cropped soils was equal to that

in the crop-fallow rotation after four years {Fig. 4 .13}. Shields and

Paul (1973) reported that cropping, canpared to fallow, reduced the

soil mineralization rates by 20% over a growing season by drying the

soil. HC7Never, after three years no significant differences were

evident. Lima (1982) reported a significant reduction in the rates of

mineralization of l4c_, l5N-labelled maize with soil depth during the

first two months in the field. After six months, the labelled C

remaining was equal in all soil depths.

Increased rate of mineralization, when conditions for decam-

position improve after extended drying, has been referred to by Paul

(1983) as the 'catch-up effect'. The inherent ability of the residue

to decoepose and the stabilization of microbial products were not

apparently affected by these disturbances. Better conditions for

d�sition occur in the fall or spring in temperate climates and

during the rainy season in the tropics.

Climatic conditions would be expected to influence the rates of

decomposition of plant residues in arable soils but the differences in

the proportions of residual organic C from plant residues are usually

small (Ladd et aI., 1981a). Maize residues obtained fran the same

batch as those reported in this study were utilized in a field study

in a N .E. Brazil Oxisol (Lima, 1982). Data obtained fran the labor

atory in this study and tropical soil, where maize residues had been

Incorporated into the surface 10 em of fallowed soil at the beginning

-- - - -�----.--.---
... -------.-- .. -.---
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of the rainy season, could Virtually be superimposed (Fig. 5.1). The

data presented. by Jenkinson and Ayanaba (l977) for Nigerian soils

showed similar decomposition rates to that of the maize residues for

up to 0.5 years in the field. Jenkinson (l977a) reported that by the

end of five or six months, similar arromts of residue remained in the

soil fram laboratory and field studies, although the initial stages of

decomposition were faster in the laboratory.

The microbial biomass and associated products that formed from

a glucose amendment, mineralized at a remarkably similar rate in the

laboratory (Voroney, unpublished data) (T� = 126 days) compared to

that obtained from a field study in S.W. Saskatchewan (Shields et al.,

1973) (�= 131 days) extending over a planting season (Fig. 5.2).

Evidence for marginally greater stabilization in the field could be

attributed to droughty conditions for a portion of the summer and to a

difference in soil texture (clay - field vs. sandy loam - lab) •

Ladd et al. (198la) reported that medic decayed with an average

rate of decomposition equivalent to a half-life of 22.6 days in South

Australian soils during the first four weeks. This was similar to the

average rate of decay reported by Jenkinson and Ayanaba (l977) for

ryegrass tops decanposing in tropical soils. Most field studies,

however, have not utilized. short enough time intervals to obtain an

adequate measurement of the kinetiCS of decomposition during the early

rapid period.

S • 2.2 Slow decalposition phase

Net mineralization rates during the slow decomposition phase

(about 2-10 years) were similar at different locations in temperate

regions (Table 5.1). Turnover of the stabilized C, which would be

,--'---_
.. --"'�-'�.�'-"':;;"'::�''',""",
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Fig. 5.1 Labelled C remaining fran soils amended with l4C_, �
labelled maize and incubated in the laboratory (Bradwell
soil, 20°C) and in the field (OXisol, N.E. Brazil).
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Fig. 5.2 Labelled C remairnnq fran soils amended with l4C-labelled
glucose and incubated in the laboratory (Bradwell soil,20°C) and in the field (Sceptre soil, S.W. Saskatchewan).
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Wheat straw West Germany 5.5-6 Sauerbeck & Gonzalez
(l977)

133

Table 5.1 Long term net mineralization rates of plant residues.

Half-life (years)
Plant Location Reference
residue C N

Wheat straw Saskatchewan 8.5-9 12.4-15.4 This study

Medic Australia 8.4 10.7 Ladd et ale (l98la)

Ryegrass England 8 Jenkinson (1977b)

comprised of living biomass, microbial products and stabilized plant

oomponents, during this phase of decomposition was only marginally

affected by the vast differences in climate at these sites. Physical-

chemical reactions with soil organic and inorganic constituents and

physical protection dominated the long term rates of mineralization of

C and N derived from crop residues.

5.3 Microbial Growth on Crop Residues

Microbial bicmass production accounted for 24% of the added

maize C and 34% of the maize N within 8-14 days of addition (Figs 4.6

and 4.7). Growth efficiencies of 40-60% are generally considered to

be realistic for the decomposition of simple carbonaceous substrates

such as glucose and proteins in soil 0lerstraete, 1977; Ladd and Paul,

1973) and are very similar to those obtained in pure culture studies

(Payne and Wiebe, 1978; Elliott et al., 1983). The experimental

results showing a yield coefficient of 40% for complex substrates are

also in accord with the output of a model developed by van Veen and

Paul (1981) that simulated decomposition of a complex substrate and

-_",. ,�-
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biomass N was measured in the maize residue study whereas Ladd et ale

included microbial production.

In a field study of the decanpOsition of 14C, lSN-labelled

medic in South Australian soils (Ladd et ale I 1981a), the net forma

tion and decay of labelled microbial biomass was measured over four

years. The aroc>unts of labelled microbial bic.mass fran the decanposing

plant material were maximal 4-8 weeKS after incorporation and

accounted for 4% of the added medic C am 15% of the added medic N.

The large discrepancy between these data and the results obtained from

the maize residue study can partially be explained by the use of

different methods to calculate the flush in the CFIM. Also, microbial

(198la) estimated biomass N assuming a microbial C:N ratio of 5:1.

Ladd et ale (198la) further reported that after eight weeks in

the field labelled microbial biomass C and N decreased, first rapidly

and then more slowly. The net decline of labelled microbial C and N

during the last 3.4 years of the experiment was relatively slow with

-1 1
net decay rate constants equal to 0.17 year (T2 = 4.1 years) for C

-1 1and 0.18 year (T2' = 3.9 years) for N. Nevertheless, the decrease in

labelled microbial C and N was still greater than the labelled C and N

remaining in the soil, exclusive of bianass. The decay rates of

labelled microbial biomass in the maize residue study also exceeded

that of the total labelled non-bianass C remaining in the soil.

Work with tracers has verified that large amounts of labelled

phenolic canpounds are incorporated into stabilized humrs , while

oon-aromatic materials are incorporated into the soil microbial

biomass (Kassim et al., 1982). The addition of 14C-label1ed melanic

fungal residues (Malik and Haider, 1982) resulted in a slow degra-
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dation rate of the materials and concentration of the cell walls in

the humin fraction of soil organic matter. In this study, the C

remaining after seven years in the field following a glucose amendment

was more stable than C derived fran wheat straw, verifying van Veen

and Paul's (1981) suggestion that same of the straw components such as

lignin are degraded faster than microbial products which would include

melanic products such as those utilized by Martin et ale (l982).

Fine clays have been found to exert a stabilizing effect on

microbial degradation of proteinaceous materials and polysaccharides

(S¢rensen, 1975, 1981). This was evident in the pattern of decan-

position in the Sceptre soil (clay) canpared to that in the Waitville

soil. The clay protection of otherwise readily degradable substrates

\oOlld make an i.rrq;x)rtant contribution to the dynamics of C and N with

an intermediate turnover (T� = 1-4 years) (Anderson and Paul, 1984).

5.4 Tur�er of Microbial Biomass

The data now available make it possible to campare relative

rates of microbial bianass turnover in the field and crop require-

ments. The turnover of microbial bianass under a wheat-fallow

rotation in S.w. Saskatchewan, continuous wheat at the Broadbalk olots
'"

in Rothamsted, England and, sugarcane in N.E. Brazil is examined in

Table 5.2. The soil organic matter content of the Brazilian Oxisol

was equal to that at Broadbalk (26 t C ha-l) whereas the Saskatchewan

BrCMn Chernozem contained 2.5 times as much C. C inputs of 1.6 t ha-l

year-l in the Saskatchewan soil and 1.2 t ha-l year-l in Broadbalk

soils would iIrt>ly a gross turnover of soil C of 41 and 22 years,

respectively. In contrast, annual C inputs at the Oxisol would be

approximately 13 t ha-1 for a gross soil carbon turnover of 2.0 years.



s.w.
Saskatchewan Rothamsteda

N.E.
bBrazil

--

Table 5.2 C and N turnover in Saskatchewan wheat-fallow, Rothamsted
continuous wheat and Brazilian sugar cane soil-plant systems.

Soil weight C (t ha-l) 2700 2200 2400

Organic C (t ha-l) 65 26 26

Kjeldahl N (t ha-l) 5.8 2.7 2.2

C:N 1l.2 9.6 11.8

plant C inputs «t ha-l year-l) 1.6 1.2 13

Gross turnover soil C (years) 41 22 2.0

Microbial C (t ha-1) 1.60 0.57 0.46

Microbial N (t ha-1) 0.36 0.095 0.084

Microbiar C turnover time 2.5 1.2 0.088
(years)

Microbial N flux (kg ha
-1 year-I) 144 80 950

N uptake (kg ha-1 year-I) -40 24 220

Plant uptake of N flux (%) 28 20 23

�dapted fran Jenkinson and Ladd (1981)

�ima (1982)

CSarnpling depth (em): Saskatchewan - 24; Rothamsted - 23; N.E. Brazil - 20

d.rurnover time (T) = B/Afb
where A = annual input plant C

B = microbial biomass C

fb = yield coefficient of microbial biomass (0.4)

----------_.-.-
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Microbial C turnover time was calculated assuming a growth

yield coefficient of microbial biomass = 0.40. The high input of C in

the Brazilian soil resulted in a calculated turnover time of 0.088

years. This is equivalent to the turnover time of the active labelled

microbial C canponent in the maize residue laboratory study (Fig.

4.6). Microbial C turnover in the Brazilian soil was 14 times faster

than that found at Rotharnsted and 28 times faster than that found in

Saskatchewan. Thus, in tropical soils the microbial biomass acts

mainly as a biocatalyst of organic matter transformations whereas in

temperate soils it is a major potentially available source-sink for

nutrients. In all three soils plant N uptake was equivalent to 23-30%

of the estimated N flux through the microbial biomass.

5.5 Availability of Crop Residue N

Ladd et al. (198lb) reported that wheat plants had taken up

from 10.9 to 17.3% of the labelled N derived frem an amendment of

medic tissues. In this study, recovery of added N in harvested grain

and straw during the first cropping season was sDnilar in the 10 year

(Table 4.6) and four year studies (Fig. 4.14). These data indicate

that mineralized labelled N was utilized with an efficiency ranging

from 32 to 51%, comparable to that reported for fertilizer N appli

cations (Paul and Rennie, 1977). However, in the crop year following

the first surranerfallow, plants apparently utilized mineralized

labelled N with an efficiency of only 8-14%.

Crop residues can form a major source of plant available N in

arable soils. Campbell and Biederbeck (1980) estimated that the

amount of N returned annually to soils cropped to cereals and oi1seeds

in the Prairie provinces (during the period 1967-1978) was 361,000

--�--'--------- "<,
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tonnes. Therefore, about 90,250 tonnes of N derived fran the mineral

ization of straw residues would be available as a slow release

fertilizer during the first cropping season. This is equivalent to

nore than one-third (36%) of all the fertilizer N applied on the

prairies. This source of plant N, besides supplying the soil micro

flora with energy, has the advantage that it is released slO\'lly, aOO

therefore, would not be readily lost from the soil-plant system.

These estimates do not include "roots and plant prOducts released

dur ing the growing season.

In the long term, returning crop residues back to the soil

would help to maintain soil fertility. Ferguson and Gorby (1964) and

Black (1973) reported that soil mineralizable N content and crop yield

response increased in direct propcr t.ion to the quantity of wheat straw

returned to the soil. Haas et al. (1976) shoeed that the total N

--

content of the soil increased with increasing return of crop residues.

Mineralized crop residue N is subject to losses from the

surface soil by leaching and by denitrification. There was evidence

of leaching at the Waitville site during the initial three years of

the 10 year study. The microplots extended 20 em into the soil and

the soil had been fallowed during the first season. Mineralized N

could have leached beyond the rooting zone and been permanently

unavailable to cereal crops (�bell et al., 1975). More recently,

Campbell et al. (1984) have shown that continuous cropping to spring

wheat reduced, though not entirely stopped, leaching of N03--N.
In the four year field study, apparent losses of labelled N

should have been reduced because the microplots extended approximately
1 m into the soil eliminating lateral movement of mineral N. Never-



theless, major losses of labelled N occurred, especially in early

spring and while the soil was fallowed, which can probably be attri

buted to denitrification. Aulakh and Rennie (1984) reported that

25-33% of fall applied N03
-

-N was lost frem the soil by the following

spring. The N losses occurred in late fall and ear-ly spring when soil

aeration was reduced due to high moisture content and were attributed

pr�ily to denitrification rather than leaching. Under conventional

tillage, cumulative N losses during the growing season were very low

«10 kg N ha-l yr-l) from cropped soils but were two to five times

higher under a fallow.

Fredricksen et ale (1981) have shown that addition of residues

surface soil moisture content.

bo soil can reduce gaseous N losses through immobilization of mineral

N. Much higher recover ies of labelled N were recorded in this study

where added mineral N had been i.nrrd>ilized by amendment of soil with

glucose (Table 4.9). However, incorporation of crop residues in

conventionally-tilled soils or placement of residues on the surface in

zero-tilled soils doubled gaseous N losses (Aulakh and Rennie, 1983).

Straw amendments not only increased available energy supply which

vnlid enhance denitrification activity (Guenzi et al., 1978; Rolston

et al., 1979) but also resulted in relatively large increases in

5.6 Application of the Q1C�Fumigation-Incubation Method

Heterotrophic microorganisms control the flow of C and the

cycling of nutrient elements in terrestrial ecosystems. The

�rtance of microorganisms in the functions of ecosystems has led to

an increased interest in the determination of soil microbial biomass.

Of the techniques currently available for biomass and activity

\



residues and soil organic matter.

measurements, the CFIM has been especially useful for studying the

relationship of the microbial bianass to organic matter transfor

mations. These measurements have contributed to our understanding of

the role of the microbial bianass both as a major nutrient source-sink

of plant nutrients and as a catalyst in the decomposition of organic

5.6.1 Biological and biochemical activity during CFIM

The activity assessed by measurement of CO2 evolution and net

exchangeable NH4
+

accumulation during CFIM can be attributed to

enzymes associated with lysed microorganisms, accunulated soil enzymes

contrast, Ridge (1976) reported that although aerobic spore-fonners

and enzymes produced by living microorganisms. In this study, the

�ation of exchangeable NH4+ during exposure of soil to CHCl3
vapour indicated deaminase activity associated with non-living cells.

HCMever, extrapolation of this activity over the standard 10 day

incubation would account for <20% of the total N mineralized during

CFIM. Brookes et ale (1982) reported that phosphatase activity

continued during CHC13 fumigation with most of the CHC13-released P

converted to inorganic P within 24 hours exposure. Microorganisms

proliferating during CFIM apparently make up the major contribution to

reactions associated with both N and C mineralization.

5.6.2 Response of the microbial population to CHC13 fumigation

The microbial population which survived CHC13 fumigation and

developed during a subsequent incubation was very different from the

microbial :population in unfumigated soil. Aerobic sporo-forminq

bacteria canprised the dominant group surviving fumigation whereas

fluorescent pseudamonads failed to be recovered after treatment. In

------------ "<,
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survived and developed after fumigation, fluorescent pseudomonads were

the dominant reoolonizers.

In agreement with this study, Ingham et ale (1983) reported

that protozoans did not survive fumigation. However, Ingham et ale

reported that fumigation reduced bacterial and fungal populations by

only 50-90% depending on several factors including the C:N ratio of

the soil.

Waksman and Starkey (1923a) stated that utilization of dilution

agar plate counts to assess the response of the bacterial and fungal

population to fumigation should be treated with caution and may be an

artifact of the method. Spores, rather than vegetative cells and

hyphae, may make up a majority of the colonies that form on dilution

agar plates. Certain biocidal treatments are known to enhance spore

production (Ridge, 1976).

5.6.3 Use of a control

Jenkinson (1966) proposed that the rate of mineralization of

non-biomass organic matter was equal in both fumigated and unfumigated

soil samples on the assumption that all of the organic matter

mineralized in the unfumigated soil could be attributed to non-biomass

material. The flush or mineralization of microbial biomass was calcu

lated from the difference in activity between fumigated and unfumi

gated soils in C and N mineralized. Paul and Voroney (1980), on the

other hand, assumed that all of the C and N mineraliZed in a fumigated
soil to be derived from biomass material alone. These two methods

show the maximum range in estimation of the flush. Utilization of a

control for calculating the flush may underestimate the biomass while

calculations that disregard the flush control may be an overestimate.



The results presented in this study indicate that minerali

zation of non-bianass material during CFIM is minimal. Justification

for this would be:

1. Fungi daninate C and N mineralization in unfumigated soils (Clark,

1967; McGill et aI., 1973; Anderson and DarlSCh, 1975). In

contrast, this study showed that bacteria were mainly reponsible

for C mineralization in flUnigated soils. Further, Jenkinson and

Powlson (1976a) reported that the size of the microbial biomass

that develops during the CHCl3 incubation was only a fifteenth of

that in unfumigated soil. Alteration of the microbial population

by CHC� treatment affected the biochemistry of C and N minerali

zation of potential organic substrates and subsequent turnover of

microbial products.

2. The concentration of labile organic canpounds in soils is very

low. Schmidt et al. (1960) and Paul and Schmidt (1961) reported

that free labile amino acids were present in soils in amounts

rarely exceeding 2.0 ug g
-1 soil. Further, Wainwr ight and Pugh

(l975) reported that following a partial biocidal treatment which

released substantial quantities of proteinaceous material into the

soil, the concentration of labile amino acids decreased sharply

during the subsequent incubation due to immobilization

mineralization reactions.

To date, however, no convincing evidence of what the control

should be has been presented. Voroney and Paul (1984) suggest the use

of an internal standard. In this regard, glycine or threonine may be

used as both are uncomron in unfumiqated soil (SONd.en and Ivarson,

1966) but tend to accumulate following a biocidal treatment.



Green\tOJd aOO Lees (1956) aOO Halvorson (l972) found that these amino

acids were not readily mineralized in soils treated with biocides.

Chaussod and Nicolardot (Nicolardot, 1981) proposed an alter

native solution to the control problem based on simulation modelling

of decomposition during the CFLM. Mineralization of C and N in the

CFIM was determined after seven days and again after 14 days. The

organic matter mineralized during days 7 to 14 was considered as the

control. Examination of data obtained in this study have yielded

inconsistent estimates for the control. In sane soils the control for

C was less than that obtained fran an unfumigated soil while in other

cases it was more, In rost soils, the control for N was twice that

obtained fran unfumigated soil.

5.6.4 Estimation of kC and �
The results obtained in this study indicate that bacterial and

fungal cells mineralized at statistically different rates in agreement

with Anderson and Dcmsch (1978a), McAdams and Laughlin (l98l) and

Mart1ITOto et al. (1982a). However, this was in contrast to data

reported by Jenkinson (1976) and Nicolardot (1981). The value

obtained for kC of bacteria concurred with estimates reported in the

literature providing that incubation temperature affects the minerali

zation rate. However, rates for the mineralization of fungal C were

lower than those reported by others. The reason for this discrepancy

may be due to the age of the fungal tissue. Anderson and Domsch

(1978a) harvested their fungal tissue in the late linear growth phase

preceding the onset of the stationary phase. The fungi in this

investigation were harvested when the mycelial mat covered the liquid

surface of the culture vessels and corresponded more to the stationary

---- _ _____.----
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growth phase. The tissue included aerial ana submerged hyphae as well

as spores and spore prinDrdia. Sane of the eungi had developed a deep

pigmentation irrlicative of the later stagee in their develor:ment•

This age of fungal tissue should more closelj resemble that in soils.

The proportion of microbial N mineralized during the fumigation

incubation was shown to be directly correlated to their C:N ratio.

Data obtained in other studies also showed this trend (F ig • 5 .3)

(Jenkinson, 1976; Nicolardot, 19-8l: MarumotO et al., 1982a). Net

mineralization of microbial N occurred if tlleir C:N ratio was <10,

whereas net i..rrrrobilization of N occurred for C:N ratios >10. The C:N

ratio of the indigenous soil microbial population would appear to be

<10 as net N mineralization is recorded during the fumigation

incubation of most soils.

Dc:msch, 1980).

Utilizing the equation developed from Fig. 5.3 [�= 0.93 _

0.091 (microbial C:N ratio)], a fungal C:N ratio of 7.3 would

correspond to a � = 0.26 and a bacterial C:N ratio of 4.3 would give

The fungal mycelia prepared by Anderson and Dansch (l980) had a

C:N ratio similar to those produced by Nicolardot (l981). The fungal

tissue produced in this study had a C:N ratio of 9.2. The mycelia

produced by Anderson and Damsch (1980) and Nicolardot (1981) had a C:N

ratio of 7.3-7.6. Similarly, the bacteria in this study had a C:N

ratio of 4.3 which was lower than those produced by Anderson and

Dansch (l980). Jenkinson (l976) utilized bacteria having an average

C:N ratio of 3.8. For purposes of calculating �, the mean C:N ratios

of microorganisms grown in 0.1% glucose medium may be considered to

approximate those of indigenous soil microorganisms (Anderson and

--�---.---- ------- -�---
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a � = 0.54. These values should be considered provisional as the C:N

ratios of indigenous microorganisms may be lower than the in vitro

microorganisms.

The relative contributions of fungi and bacteria to the soil

microbial bianass would have to be considered in order to calculate an

overall weighted kC and � for the soil population. A fungal:

bacterial biomass ratio of 3:1 is generally considered representative

of agricultural soils (Shields et al., 1973: Nannipieri et al., 1978:

Anderson and Domsch, 1980). Weighted values for kC = 0.25 (0.54) +

0.75 (0.35) = 0.40 and, for � = 0.25 (0�54) + 0.75 (0.26) = 0.33.

Voroney and Paul (1984) proposed that the ratio of C02-c
+

evolved:net NH4 -N accumulated (�:�) could be used to estimate �
where net mineralization of microbial N was reduced due to production

of microorganisms with a wide C:N ratio. A plot of � vs, CF:� for

the microorganisms tested in this study yielded two curves (Fig. 5.4)

which could be descr ibed by power functions. The proportion of

microbial N mineralized was descrtbed by the equation � = 1.86 x

(<;.:NF)
-0.879 (r2 = 0.98) for positive values of c;:�. The absolute

value of �:NF was utilized in the regression for negative values of

�:� yielding the equation � = -3002 x Icr:NF/-0.855 (r2 = 0.74).

Data obtained from several other studies agreed closely with this

relationship and are included for canparison purposes only.

A <;.:� ratio = 6, a value which has been found to be consis

tent in a wide range of soils (Ayanaba et al. 1 1976; Powlson and

Jenkinson, 1976; Voroney and paul, 1984) would yield a � = 0.39.

This value is significantly higher than the value obt�ined earlier.

However, this approach does not involve any assumption about the



-50 -40 -30 -20 -10

Proportion of
microbial N
mineralized

0.6

0.4

• this study
o Jenkinson (1976)

A Nicolordot (1981 )
x Marumoto et 01. (1982 a)

+ Voroney and Paul (1984)

0.3 - 0.819
KN=1.86x (CF' NF)

(r2=O.98)x
0.2

x
x

0.1

20 30 40 50

-0.1

-0.2

-0.3

-0.4

-0.5

Fig. 5.4 The relationship between the proportion of microbial N
mineralized during the CHC13 incubation and CP:�.



nature of the soil microbial biomass 0' the distribution of the tested

organisms in the soil population.

Both methods of calculation give canparable estimates for

microbial bianass N. The method utilizing the <;':NF ratio has an

advantage in that it can be utilized \'lhen qualitative changes in the

microbial biomass have reduced net N mineralization. This would be

especially evident in soils such as thOse in forest where the CF:NF
ratios are wider than those foUnd in these agricultural soils.

However, further research is required to ascertain whether the

assumptions and relationships developed in this study are those found

Direct extraction methods on fresh soils have been develoPed"

in non-agricultural soils.

In summary, utilization of the CFIM in conjunction with tracer

techniques has proven to be an extremelY useful tool for studying both

soil microbial biomass, activity and turnover. However, factors such

as the requirement of an incubation, limit its routine use. Develop-

ment of chemical methods for measurement of microbial biomass C and N

are required.

for determination of microbial biomass S (Saggar et al., 1981) and

bicmass P (Brookes et al., 1982; Hedley and Stewart, 1982). Both

methods rely on CHe13 to release the microbial constituents. To date,

similar methodology has not been employed for microbial biomass C and

N determination although there is evidence in the literature showing

the potential for developnent of a direct extraction method.

Jenkinson and Powlson (1976a) repor ted that exposure of soil to

CHCl3 for 24 hours increased the amount of organic C in a 0.5 M K2S04
extract by 2.3 times. This CHCl3-releaSed organic C then decreased by

----,--�--'---'-----
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40% during a subsequent 10 day incubation. Voroney (1979) also

reported that CHCl:3 fumigation increased the amount of K2SO4
extractable C. Furthenrore, approximately 40% of the irrrrobilized

,

'I
" 14

1
-labelled C was released m a SOl receavtnq a C-g UCOse plus N03

amendment. The quantity of exchangeable NH4+ also increases after

fumigation (Jenkinson and Powlson, 1976a), although the difference

from an unfumigated soil was not large enough to be aCCUrately used as

a method. Measurement of the additional organic N released by CHC�
may prove to be a better approach.
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6. cnamICH)

This series of field and laboratory investigations have led to

the following conclusions:

L In the laboratory, maize residues incorporated and incubated in

an aerobic environment mineralized to a greater extent compared to

those which were surface-placed. When incubated under waterlogged

conditions, residue C mineralized much more Slowly than under an

aerobic incubation. However; mineralization of residue N was not

significantly affected whether incubated aerobically or under

waterlogged conditions.

Mineralization of maize residue C and N in the laboratory can

be described by the equations:

(a) Aerobic incubation

surface-placed

Percent labelled C
-2 lxlO-1 t -4 0 10-2 t -1 5 10-3 tremaining at time = 5e· •

+ 47e • x •

+ 48e • x •

t (days)

incorporated

Percent labelled C -1 -2 -3
remaining at time = 15e-3.9xlO .t

+ 42e-3.4xlO .t
+ 43e-l.OxlO .t

t (days)

Perc�n� labell� N -3.0xlO-2.t -1.9xIO-3.tremalnlng at t� = 24e + 76e
t (days)

(b) Waterlogged incubation

Percent labelled C -2 -3
remaining at time = 30e-I.8xlO .t

+ 70e-l.5xlO .t
t (days)

Percent labelled N -2 -3
remaining at time = 22e-3 .lxlO • t

+ 78e-1. 9xlO • t
t (days)

- --" .. ��.----.--.
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2. Under field conditions the effects of management on the rates

of residue C and N mineralization were most evident over ��e short

Percent labelled N

remaining in soil +
cumulative removal =

in harvested crop
at time t (years)

(b) Waitvil1e soil

-1 -2
33e-6.lxlO .t

+ 67e-S.6xlO .t

term (1-3 years). Residue derived C and N mineralized much more

readily under a crQIrsunmerfallow rotation canpared to under

continuous crop for the first two growing seasons. Thereafter,

the differences gradually decreased and after four growing seasons

management effects were evident only in the more arid soil.

Reduction of crop residue mineralization under crop may be attri

buted to reduced microbial activity with lowered soil moisture

content. Management did not alter the mineralization of residue

derived C and N in the long term.

3. Mineralization of crop residue C and N was influenced by

climatic factors in the short term and this may affect the pattern

of residue mineralization in the long term. Mineralization of

crop residue derived C and N under field conditions can be

described by:

(a) Sceptre soil

perc7n� labell� C
-1.4.t 2se-S.lxlO-2.tremalnLng at t� = 72e +

t (years)

Percent labelled C -2
remaining at time = 80e-l•S•t + 20e-7.7xlO .t

t (years)

Percent labelled N

remaining in soil + -2
cumulative removal = 42e-l•2•t + 58e-4.5xlO .t

in harvested crop
at time t (years)

--- -----------.--�--------""
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4. The readily available C in crop residue was metabolized with a

biosynthetic efficiency similar to glucose<. The amount; of added

C and N remaining in soil amended with glucose and NH4N03 appr�i
mated that of wheat straw during the later per iod of minerali

zation of stabilized canponents. However, the C and N derived

fran the glucose + NH4N03 amendment were rrore resistant than the C

and N derived fran crop residues indicating that sane of the

undecarnposed residue constituents were mineralizing !lOre readilY

than microbial products.

5. Continuous cropping significantly reduced losses of residue N

(by 20-60%) canpared to a crop-sunmerfallow rotation. This can be

attributed to more efficient utilization of mineralized residue N

by crop uptake and greater retention in the soil.

6. Downward movement of labelled C was minimal. Leaching of

residue der ived N belO\o1 the rooting zone cannot explain the

apparent low recoveries in soil and harvested crops, 50-85%, after

four grQ/7ing seasons. Total labelled N was more widely distri

buted in the soil canpared to labelled C, however, <5% was

recovered below 16-18 em depth. Labelled mineral N accounted for

an increasing proportion of the total N with soil depth indicating
same movement by leaching.

7 • Continuous cropping during four years increased microbial C am

N by up to 20% in the plough layer as canpared to that in the

crop-summerfallow rotation. This could be attributed to greater

plant residue inputs and would have a direct effect on nutrient

cycling.



8. Labelled microbial C accounted for a minor proportion (5-12%)

of the residue C remaining in the soil after four years. However,

due to internal cycling of labelled N, the proportion of residue N

present as microbial N was up to two times greater.

9. Laboratory studies indicated that the yield coefficient of C

for production of microbial biomass was >40% during the initial

period of decanposition (0-2 weeks) of the simple and readily

available plant constituents·. Maximum product.Lon of microbial

biomass C and N occurred within 8-14 days after amendment. At

this time labelled microbial biomass C and N accounted for 24% and

-

remainder of the incubation.

34%, respectively, of the added residue C and N. Net decay of

labelled microbial N would have been a major contributor (up to

50%) to the labelled N subsequently mineralized during the

10. Apparent priming of soil (unlabelled) C following crop residue

amendment can be accounted for by the activation arrl increased

rate of decay of soil microbial biomass C. Incorporation of maize

residues and incubation under aerobic conditions increased

unlabelled C mineralization by 10% over 150 days of incubation.

The residue addition activated aboUt 9% of the soil microbial

bianass C \vhich subsequently decayed at a more rapid rate (T! = 26

days) canpared to unamended soil (T� = 177 days). Thus, priming

may be attributed to biological cycling rather than increased

mineralization of native soil organic matter.

li. Crop residue anendments enhance internal cycling of N in the

long term. Net irranobilization of soil mineral N occurred after

incorporation of crop residues and incubation in the short term

--- -------
------ "
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(1-2 weeks). However, the incorporated residue treatment produced

10% more unlabelled mineral N compared to the unamended treatment

by the end of the incubation.

12. The activity associated with C and N mineralization during CFIM

can be attributed mainly to proliferating microorganisms that

survive fumigation. Deaminase activity was measured during

exposure of the soil to caC13 vapour. However, only a minor

portion of the NH4+ released during 10 days of incubation would be

due to enzymes associated with non-living cells.

13. caCl3 treatment altered the soil microbial population from one

dominanted by fungi to one where bacteria predominate. Aerobic

spore-formers made up the major component of the survivors of

QIC� fumigation and recolonizers during incubation. Other

bacteria, actinanycetes, fungi and protozoans were not active

after CHC� treatment. Use of seleCtive inhibitors of microbial

growth, which ultimately could affect respiration during CFIM,

confirmed the dominance of bacterial respiratory activity.

14. The biochemical activity during CFIM was not directly

conparabl.e with that in unfumigated soil. Therefore, it is highly

unlikely that the rate of mineralization of non-biomass material

would be equal in fumigated and unfumigated soils.

15. Calibration of the CFIM utilizing in vitro produced micro-

organisms and the standard 10 day incubation and a temperature of

o
28 C gave values for kC = 0.40 and � = 0.33. These values ""vere

calculated assuming a fungal: bacterial biomass ratio of 3:1, a

bacterial C:N ratio of 4.3 am a fungal C:N of 7.3. The

proportion of microbial N mineralized during CFIM is best
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described by using the equation � � 0.93 - 0.091 (microbial C:N

ratio) •

16. � can be estimated directly fran the ratio of C02-c evolved:

+
net NH4 -N aCCUIm.1lated (<;:�) dUring the CFIM incubation

'1" th 'k__ 1 86
-0.879 Th '

utl. l.Zl.ng e equataon "N
=

• x (c;.:�) • e equatl.on

accurately predicted the proportion of microbial N mineralized in

fumigated soil for a number of in vitro produced bacteria and

fungi having a wide range in their C:N ratios.
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APPmDIX 1

A. Microbial isolation media:

1. o. 3% Difco trYPticase - soy agar (Martin, 1975)

Difco trypticase - soy broth 3 9
Bacto - agar 15 9

Distilled water 1 L

Basal medium

Difco protease peptone

Noble agar

Glycerol (100%)

�S04
MgS04· 7H20
Distilled water

20 9

12 9

8rnL

1.5g

1.5g
940 mL

2. NPCC agar (Sim::m et ar., 1973):

- set pH to 7.2 with 0.1 M NaQH

- autoclave for 15 min at 12loC

Antibiotics

Penicillin G

Novobiocin

Cyclohexarnide

Chlorarrq;>henical

95% ethanol (vol/vol)

75,000 units

45 m.:J

75 m.:J

10 m.:J

3rnL

- dilute with 50 rnL sterile distilled water

- add to basal medium when temperature is at 45°C

-------............._,



3. Czapek-Dox agar (pH 3) :

Czapek-Dox broth

Bacto-agar
35 9 in 500 mL distilled water

15 9 in 500 mL distilled water

187

- autoclave separately for 25 min at l2loC, and combine
- add streptanycin (30 cJ:g mL-1) to basal medium when
temperature is at 45 C

4. Actinanycete isolation agar

Difco actinomycete isolation agar 22 9

Glycerol (100%) 5 mL

Distilled water I L

- add micro-filter ster!!ized actidione (50 ug mL-1 and
tetracycline (5 pg mL ) to basal medium when temperature
is at 45°C

B. Most Probable Nl.mlber of Protoza

Microtiter wells:

Noble agar

Nacl

Distilled water

10 9

5 9

I L

- pH adjusted to 6.5-7.0

- five sterilized glass rings (2.2 em diameter x 1 em) were

aseptically set into each plate before the medium solidified



APPENDIX 2

° -1
Temperature 20 C, 120 rev min

1 L Erlenmeyer flasks

containing 250 mL broth

Temperature 20°C; still
culture 300 mL screw-top

Roux culture bottles

Bacterial broth Fungal broth

Glucose 1 9 Malt extract 7.0 9

Yeast extract 1 9 Yeast extract 0.5 9

Nutrient broth 0.8 9 Soytone 1.09

Distilled water 1 L· Distilled water 1 L
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APPENDIX 3

For a first order reaction where organic C (Ct) _> Products,

the rate law is:

-<let
- =

dt

initially, Ct = Co when t = 0

ln Ct = -kt + constant

In C = constant
o

In c; = -kt +_ In Co

since C = C - c
tOt

-kt
= Co K.e

dt

dCtIn (-)
dt

-kt
= In Co k + In e

= In

(CO.�k__)-_k_t �
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APPIH>IX 4

Mineralization of bacterial and fungal C and N in fumigated
soil during 10 days of incubation, 28°C

Microbial biomass

AIroun�added mineEtlized
(J.lg 9

-

soil) ()Jg 9 soil)

C N C N

ArthrObacter glObifor.mis 458 124 281 73.5

Arthrobacter oxidans 501 112 281 58.0

Micrococcus flavus 509 100 244 49.1

Pseudomonas aeruginosa 533 125 274 80.0

Penicillium freguentans 501 46 168 -4.1

ASpergillus fumigatus 438 46 151 6.2

Mucor silvaticus 424 48 121 8.4

Fusar ium roseum 377 64 124 23.7

Chrysosporium pannorum 253 47 87 15.4

Paecilomyces carneus 418 37 146 -4.9

Mortierella nana 448 52 180 4.4

Clado�rium clad0?eOridia 412 29 146 -10.1

Trichoderma vir ide 479 48 171 2.6

z�orrhynchYUs mOlleri 372 50 141 9.9

-----�
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