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Summary--Ten versions of three methods for estimating soil microbial biomass, fumigation-incubation 
(FI), fumigation-extraction (FE) and substrate-induced respiration (SIR) were compared in seven 
different hboratories, using a variety of methodological and analytical procedures. Twenty different soil 
samples were analyzed from a range of arable and forest sites. The 10 different measurements gave 
almost identical ranking for microbial biomass C in the 20 soil samples. However, comparison of data 
obtained by different methods and by different laboratories is hampered by soil-to-soil variation 
between the methods and by systematic effects on the biomass measurements that cause over- or under- 
estimation:;. Each variant of the SIR method should have its own calibration factor. The relationship 
between the basic FI method and the other methods was mainly affected by the respiration rate of non- 
fumigated soil. The FI method is less suitable for the calibration of the FE and SIR methods in forest 
soils than in arable soils. Unintentional variation in the experimental procedures, such as in the dur- 
ation of any conditioning incubation, may also contribute to the observed differences between the 
methods. $4 1997 Elsevier Science Ltd 

INTRODUCTION 

Microbial biomas,s is an important indicator of soil 
fertility and its measurement is often essential for 
soil ecological studies. There has been an increasing 
demand for exact measurements of the soil micro- 
bial biomass in recent years. Any investigation into 
the immobilization and mobilization of bioelements 
in soil requires knowledge of the amounts stored in 
the microbial biornass. Precise and accurate biomass 
measurements are essential if soils have to be moni- 
tored for legal reasons; for example, in soil moni- 
toring or pesticide registration. For all these 
reasons, it is important to know to what extent bio- 
mass measurements made by different investigators 
can be pooled. Several methods for estimating the 
soil microbial biomass have been developed over 
the last two decades. The basis for all of these is 
the CHCls fumrgation-incubation (FI) method 
(Jenkinson and Powlson, 1976). However, the orig- 
inal method is restricted to well-drained soils, with 
pH (in water) ablove 4.8 and without recent ad- 
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dition of easily decomposable material (Martens, 
1985; Jenkinson, 1988). The use of the substrate- 
induced respiration (SIR) method (Anderson and 
Domsch, 1978) and the CHCla fumigation-extrac- 
tion (FE) method (Vance et al., 1987b) is less 
restricted by soil conditions, which is why these two 
methods have been more widely used. The FI, SIR 
and FE methods are the most exact soil biological 
tools available at the moment for measuring soil 
microbial biomass. However, each of the three 
methods are far from perfect; doubts and uncertain- 
ties are still being raised about their use and there 
is consequently a demand for further improvement. 
To this end, we analyzed 20 soil samples in seven 
laboratories by the three most important methods, 
using a variety of methodological and analytical 
procedures. The aims of our work were: (1) to com- 
pare the measurements of biomass C in a contrast- 
ing range of soils by the FI, SIR and FE methods; 
(2) to elucidate the reasons for any soil-to-soil vari- 
ation observed; and (3) to see if such variation can 
be related to respiration, soil organic C, soil C-to-N 
ratio and pH. 
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MATERIALS AND METHODS 

Soils 

Arable soils (0-20-cm depth) were sampled from 
10 sites of the Puch experimental field, near Munich 
(Bavaria) in April 1994. The soils were all silt loams 
derived from loess and were classified according to 
the Food and Agriculture Organization (FAO) sys- 
tem as Gleyic Luvisols. Differences between soil 
properties were caused by differences in manage- 
ment over the 38 y since 1956. Site A01 was under 
green fallow; A02 under bare fallow; A03 carried a 
crop rotation with winter wheat, spring barley and 
oats; A04 a crop rotation with winter wheat, spring 
barley, oat and clover; A05 a crop rotation with 
winter wheat, spring barley, oat and straw incorpor- 
ation; A06 a potato monoculture receiving farm- 
yard manure; A07 a potato monoculture without 
farmyard manure; A08 winter wheat in monocul- 
ture; A09 winter wheat in combination with break 
crops and A10 was meadow. Forest soils were 
taken from five profiles at depths of O-5 cm (Fl- 
F5) and 5-10cm (F6-FlO) at the three experimen- 
tal sites: Gudenberg (Fl + F6, F2 + F7 and 
F5 + FlO, Scheu et al., 1996); Drakenberg 
(F4 + F9, Scheu, 1990) and Treppenweg (F3 + F8, 
Joergensen and Meyer, 1990), all close to Gottingen 
(Lower Saxony). The soils Fl + F6 (basalt) and 
F2 + F7 (basalt) were classified according to the 
FAO system as Eutric Cambisol, F3 + F8 (shell- 
limestone) and F4 + F9 (shell-limestone) as 
Rendzina and F5 + FlO (shell-limestone) as 
Chromic Cambisol. Most of the C input to the for- 
est soils came from beech (Fugus sylvatica) litter 
except for soils F4 + F9 (Drakenberg) where the 
input came mainly from ash (Fruxinus excelsior) 
litter. 

All samples were sieved ( < 2 mm), adjusted to a 
water-holding capacity (WHC) of 45%, carefully 
homogenized and stored at -20°C before distri- 
bution to the different laboratories. The soils were 
thawed for 2 d at temperatures between 4 and 8°C 
and conditioned at room temperature in the dark 
for 7 d before the measurements of microbial bio- 
mass were performed. Soil pH was measured in 
Hz0 with a soil-to-solution ratio of 1:2.5. Soil or- 
ganic C and total N were estimated after removing 
inorganic C by adding HCl (10%) dropwise, the 
residue drying at 70°C and combustion at 1200°C. 
The CO* and N2 then produced were measured by 
gas chromatography. The results presented are 
arithmetic means of replicate analysis and are 
expressed on an oven-dry basis (about 24 h at 
105C). 

Fumigation-incubation 

FZl(AA) Microbial biomass C was estimated 
using the FI method of Jenkinson and Powlson 
(1976). A moist 200-g soil sample was divided into 

eight portions of 20 g each, four for the fumigated 
and four for the nonfumigated treatment, which 
were weighed into test tubes with small holes at the 
top to permit gas exchange (Beck et al., 1993). Soils 
were fumigated with ethanol-free CHCls for 24 h at 
25°C in a sealed desiccator. After fumigant 
removal, all soil portions were adjusted to 50% 
WHC with a suspension of the untreated soil, 
which also served as an inoculum for the fumigated 
soil. The test-tubes of fumigated and nonfumigated 
soils were then hung in 250 Pyrex flasks containing 
20 ml 100 mM NaOH solution. The closed bottles 
were incubated for 10 d at 25°C. The absorbed CO* 
was precipitated with 2 ml 500 mM BaC12 solution 
and the remaining NaOH backtitrated with 100 mM 

HCl. Microbial biomass C was calculated as Fe/kc 
(Jenkinson and Powlson, 1976) where FC is (CO*-C 
evolved from fumigated soil during the O-10 d incu- 
bation) - (COz-C evolved from nonfumigated soil 
during the O-10 d incubation) and kc is 0.45 (Jen- 
kinson, 1988). Carbon dioxide evolution from the 
nonfumigated treatments was taken as basal respir- 
ation (respiration-AA). 

FI2(IR) Fumigation and calculation were as 
described above, except that 50-g samples of fumi- 
gated and nonfumigated soils were incubated at 
22°C in the tubes of the SIR equipment described 
by Heinemeyer et al. (1989). COz production was 
measured hourly by IR detection in a continuous 
air stream. The data from the nonfumigated treat- 
ment were taken as basal respiration (respiration- 
IR). 

Fumigation-extraction 

FE1 Fumigation-extraction was performed 
according to Vance et al. (1987b) using 25 g of 
moist soil for the fumigated and for the nonfumi- 
gated treatments. The soils were extracted with 
100 ml 500 mM KzS04 for 30 min at 200 rev min-’ 
and filtered (Schleicher and Schuell 595 l/2). The 
extracts were kept frozen until analysis. Organic C 
in the extracts was measured using a Dohrman DC 
80 automatic analyzer with UV-persulfate oxi- 
dation and IR detection (Wu et al., 1990). Micro- 
bial biomass C was calculated as follows: biomass 
C = Ec/kEc, where EC is (organic C extracted from 
fumigated soil) - (organic C extracted from nonfu- 
migated soil) and kcEC is 0.45 (Wu et al., 1990; Joer- 
gensen, 1996). 

FE2 Fumigation, extraction and calculation were 
performed as described above. Organic C in the 
extracts was measured using a Shimadzu 5000 auto- 
matic analyzer with oven oxidation and IR detec- 
tion. 

FE3 Fumigation and calculation were performed 
as described above. Moist soil, equivalent to 20 and 
10 g oven-dry weight for the arable and forest soils, 
respectively, was used for the fumigated and for the 
nonfumigated treatments, extracted with 80 ml 
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Table I. Chemical and microbiological properties of the soils 
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Biomass C 

pH-Hz10 Soil organic C Soil Extr. C 
(Jig g-1 soil) (pg g-’ soil) No. (%) C-to-N FIl(AA) 

A01 ::8’ 1.03 8.1 41 269 
A02 0.72 8.4 44 53 
A03 6.0 1.35 9.5 57 316 
A04 6.0 1.46 10.6 58 428 
A05 6.1 1.27 10.3 56 293 
A06 

::: 
1.12 9.5 63 158 

A07 1.04 8.6 56 155 
A08 6.0 1.27 10.3 

:: 
299 

A09 6.1 1.26 11.0 356 
Al0 5.5 1.88 9.3 98 706 
FOl 4.8 6.80 14.0 199 836 
F02 :::, 4.32 15.2 135 482 
F03 12.10 15.9 321 1082 
FO4 7.1 8.43 13.9 298 782 
F05 6.6 4.96 12.6 137 796 
FO6 4.9 5.40 12.6 181 561 
F07 5.0 3.50 14.4 155 316 
FO8 7.1 9.79 16.5 235 877 
F09 7.2 6.40 12.3 239 748 
FlO 6.6 3.31 10.9 131 614 
cv (f%) 1.2 1.9 3.3 5.2 

CV = mean coefficient of variation between replicate measurements. 
Extr. C = organic C in 500 mM K2S04 extracts (FE]) of nonfiunigated soil. 

FE1 
(fig g-’ soil) 

Respiration-AA 
SIRl(IR) bg CO* g soil-’ h-l) 

158 237 0.17 
70 71 0.06 

264 275 0.21 
279 355 0.31 
230 269 0.24 
137 157 0.18 
124 164 0.15 
221 296 0.27 
225 307 0.25 
463 720 0.70 
903 744 1.33 
463 616 0.85 

1675 1767 3.86 
1397 1703 3.72 
717 1154 0.78 
655 499 0.75 
337 422 0.64 

1287 1249 2.62 
1040 1174 2.55 
517 866 0.62 

3.5 1.2 3.04 

500 mM K#Od and filtered (Schleicher and Schuell 
790 l/2, 185-mm dia). The paper filters had been 
washed with 500 mM K#O,; the first 10 ml of fil- 
tered extracts were discarded. Organic C in the 
extracts was measured using a Skalar continuous- 
flow analyzer wi.th UV-persulfate oxidation and 
calorimetric detection (Schreurs, 1978). 

Substrate-induced respiration 

SIR1 (IR) Substrate-induced respiration (Ander- 
son and Domsch, 1978) was measured as described 
by Beck et al. (1993) with continuous aeration of 
the soil samples and IR gas analysis to follow CO1 
production (Heinemeyer et al., 1989). A moist 
sample equivalent to 100 g oven-dry soil was mixed 
with either 400 or 800 mg glucose for the arable 
and forest soils, respectively. The COz production 
rate was measureld hourly for 6 h at 22°C. SIR- 
biomass C was calculated from the maximum 
initial respiratory response (MIRR) at 22”C, 
where SIR-biomass C (pg g-’ soil) was MIRR 
(pl CO1 g-’ soil h-l) x 30 (Kaiser et al., 1992). 

SIR2(IR) Substrate-induced respiration and cal- 
culation were as described above, with the modifi- 
cation that moist soil equivalent to 50 g oven-dry 
weight (arable soils) and 25 g (forest soils) for the 
arable and forest soils, respectively, was mixed with 
150 mg glucose. 

SIR3(AA) Substrate-induced respiration was 
measured as described by Beck et al. (1993) in a sta- 
tic bottle system with alkaline absorption (AA). 
Moist soil (100 g) was mixed with 400 or 800 mg 
glucose for the arable and forest soils, respectively. 
Two 20 g (arable soils) or 15 g (forest soils) aliquots 
were weighed into nylon bags, which were hung in 

250 Pyrex flasks containing 20ml 50m~ NaOH 
solution. The closed bottles were incubated for 4 h 
at 25°C. The absorbed CO2 was precipitated with 
2 ml 500 mM BaC12 solution and the remaining 
NaOH backtitrated with 50m~ HCI. SIR-biomass 
C (pg g-’ soil) at 25°C was calculated as 
(~1 CO* g-’ soil h-l) x 25.3. The factor given by 
Kaiser et al. (1992) for 22°C was corrected accord- 
ing to the rate-modifying equation for ‘temperature 
effects given by Jenkinson et al. (1987): 

y = 47.9/j 1 + e’oa/(x+18.3)]. 

SIR4(SA) Substrate-induced respiration was 
measured as described by Beck et al. (1993) for the 
Sapromat system (SA). Moist soil (100 g) was 
mixed with 400 or 800 mg glucose for the arable 
and forest soils, respectively, and incubated at 
22°C. 02 consumption was measured for 6-8 h at 
22°C. SIR-biomass C @gg-’ soil) was MIRR 
(~102 g-l soil h-‘) x 30 (Kaiser et al., 1992) assum- 
ing a respiratory quotient (02 to CO2) of 1.0 for 
glucose. The sensitivity of the Sapromat was too 
low to measure basal respiration. 

SIRS(MR) Moist soil equivalent to 8 and 4 g 
oven-dry weight for the arable and forest soils, re- 
spectively, was mixed with 4 mgglucose pow- 
der g-’ soil (arable soils) or 8 mg g-’ (forest soils). 
The consumption of 02 was measured at 22°C 
using the automated electrolytic microrespirometer 
(MR) described by Scheu (1992). In this system, 02 
consumed during the incubation of soil is replaced 
by electrolyzing a 4 M CuSO4 solution. 02 con- 
sumption rates were monitored every hour. The 
mean of the lowest three 02 consumption rates 
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Table 2. Correlation matrix for all, arable and forest soils 

Respiration-AA Soil organic C Soil C-to-N pH-Hz0 

FIl(AA)-biomass C 
Respiration-AA 
Soil organic C 
Soil C-to-N 

FIl(AA)-biomass C 
Respiration-AA 
Soil organic C 
Soil C-to-N 

FI 1 (AA)-biomass C 
Respiration-AA 
Soil organic C 
Soil C-to-N 

All soils (n = 20) 
0.81**** 0.88**** 

0.93**** 

0.96**** 

0.73* 

Arable soils (n = 10) 
0.96**” 
0.94*** 

Forest soils (n = 10) 
0.85** 
0.89*‘* 

0.17 
0.08 
0.18 

0.37 
0.28 
0.46 

-0.52 
-0.41 
-0.46 

0.38 
0.58** 
0.41 

-0.17 

-0.53 
-0.55 
-0.34 

0.35 

0.64’ 
0.70* 
0.54 

-0.31 

* P < 0.05, ** P < 0.01, *** P c 0.001, **** P < 0.0001 

between 1 and 10 h was used to calculate microbial 
biomass, as described for SIR(SA). For basal res- 
piration, the mean O2 consumption rates of soils 
without glucose were measured 15-20 h after 
attachment of the samples to the microrespirometer 
(respiration-MR). 

Statistical analysis of data 

The Kolmogorov-Smirnov test was used to assess 
the distribution fitting. Multiple linear regressions 
were calculated using the stepwise variable selection 
procedure with the soil organic C content, the soil 
C-to-N ratio, the soil pH and the basal respiration 
rate using the data for the nonfumigated control of 
the fumigation-incubation [FIl(AA)] method (see 
above). 

RESULTS 

Soil pH (in water) ranged from 4.8 to 7.1, soil or- 
ganic C from 7.2 to 121 mg g-’ soil, the soil C-to-N 
ratio from 8.1 to 16.5 and 500m~ KzSOd-extract- 
able C of nonfumigated soil from 44 to 
321 pg g-’ soil (Table 1). The mean microbial bio- 
mass C content, as measured by the FIl(AA) 
method, was 506 pg gg’ soil and varied between 53 
and 1082 pg g-’ soil. The biomass C content, as 
measured by the FE1 and SIRl(IR) methods, ran- 
ged from 70 to 1675 pg g-’ soil and from 71 to 
1767 pg g-’ soil, respectively (Table 1). The basal 
respiration rate [which was taken as a control for 
the FI l(AA) method] was, on average, 
1.01 pg CO2 g-’ soil h-’ and varied between 0.06 
and 3.86pgCOzg-‘soil h-l. All data showed a 
normal distribution. Biomass C by FIl(AA), respir- 

Table 3. Average respiration rates in all, arable and forest soils determined by three different methods; linear regression between respir- 
ation-AA (= independent variable) and the other two ways of measuring respiration: intercept a, regression coefficient b, correlation co- 

efficient I 

Method 

Respiration-AA 
Respiration-IR 
Respiration-MR 

Respiration-AA 
Respiration-IR 
Respiration-MR 

Respiration-AA 
Respiration-IR 
Respiration-MR 

Averaged 
(pg CO2 g-’ soil h-l) 

1.01 
1.06 
0.89 

0.25 
0.34 
0.25 

1.77 
I .77 
1.53 

cv (k%) 

All soils (n = 20) 
3.0 
6.1 
9.1 

Arable soils (n = IO) 
2.4 
5.1 
7.5 

Forest soils (n = IO) 
3.6 
6.5 

10.7 

Linear regression analysis 

a b I 

NS 0.99**** 0.99 
0.25; 0.63**** 0.93 

0.07* 1.07**** 0.98 
NS 0.97**** 0.99 

NS 0.98**** 0.98 
0.708’ 0.47*** 0.91 

‘Respiration-MR was measured as O2 consumption and recalculated into CO* assuming a respiratory quotient of 1.0. 
CV = mean coefficient of variation between replicate measurements. 
NS = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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Al A3 AS A7 A9 Fl F3 F6 F7 FQ 

Fig. 1. The respiration rate measured by two different 
methods relative to respiration-AA. Respiration-IR (0); 

respiration-MR (A). 

ation-AA and soil organic C were highly inter- 
related, with correlation coefficients between 
r = 0.81 and 0.93 in the entire group of 20 soils 
and between r =: 0.94 and 0.96 in the group of ara- 
ble soils (Table 2). In the group of forest soils, the 
corresponding c:orrelation coefficients were on a 
lower level of significance and varied between 
r = 0.73 and 0.89. Soil C-to-N ratio was not signifi- 
cantly correlated with any of our soil measure- 
ments. Soil pH was significantly correlated with 
respiration-AA twice (i.e. all soils, forest soils) and 
biomass C with FIl(AA) once (forest soils). 

The mean respiration rates of the 20 soils and the 
10 forest soils were similar for the three different 
methods (Table 3). Respiration-IR and -MR were 
both highly significantly correlated with respiration- 
AA, although the ratio of individual measurements 
to this basic method varied considerably from 0.64 
(respiration-MR:,soil F9) to 2.30 (respiration-1R:soil 
A2). In particular, the respiration rates of the ara- 
ble soils measured by IR markedly exceeded those 
measured by AA (Fig. 1). 

The mean microbial biomass C contents of the 20 
soils varied between 416 and 697 pg g-’ soil, as 
measured by the 10 versions of the three different 
methods (Tables 1 and 4). The biomass C estimates 

by the three methods increased in the following 
order: SIR (546 pg g-’ soil, mean of five versions), 
FI (549 pg g-’ soil, mean of two versions) and FE 
(629 pg g-’ soil, mean of three versions). However, 
if the biomass C estimates by the SIR method were 
differentiated according to the different ways of 
measuring the respiration rate, it is obvious that 
those versions of the SIR method measuring 02 
consumption (454 pg g-’ soil, mean of two versions) 
gave markedly lower biomass C estimates than 
those measuring CO2 production (608 pg g-’ soil, 
mean of three versions). 

The mean biomass C content of the 10 arable 
soils by FIl(AA) was usually larger than those by 
the other versions of the FI method; by contrast, 
FIl(AA) nearly always gave the lowest biomass 
content in the forest soils (Table 4). Thus, FIl(AA) 
gave, on average, 12% more biomass than the nine 
other ways of measuring biomass in arable soils, 
but 23% less for the forest soils (Table 4). This 
difference between arable and forest soils was highly 
significant (P < 0.01) for most of the nine different 
ways of measuring biomass (Table 4). The range of 
variation between these different ways was smaller 
for the 10 arable soils (0.69-1.04) than for the 10 
forest soils (0.91-l .59) (Table 4). The smallest range 
occurred for the arable soil Al which varied from 
0.59 to 0.88 relative to the FIl(AA) values and the 
largest for the carbonate-containing forest soil F4 
which varied from 1.27 to 2.35 (Fig. 2). 

Although the ratio of FIl(AA)-biomass C to bio- 
mass C as measured by the other nine procedures 
varied consequently for individual soils, the corre- 
lation coefficients between FII(AA) and the other 
nine procedures were all highly significant in the 
entire group of 20 soils (P < 0.0001) and were 
never below r = 0.85 (Table 4). However, the re- 
lationship between biomass C by FE1 and by 
SIRl(IR) [Fig. 3(a)] was closer than those between 
biomass C by FIl(AA) and by FE1 [Fig. 3(b)] or 
by FIl(AA) and by SIRI [Fig. 3(c)]. This was 

Table 4. Average microbial biomass C values in soils soils determined by different methods, absolute and relative, in relation to FII(AA); 
correlation coefficient I for the relationship between FIl(AA) and the other nine ways of measuring biomass 

Method 

FIZ(IR) 
FE1 
FE2’ 
FE3 
SIRl(IR) 
SIRZ(IR) 
SIR3(AA) 
SIR4(SA)b 
SIRYMR) 

Absolute cv (*%) All soils Arable Forest All soils Arable Forest 
avemge [Relative to FIl(AA)] 

@g g-’ soil) 
I I I 

59:! 4.8 1.14 1.04 1.24” 0.97**** 0.99**** 0.91*** 
559 3.5 1.01 0.79 1.22@ 0.91**- 0.98**** 0.88*** 
631 5.6 1.08 0.91 1.18 0.92**** 0.97.’ 0.89*** 
69; 2.5 1.29 0.99 1.59% 0.93**** 0.99**** 0.91*** 
652 1.2 1.19 0.98 1.40* 0.91**** 0.99-9 0.82” 
542: 6.4 1.02 0.88 l.lSP 0.92**** 0.98+*** 0.85” 
6251 1.3 1.12 0.85 1.3886 0.85*+“* 0.98**** 0.77’. 
492 3.7 0.90 0.78 1.01” 0.93-** 0.99**** 0.84” 
416 2.6 0.80 0.69 0.9P 0.94**+* 0.98*‘** 0.86’. 

‘Four soils were omitted: A3, AS, A7 and A8. 
bOne soil was omitted: A8. 
CV = mean coefficient of variation between the replicates. 
‘P = 0.05, ‘P = 0.01: zsignificantly different from the arable soils (Tukey test). 
*+ P c 0.01, *** P c 0.001, **** P < 0.0001. 
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mo /!/:!!/iI:IJl!!l//l: 
Al A3 A6 A7 A9 Fl F3 FS F7 F9 

Fig. 2. Estimates of microbial biomass C by nine different 
ways of measuring biomass, all relative to FIl(AA)-bio- 
mass C. Symbols used: FI2(IR), ??; FEl, 0; FE2, V; FE3, 
A; SIRl(IR), ??; SIRZ(IR), A; SIR3(AA), (@I); SIR4(SA), 0; 

SIRS(MR), V. 

mainly due to much lower biomass C estimates by 
FIl(AA) in the carbonate-containing forest soils 
with large amounts of soil organic matter and 
microbial biomass (Table 1). For that reason, the 
correlation coefficients between FIl(AA) and the 
other nine ways of measuring biomass were on a 
relatively low level of significance in the group of 
forest soils (Table 4). In contrast, the linear re- 
lationships were especially close in the group of ara- 
ble soils with correlation coefficients varying 
between r = 0.97 and 0.99. 

The basal respiration was the main source of 
variation, as indicated by its significant effects on 
the linear relationship between FIl(AA) and of the 
other nine ways of measuring biomass C (Table 5). 
In two cases, i.e. FE2 and SIR3(AA), the corre- 
lation with the respiration rate was stronger than 
with the biomass C estimates by the FIl(AA) 
method. Biomass C estimates by SIR were generally 
more affected by the respiration rate than those by 
FE. Two versions of the FE method were especially 
affected by the soil organic C content (Table 5). 
The soil pH had a significant effect on the linear re- 
lationship between FIl(AA) and the three versions 
of SIR measuring CO2 production: this was es- 
pecially marked with SIR3(AA), a static adsorption 
method in which CO1 is trapped by alkali. The soil 
C-to-N ratio generally did not affect biomass esti- 
mates. 

DISCUSSION 

All of the 10 different ways of measuring micro- 
bial biomass ranked the 20 soils in virtually the 
same order. However, any detailed comparison of 
data obtained by the different methods and between 
different laboratories is hampered by soil-to-soil 
variations between the methods and by systematic 
calibration errors. 

After CHCls fumigation, the additional amounts 
of CO2 evolved (FI) or organic C extracted (FE) 
must be converted to microbial biomass C, using 
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Fig. 3. (a) The relationship between biomass C estimates 
by FE1 and by SIRl(IR): FEI-biomass C = 70 + 
1 04**** x SIRl-biomass C, r = 0.96; (b) by FIl(AA) and 
by FEl. FIl-biomass C = -204* + l.Sl**** x FEl-bio- 
mass C, r = 0.91; (c) by FIl(AA) and by SIRl(IR): 
FIl-biomass C = - 178 + 1.64*** x SIRl-biomass C, 
r = 0.91; arable soils (v), forest soils (a); * P < 0.05, **** 

P < 0.0001. 

proportionality constants which correct for incom- 
plete release or extraction of microbial C. In the 
SIR methods, a proportionality factor must be used 
to convert the maximum initial respiratory response 
to glucose into microbial biomass C. For the FI 
method, we used a kc value of 0.45 as proposed by 
Jenkinson (1988) and for the FE method a kEC 
value of 0.45 which was obtained empirically, 
mainly by calibration against the FI method (Wu et 
al., 1990; Joergensen, 1996). For the SIR method, a 
proportionality factor of 30 was used, obtained by 
calibration against the FI method (Kaiser er al., 
1992). The similarity between the mean biomass C 
contents for all 20 soils, as estimated by the three 
methods indicates, that the proportionality con- 
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Table 5. Multiple linear relationship between nine ways of measuring biomass and FIl(AA)-biomass C, respiration-AA, soil organic C 
and pH 

Method Constant FI 1 -biomass C Respiration-AA Soil organic C pH-Hz0 r2 (%) 

F12(IR) 8 0.798.“’ NI 46.P’ NI 96.7 
FE1 -17 0.418**** 173**** 49.0**+* NI 99.5 
FE2 15 0.518**** 149”:’ 31.6*’ NI 98.9 
FE3 -18 0.541*** NI 114.1**** NI 98.3 
SIRl(IR) -645* 0.908**** 186*** NI 108’ 95.0 
SIRZ(IR) -406* 0.696**** 168**** NI 70’ 96.8 
SIR3(AA) -658”’ 0.446*** 346***’ NI 118’8’ 98.6 
SIR4(SA) 16 0.636**‘* 134**** NI NI 95.4 
SIRS(MR) 18 0.554**** 116**** NI NI 95.8 

* P < 0.05, ** P < 0.01, *** P < 0.001, **** P ‘z 0.0001. 
NI = not included in the model by the stepwise variable selection procedure. 

stants used are at least consistent. However, some 
differences between the 10 different ways of measur- 
ing biomass are obvious. 

The biomass C estimates of the forest soils con- 
taining large amounts of organic matter and micro- 
bial biomass were lower by the FE1 and FE2 
techniques (where a smaller extractant-to-soil ratio 
was used) than by the FE3 technique. It follows 
that the FE method is affected by the ratio of 
extractant to soil, and a larger ratio is rec- 
ommended in soils with large contents of organic 
and microbial material. A slightly wider ratio can 
be achieved with such soils by using a 4:l ratio of 
moist soil to extractant instead of a 4:l ratio of dry 
soil to extractant (see Section Z), because the WHC 
and thus the water content depends on the soil or- 
ganic matter content. However, the FE3 data indi- 
cate that an even wider ratio is needed. Scholle et 
al. (1992) used a soil-to-extractant ratio of 20 for 
the organic layer of forest soils. The two ways of 
measuring organic C in the FE extracts gave similar 
estimates for biomass C. Organic C measurements 
by IR spectrometry and by photospectrometry on 
the same extracts of FE1 gave almost identical 
results (Fig. 4). 

The SIR modifications measuring 02 consump- 
tion, which rely on the basic assumption that the 
respiratory quotient O,-to-CO, of glucose is 1.0, 
gave markedly lower biomass C estimates than 
those measuring CO* production. The reasons for 
this observation are not fully understood. The res- 
piratory quotient of glucose may differ from 1.0, 
although there is evidence that this is not the case 
(Ross, 1980). However, it is known that methodo- 
logical alterations to the SIR method lead to differ- 
ent conversion factors (Lin and Brookes, 1996). 
Static systems with headspace sampling and gas 
chromatography for CO* (West and Sparling, 1986; 
Sparling and West, 1990) have the disadvantage 
that COz accumulates during the course of incu- 
bation and, more importantly, that CO2 is retained 
at high pH in the soil solution which results in 
underestimation of biomass C. Static systems with 
alkaline absorption of evolved CO2 (Beck et al., 
1993) change the O2 partial pressure, which may 

cause overestimations in neutral or alkaline soils 
(Jenkinson and Powlson, 1976). The same problem 
occurs with discontinuous (Martens, 1987) and with 
continuous aeration of the headspace (Cheng and 
Coleman, 1989). Systems with continuous aeration 
of the soil with ambient air do not have these limi- 
tations (Heinemeyer et al., 1989; Wardle and 
Parkinson, 1990). In the two systems used in our 
work for measuring 02 consumption (Beck, 1984; 
Scheu, 1992), the respiration conditions remain con- 
stant, because CO* is trapped by an alkaline sol- 
ution and the O2 consumed is replaced by 
electrolysis. The multiple linear regression analysis 
indicates that the SIR modifications measuring 02 
consumption were not affected by soil pH, in con- 
trast to those measuring CO2 production. 

The factor proposed by Kaiser et al. (1992) to 
convert the maximum initial respiratory response to 
biomass C needs to be discussed in the light of the 
data presented here. Kaiser et al. (1992) used the FI 
method at a temperature of 22°C and a kc value of 
0.41 for their calibration of the SIR method. 
Joergensen (1996) showed that kc was the same at 
incubation temperatures of 22 and 25°C and that a 
kc of 0.41 causes an overestimation of FI-biomass 
C. The proportionality factor of 30 (Kaiser et al., 
1992) tends to overestimate SIR-biomass C, as 
measured in the equipment described by 
Heinemeyer et nl. (1989). A proportionality factor 
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Fig. 4. The relationship between organic C measurements 
in 500 mM KzSO4 extracts (FEI) of fumigated and nonfu- 
migated soil by IR spectrometry (Dohrman DC 80) and 

by photospectrometry (Skalar). 
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of 27 (= 30 x 0.41/0.45) would be more appropriate. 
In contrast, the factor of 30 leads to marked under- 
estimation of biomass C when SIR is measured 
using the equipment described by Scheu (1992). In 
this case, the maximum initial respiratory response 
should be converted to biomass C by a factor of 38, 
which is very similar to the earlier factor proposed 
by Anderson and Domsch (1978). We refrain from 
recommending a calibration factor for general use. 
Whenever biomass is being calculated by a variant 
of the SIR method, the calibration value must be 
appropriate for that variant. 

Vegetation and land use significantly affect the 
community structure of the microbial population 
and consequently the conversion values to be used 
for converting the data obtained by SIR and FE 
into microbial biomass C (Hintze et al., 1994). A 
split of the 20 soil samples according to land use 
revealed significantly lower mean ratios to FIl(AA) 
for the arable soils in comparison to those for the 
forest soils (Table 4). Similar results were reported 
by Joergensen (1996). Multiple linear regression 
analysis showed that the relationship between 
FIl(AA) and the other ways of measuring biomass 
C were often significantly affected by the respiration 
rate of nonfumigated soil. This points to the central 
problem of the FI method, how to correct for the 
mineralization of soil organic matter during incu- 
bation of the fumigated soil (Jenkinson, 1988). The 
FI method is based on the assumption that the 
large complex natural community present in nonfu- 
migated soil is no more effective in mineralizing soil 
organic matter than the much smaller more special- 
ized community found in fumigated soil. This 
assumption is not always true in arable soils 
(Martens, 1985). However, its importance as a 
source of error increases in soils containing large 
amounts of soil organic matter, with a higher per- 
centage of less decomposed material, such as grass- 
land (Tate et al., 1988), but especially in acid forest 
soils (Vance et al., 1987a). Consequently, the FI 
method is less suitable for calibrating other methods 
in forest soils. If the FE and SIR methods are com- 
pared, the form of land use has no significant effect 
on the FE-biomass C-to-SIR-biomass C ratio 
(Fig. 2). However, differences in the microbial com- 
munity structure, i.e. in the ratio fungal-to-bacterial 
biomass, seem to affect the FE-biomass C-to-SIR- 
biomass C ratio, especially in soils with pH (in 
KCl) ~4 (Anderson and Joergensen, 1997). A pH 
effect on the FE-biomass C-to-SIR-biomass C ratio 
was also found by Dumontet and Mathur (1989) 
and Ross and Tate (1993). 

The problem of relating the results obtained by 
one way of measuring biomass C to those of 
another method over a wide range of soils is com- 
plex. In accord with Ocio and Brookes (1990) 
Kaiser et al. (1992) found that the largest differ- 
ences between biomass C estimates by SIR, FI and 

FE occurred in soils with the lowest microbial bio- 
mass C content. In contrast to these results, we 
found the maximum difference in those soils with 
the highest biomass C content. However, the expla- 
nation in both cases is similar. The difference 
between SIR on the one hand and FI and FE on 
the other, is largest in soils in which a disproportio- 
nately high percentage of the microbial biomass is 
capable of using glucose for energy metabolism. 
The basic assumption in the SIR method is that in 
each soil a similar proportion of the microflora 
reacts to the same extent on the addition of glucose 
(Anderson and Domsch, 1978). However, this pro- 
portion may vary over a certain range. 

Factors which affect the basal respiration rate of 
nonfumigated soils have an important influence on 
the size of biomass C estimates by the FI method. 
If this method is used in calibration experiments, 
these factors also affect the conversion constants 
from FI to SIR and FI to FE, and consequently 
the biomass C estimates of SIR and FE. Important 
factors modifying the respiration rate of a soil are 
the age structure of the microbial community, its 
physiological status, and the amount of available C 
(Anderson and Domsch, 1978). All three factors 
can be influenced by how the frozen soil samples 
are handled between thawing and the start of the 
SIR and FI measurements. Small changes in the 
conditioning incubation after thawing and incu- 
bation temperatures during measurement can have 
significant effects on microbial activity. A one- 
degree increase in temperature between 20 and 25°C 
leads to a 7% increase in the respiration rate, as 
predicted by the rate-modifying equation for tem- 
perature effects (Jenkinson et al., 1987). Soil 
samples need conditioning incubation after thawing, 
before FI and SIR can be carried out properly 
(Jenkinson, 1988; Martens, 1995). It is likely that 
the period used in the present study was not long 
enough for the effects of freezing and thawing on 
the decomposition of organic matter to subside. 
Unintentional variations in the experimental pro- 
cedure and sample handling, e.g. sampling, sieving 
etc., are not only a source of error in comparison 
between methods but also in sequential analysis of 
the microbial biomass in the field (Mueller et al., 

1996). These unintentional variations are probably 
the main reason for the observation that the FE- 
biomass C-to-FI-biomass C ratio varies more 
between authors than between different types of 
land use (Joergensen, 1996). 

With the FE method, a pre-incubation condition- 
ing period is only necessary if large amounts of liv- 
ing roots are present (Joergensen, 1995). The FE 
method may be hampered if larger amounts of non- 
biomass organic matter are extracted from both 
fumigated and nonfumigated soils. This is most 
likely with strongly acid soils rich in organic matter. 
However, the interfering effects of soil organic mat- 
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ter are usually small (Joergensen, 1995) and only 
cause severe problems under extreme conditions, as 
in sterilized organic soil at a very low pH 
(Couteaux et a/., 1990). 
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