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Summary--“C-1abelled glucose and “N-labelled KNO, were added to soil and the microbial biomass 
during 42 days’ incubation was estimated using the chloroform fumigation-incubation method (CFIM). 
By day I, most of the glucose (1577 pg C g-’ soil) was metabolized and I IO pg NOT-N g-’ soil were 
immobilized. In situ values for the proportions of biomass C (/cc) and biomass N (kN) mineralized during 
the IO days after CHCI, fumigation were determined on the basis that the immobilized labelled C and 
N remaining in the soil at this time were present as living microbial cells and their associated metabolites. 

The tracer data indicated that biomass C could be calculated by applying a kc value of 0.4 I to the CO:-C 
evolved from the fumigated sample without subtraction of an unfumigated “control”. Biomass X was 
estimated from the net NH;-N accumulation during the fumigation-incubation. The problem of 
reimmobilization of NH;-N where organisms of wide C:N ratio occur was overcome by adjusting the 
value of k, according to the ratio of CO,-C evolved: net NH;-N accumulated during the 
fumigation-incubation (C,:N,). A C,:N, ratio of 6: I resulted in a k, of 0.30 whereas a ratio of 13: I 
indicated a k, of 0.20. 

INTRODUCTION 

Heterotrophic microorganisms control the flow of C 
and the cycling of nutrient elements in terrestrial 
ecosystems. The large size of the soil microbial bio- 
mass implicates it as a major nutrient sink during C 
immobilization (growth) and as a source during 
mineralization (decay). The importance of micro- 
organisms in ecosystem functioning has led to an 
increased interest in determination of soil microbial 
biomass. 

Methods to measure the biomass and its nutrient 
content have been reviewed (Jenkinson and Ladd, 
1981; Paul and Voroney, 1980). The chloroform 
fumigation-incubation method (CFIM) proposed by 
Jenkinson (1966) was considered to be the most 
useful for soil studies. In the CFIM, microorganisms 
are made susceptible to mineralization by fumigation 
with CHCI, vapor. This disrupts the microbial cell 
membranes and releases internal constituents to the 
microorganisms surviving CHCI, treatment or added 
inoculum. Subsequently, microbial C and N mineral- 
ized during a lo-day incubation can be measured 
from the evolution of COZ and accumulation of 
NH:. 

The proportion of biomass C mineralized during 
the 10 days after CHC13 fumigation (kc) has been 
derived experimentally by determining the mineral- 
ization rate of known quantities of microbial C in 
fumigated soil. Jenkinson (1966) initially proposed a 
value of 0.30 for kc that was later revised to 0.5 based 
on a greater number and wider variety of organisms 
(Jenkinson, 1976). Adams and Laughlin (1981) re- 
ported a value of 0.55 for kc based on 10 different 
organisms including both bacteria and fungi. An- 
derson and Domsch (1978) prepared “C-labelled 
fungal and bacterial isolates of organisms frequently 

found in soil and added them to four different soils. 
The average proportion of fungal C mineralized was 
0.435 i: 0.053 while the average for bacterial C was 
0.333 + 0.099. A weighted average mineralization of 
0.411 for incubation at 22’C was calculated assuming 
a ratio of I:3 for the distribution of the bacterial and 
fungal biomass in the soil population. 

Jenkinson (1976) determined that the proportion 
of bacterial N mineralized after CFIM (k,) varied 
from 0.45 to 0.59. Net mineralization of fungal N was 
not observed in the species examined. Adams and 
Laughlin (1981) also reported no net mineralization 
of fungal N and for yeast and bacteria an average kN 
of 0.32 (ranging from 0.30 to 0.58) was calculated. 
Amato and Ladd (see Jenkinson and Ladd, 1981) 
determined an average kN of 0.46 for two species of 
bacteria and a factor of 0.28 for two species of fungi. 

At present the use of CFIM is limited by the 
inability to determine what constitutes and appropri- 
ate control for comparison with the fumigated sam- 
ples (Paul and Voroney, 1980). The extent of attack 
on the native soil organic matter, plant residues, and 
microbial metabolites not associated with the living 
organisms during the flush of decomposition after 
CHCI, fumigation is not known. Jenkinson (1966) 
proposed that the rate of mineralization of this 
organic matter was equal in both fumigated and 
unfumigated soil samples. The portion of CO? 
evolved due to mineralization of the biomass, there- 
fore, was calculated by subtracting the CO? evolved 
by the unfumigated soil from that of the fumigated 
sample during the same period. However, this 
method of calculation is unsatisfactorv for mea- 
surements made when the microbial biomass has 
recently changed due to substrate addition or me- 
chanical handling and, in soils with a high basal rate 
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of CO2 production (Adams and Laughlin, 1981). 
CFIM. therefore, requires further development be- 
fore it can be applied under conditions where vari- 
ations in substrate availability occur, for example, in 
the interpretation of field measurements. 

We have investigated factors affecting the in- 
terpretation of the CFIM for determination of bio- 
mass C and N. “C- and ‘3N-labelled microbial 
populations developed in situ were used to determine 
values for kc and k,. 

SIATERIALS AND METHODS 

This study was carried out on a Bradwell fine sandy 
loam. a Dark Brown Chernozemic soil (Typic Boroll) 
containing 2.7% C and 0.267: N, which had been 
incubated for 1 month. The soil was amended with 
“C-labelled glucose (1.58 mg C g-’ soil and a specific 
activity of 0.925 MBq g-’ glucose-C) and 
“N-labelled KN03 solution containing macro- and 
micronutrients using a chromatographic fine-mist 
sprayer. Addition of the glucose plus NO; solution 
brought the total NOT-N to 137.1 pgg-’ soil with an 
“N atom?< excess of 4.4288 and a glucose- 
C:NO;-N:H,PO;-P ratio of 11.3: 1.O:O.l. Glucose 
was omitted from the NO< amended treatment and 
the NOT-N concentration was 149.7 pg g-’ soil. The 
soils were held at 16% moisture (50 kPa tension) and 
ambient laboratory temperature (21%) for 42 days. 

Duplicate samples of the glucose plus NO; and the 
NO; only treatments were incubated in 25cm i.d. 
glass desiccators and evolved CO1 was collected. 
Periodically samples were removed for up to 42 days 
for analyses of biomass C and N, glucose-C, and 
exchangeable NH: + NO;-N. 

Glucose was determined calorimetrically in a 0.5 Y 
K,SO, extract (Dreywood, 1946) using anthrone 
reagent. The addition of ethanol to the reagent 
mixture stabilized the color which otherwise tended 
to fade (Fales, 1951). CO? evolved during incubation 
was absorbed in 1 M NaOH. A sample of the NaOH 
was removed for determination of the labelled CO,-C 
by liquid scintillation counting (Jenkinson and Powl- 
son, 1976) and the remaining NaOH was titrated with 
standard HCI in the presence of excess BaCI,. Ex- 
changeable NH: and NO; were determined in a 
0.5 M K,SO, extract by distillation with MgO and 
Devarda’s alloy-MgO, respectively (Bremner and 
Keeney, 1966). “N atom?; abundance was analyzed 
on a IMAT GD 150 mass spectrometer (Johns, 1971). 

Biomass C and N 

The CFIM as outlined by Jenkinson and Powlson 
(1976) was used to determine microbial biomass C 
and N. Soil samples were not inoculated after the 
fumigation treatment. C, and N, refer to the CO,-C 
evolved and net NH:-N released during incubation 
after fumigation; C,, and N,, refer to the mineral- 
ization rates of unfumigated soils. 

All analyses were duplicated and the results have 
been expressed on an oven-dry soil basis (IOS’C). 

RESULTS 

C and IV assimilation and mineralkation 

Most (98%) of the glucose was assimilated during 
the first day of the incubation (Fig. 1). The rate of 

Fig. I. Assimilation of “C-labelled glucose and cumulative 
CO, evolved during incubation of glucose plus SO; 

amended and NO; amended soils. 

disappearance of glucose during the active oxidation 
phase was calculated to be equivalent to a half-life of 
0.19 days. This was similar to a value of 0.22 days 
reported by Ladd and Paul (1973) for an incubated 
Bradwell soil. The metabolism of glucose increased 
the respiration rate from 2 to 580 pg C g-’ soil day-‘. 
During this time, 110 pg NO;-N g-’ soil were immo- 
bilized (Fig. 2). The ratio of immobilized C to 
immobilized N was 9: I, indicating that microbial 
material with a wide C:N ratio had formed. During 
the following 20 days, 312pg CO?-C g-’ soil vvere 
evolved while the NOT-N level gradually increased 
from 26 to 31 pg N g-’ soil. A flush of net N miner- 
alization occurred after 21 days indicating that the 
net mineralization did not occur until sequential 
growth of the microbial population had lowered the 
internal C:N ratio of the biomass. The appearance of 
soil microfauna which grazed the initial microbial 
population could be an alternative explanation. 
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Fig. 2. Mineral N extracted by 0.5 41 K:SO, during incu- 
bation of glucose plus NO; and NO, amended soils. 
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Table I. Estimation of mcrobial bmmass C of the glucose plus NO; amended 
soil from the CO, evohed bv fumi&ted (C,) and unfumigated (C,,) samples 

d&g IO dqs’ incubation 

Biomass C (pgg-’ soil) 

Incubation 
sample 
(days) 

(CF - C,,) 0.41 c, 0.41 

Unlabelled Labelled Unlabelled C Labelled C 

I 463 121 624 968 
2 -129 549 598 SO5 
3 378 563 605 737 
5 451 498 595 644 
7 402 473 5’2 615 

IO 383 356 559 578 
I-! 276 202 574 549 
.?I 212 S3 483 483 
28 173 71 429 429 
42 180 3% 415 415 

NOT-N was not immobilized in the NO; amended 
soil and the rate of COZ evolution did not change 
significantly from the basal rate measured before the 
experiment began. About 9 pg of extractable mineral 
Ng -’ soil accumulated during the 42 days. 

Calculation of biomass C 

A total of 1580 pg glucose-C gg’ soil was added 
but after 24 h only 30 /~g C remained as glucose, 
580 pg C had been evolved as CO, and 970 pg Chad 
been transformed into biomass and closely associated 
metabolites. 

Values for unlabelled and labelled biomass C 
present during the incubation of glucose plus NO, 
amended soil were calculated by the method pro- 
posed by Jenkinson and Powlson (1976) and are 
shown in Table 1. The calculation involved sub- 
traction of the COZC evolved by an unfumigated 
sample from that evolved by a fumigated sample 
(C, - Cur) and dividing by a kc factor of 0.41 as 
proposed by Anderson and Domsch (1975). This 
calculation yielded a labelled biomass of 424 ~cg C g-’ 
soil on day 1; this implies that the quantity of labelled 
microbial products present was 546 pg C g-’ soil as 
970 ~1 g labelled-C gg ’ soil remained at this time. 
However, laboratory studies have demonstrated that 
glucose-C is transformed into microbial biomass with 
an efficiency of about 60% in both pure and mixed 
bacterial cultures (Payne, 1970; Servizi and Bogan, 
1964; Verstraete. 1977). The tracer data show that the 
CFIM is limited by the inability to determine the 
quantity of nonliving organic matter mineralized by 
the fumigated soil sample. The glucose amendment 
exaggerated this limitation as the unfumigated sam- 
ple respired at an especially high rate. 

The addition of this relatively small quantity of 
substrate C in an excess of mineral nutrients should 
result in the production of a labelled microbial bio- 
mass qualitatively similar to the soil biomass. On the 
basis that all the labelled C in the soil was present as 
living microbial cells, fumigation of the day 1 sample 
of glucose plus NO; amended soil and incubation for 
10 days should yield in situ value for L,,,,,, = 
397pg labelled CO?-C g-’ soil evolved by the fumi- 
gation sample 970 pg labelled biomass C g-’ 
soil = 0.41. This value for kc is identical to that 
obtained by Anderson and Domsch (1978) which is 

probably fortuitous as some soil and microbial in- 
duced variability would be expected. The labelled 
biomass in our study was formed in the presence of 
excess NOT-N and should have associated secondary 
metabolites and extracellular polysaccharides qual- 
itatively and quantitatively similar to that of the 
native soil population. An in situ determination of X-c 
would include this microbial material as biomass C. 
The data in our paper were, therefore. calculated 
without the use of a control (biomass C = C,/O.41) as 
well as the previously suggested manner (biomass 
C = (C, - C,,)/O.41) (Tables 1 and 2). 

Determination of k,v for calculating biomass N 

Estimates of biomass N can be made with or 
without the use of an unfumigated sample. Biomass 
N mineralized during the incubation after fumigation 
may be determined by (Nr - N,,r)/k%, e.g. N miner- 
alized by the fumigated soil minus N mineralized by 
the unfumigated soil (Ayanaba et al., 1976: Jenkinson 
and Powlson, 1976). The alternative N,:X-, takes into 
account only the N accumulated as NH; during 
incubation of the fumigated soil minus NH,’ in the 
soil before fumigation. Implicit in the latter method 
of calculation is that all N mineralized after fumi- 
gation is derived from mineralization of biomass N 
and that, by comparison, mineralization of non- 
biomass N is negligible. N mineralized by the un- 

Table 2. Estimation of microbial biomass C of 
the NO; amended soil from the CO, evoked by 
fumigated (C,) and unfumigated (C,,) samples 

Incubation Biomass C (~8 g-’ soil) 
sample 
(days) (C, - C”,)/O.41 c, 0.41 

0 448 65i 
I 477 635 
2 489 603 
3 525 615 

499 
___ 

: 453 :;6 
IO 499 625 
I4 511 603 
II 437 545 
2s 504 56- 
-12 414 503 

Mean i SD 479 +_ 33 599 = -12 
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Table 3. Estimation of microbial biomass N of 
the SO; amended soil from the N mineralized 
by fumigated (N,) and unfumigatsd (N,,) sam- 

ales duke 10 da\s’ incubation 

Incubation 
sample 
(days 

Biomass K (pg g’ soil) 

(N, - N,,) 0.30 

I43 
136 
133 
130 
133 
133 
127 
I20 
103 

N, 0.30 

150 
113 
I40 
137 
140 
140 
133 
127 
110 

fumigated samples during 10 days’ incubation was 
always less than 2 FgN gg’ soil; this would not 
significantly alter the results for biomass N calculated 
as Nr/k, (Table 3). 

Estimates of biomass N are affected by the fact that 
the amount of mineral N that accumulates in soil is 
the net result of two concurrent processes, immo- 
bilization and mineralization. Assuming that the soil 
NH:-N pool is a reservoir for mineralization and 
immobilization processes, the size of the biomass N 
can be determined using isotopic dilution principles. 
In the day 1 sample of glucose plus NO; amended 
soil, 42.4% of the NH: -N that had accumulated after 
fumigation was labelled. This sample had immo- 
bilized 11Opg g-’ soil of labelled NOT-N. “N abun- 
dance measurements of the toal soil N indicated no 

losses of added labelled N. The total biomass N on 
day 1 would be 110 pg labelled biomass 0.424 of total 
biomass N = 260 ug N g-’ soil. A total of I10 pg g-’ 
soil would be present as labelled biomass N. Thcrs- 
fore, 150 pg g-’ soil were present as soil (unlabellcd) 
biomass N. 

Biomass N in the NO; amended soil should also 
be 150 pg g-’ soil by the end of the first day. The net 
accumulation of NH;-N (NH;-N that accumulated 
during incubation of the fumigated sample minus 
NH:-N in the sample before fumigation treatment) 
was45ilgg -’ soil. Therefore. X-, = 45 !~g NH:-N g-l 
soil/ljOpg biomass N gg’ soil = 0.30. This value for 
k, was applied to calculate biomass N in the NO; 
amended soil throughout (Table 3). 

Samples of glucose plus NO; amended soil subjec- 
ted to fumigation-incubation treatment during the 
first 4 weeks mineralized less unlabelled N than the 
equivalent treatment of the NO; amended soil. 
Therefore, a k, value equal to 0.30 could not be 
applied to calculate biomass N during this period. 
The glucose amendment had resulted in the pro- 
duction of biomass with a wider C:N ratio than in the 
NO; amended soil causing an incrsased reim- 
mobilization of NH:-N following fumigation. 

It should be possible to account for reim- 
mobilization by relating the value of k, to the ratio 
of Cr:N,. A k, value of 0.30 could be applied to soils 
when the CF:N, ratio was equal to 6; at a CF:N, ratio 
of 13, a k, value of 0.20 was applicable. The biomass 
N data in Table 4 were calculated on the basis that 
the value of k, was inversely related to :he ratio of 
C,:N,: k, = -0.014 (CF/NF) + 0.39. 

Table 4. Estimation of microbial biomass N of the glucose plus NO, amended soil from 
the N mineralized by fumigated (NF) and unfumigated (NLF) samples during IO days‘ 

incubation 

Incubation 
sample 
(days) 

2 
3 
4 
7 

IO 
I4 
21 
28 
42 

k,” 

0.20 
0.22 
0.22 
0.23 
0.25 
0.26 
0.27 
0.28 
0.28 
0.29 

Biomass N (pg g-’ soil) 
_ 

(NF - N,,)/k N, k, 

Unlabelled Labelled Unlabelled Labelled 

140 IO5 I50 II0 
I36 82 139 87 
132 82 137 84 
122 70 130 77 
II2 64 I22 71 
I08 58 123 74 
104 56 122 71 
82 39 II8 68 
39 7 II2 63 

107 41 II7 55 

‘k, = -0.014 (C,:N,) + 0.39. 

Table 5. Metabolism of C and N during the fumieation-incubation 

NO; amended soil Glucose plus NO; amended 

Incubation 
G-C,, CF samples - CF - Cw CF 

(days) 
N, - N”, N, N, - N,, N, 

I 4.6 5.8 7.6 12.9 
2 4.9 5.8 8.5 II.6 
3 5.4 6.0 8.3 I I.3 
5 5.3 5.8 8.9 10.7 
7 4.7 6.2 8.1 9.7 

IO 5.1 6.1 6.6 8.9 
I4 5.3 5.9 4.5 8.4 
?I 5.3 5.6 2.6 7.6 
28 5.S 6.1 5.4 7.4 
42 5.2 6.3 7.6 7.0 
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Ayanaba et al. (1976) noted a ratio of 4: I between 
(C, - C,,):(N, - N,,). This data in Table 5 shows 
that this ratio was approximately only for a short 
while following fumigation of the NO; amended soil. 
The ratio of CF:NF = 6 was less variable and is 
similar to the ratio reported by Jenkinson and Powl- 
son (1976), Kudeyarov and Jenkinson (1976) and 
Powlson (1980). Similar calculations with the data 
obtaine 1 from the glucose plus NO; amended soil 
showeri that the (C, - Ccr):(Nr - NCF) ratios were 
inconsistent whereas those of C,:N, decreased to 
approach that of the NO; amended soil by day 42. 

Less than 2oi;, of the NH;-N that accumulated in 
the NO: amended soil following fumigation was 
‘sN-labelled (data not shown). This verifies Jansson’s 
(1958) observation that NO;-N is not part of the 
internal N cycle under conditions of net N mineral- 
ization. 

DISCCSSION 

The rate of CO: evolution by a fumigated soil is 
usually two to three times that of an unfumigated 
soil. A condition of the CFIiM is that readily available 
substrates are absent from the fumigated soil and that 
it has not been recently disturbed by air drying and 
rewetting, freezing and thawing (Jenkinson and Powl- 
son, 1976) or sieving (Powlson, 1980; Lynch and 
Panting, 1980) which may kill microorganisms or 
render otherwise resistant soil C available. Jenkinson 
and Powlson (1976) partially overcame the problem 
in sieved field samples by using the CO* evolved by 
an unfumigated soil during the IO-20-day period as 
a control. 

When the fumigation technique was first proposed 
as a method for measuring soil biomass C, Jenkinson 
(1966) showed that concurrent with the mineral- 
ization of a heavily-labelled fraction (the biomass) 
there was also a background production of lightly- 
labelled CO, (the nonbiomass) which he said was 
equal to the control. Data presented by Sorenson 
(1975) indicated that soil C was not mineralized at the 
same rate in fumigated and unfumigated samples. 
The specific activity of the CO? evolved following 
fumigation treatment remained constant for up to 60 
days in a series of soils that previously had been 
incubated with labelled cellulose for 730 days. 

The microorganisms that develop after fumigation 
are qualitatively different from those in unfumigated 
soil (Martin, 1963). On fumigation, agar plate counts 
of bacteria were reduced by 80-997; (Lynch and 
Panting. 1980; Shields et al., 1974) and most of the 
fungal population was eliminated (Lynch and Pant- 
ing, 1980). Fluorescent pseudomonads and aerobic 
spore-forming bacteria have been shown to be the 
major recolonizers of the soil (Ridge, 1976). There- 
fore, the metabolic activity of a soil measured follow- 
ing fumigation is not directly comparable with that of 
an unfumigated soil. 

A summary of data obtained using different meth- 
ods of calculating biomass is shown in Table 6. The 
C rlblO, or the flush without subtraction of a control 
should give the highest values and the use of the 
10-20 day control C,(,,,, - C,,o,l,, should yield 
intermediate values. In this study the use of C,,,,,, 
gave the most meaningful results. This may be 

attributable to the fact that our method of deter- 
mining kc using an in siru microbial population did 
not involve CO?-C evolved from an unfumigated 
sample. 

None of the methods for calculating biomass C 
using the CFIM are entirely satisfactory. Because of 
the extra work entailed in the determination of the 
CO? evolved by an unfumigated sample, there may be 
a temptation to utilize the method without doing so. 
We strongly argue against this. Further work must be 
conducted to measure degradation of nonbiomass C 
following fumigation. The use of internal standards 
such as an added substrate to measure the relative 
amount of decomposition of nonbiomass C in both 
fumigated and unfumigated samples should help 
overcome some of the problems. An alternative is the 
inoculation of sterilized soils with microorganisms of 
known degradation characteristics which preferen- 
tially decompose biomass constituents. 

The N mineralized in the CFIM should be the most 
accurate measure of biomass N as our data agree 
with that of Ayanaba et al. (1976) who showed that 
the ratio of N mineralized by a fumigated soil:N 
mineralized by an unfumigated soil is greater than the 
corresponding ratio for either CO, evolved or O2 
consumed. As shown in Table 6, the problem of what 
value to use a control is not as critical for N as for 
C. However, the N content of soil organisms varies 
over a wide range in comparison with the C content 
and this affects the net N mineralized after fumi- 
gation (Jenkinson, 1976). In this study, reim- 
mobilization of NH:-N occurred in the glucose plus 
NO; amended soil when a biomass with a wide C:N 
ratio was present compared to the NO, amended 
soil. Correction for immobilization of N following 
fumigation resulted in meaningful values for the 
biomass N content with little effect attributable to the 
method of calculation (Table 6). 

The use of the C,:N, ratio to correct the k, for 
substrate with varying C:N ratios appears a meaning- 
ful approach. In this case it was used in conjunction 
with a k, determined using isotope dilution principles 
to measure in situ microbial populations. It should be 
equally adaptable to techniques where added or- 
ganisms are used as a means of determining k, . The 
C,:N, ratios in this experiment were fairly narrow 
under net mineralization conditions. However, the 
principles established should apply where immo- 
bilization results in much wider ratios. Appropriate 
k, values will have to be determined for ratios outside 
the limits of this experiment. 

Table 6. Comparison of estimates of the mean (days 142) soil 
microbial biomass C and N obtained by three different methods of 

Method of 

calculation 

NO; amended Glucose plus NO; 
calculation soil amended soil 

Biomass C (~g g-’ soil) 

I$::: -C - Cww-,,)ik wcdi’k 483 513 715 829 
(Cww )/kc 600 1193 

Biomass N (~g g-’ soil) 
FWIO, Cuw-dik - 132 179 
FWO, CwwJk - 134 163 

(CF,W,)& 139 208 

&=I).41 Glucose plus NO; amended and NO; amended soils. 
X-z = 0.3 NO; amended so&.. 
k, = 0.24 Glucose plus NO; amended soil. 
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