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Summary—A method is described for the rapid and objective estimation of the amount of carbon
in the living, non-resting microbial biomass of soils. The method, which is based on the initial respira-
tory response of microbial populations to amendment with an excess of a carbon and energy source,
was quantified using an expanded version of Jenkinson’s technique.

The simultaneous application of the two methods to 50 soil samples showed a highly significant
correlation (r = 0.96) between both. From this correlation it could be deduced that at 22°C, a substrate-
induced maximal respiratoryrate of 1 ml CO,-h~! corresponds to c. 40 mg microbial biomass C. Evidence
supporting these results was obtained from pure culture studies. The various soil types investigated
were collected from agricultural as well as forest sites and they contained between 15 and 240 mg
microbial C-100g dry soil~!. The respiratory method provides reproducible estimates of biomass size
within 1-3 h after soil amendment. It can be combined without difficulty with a selective inhibition

method for determination of bacterial and fungal contributions to soil metabolism.

INTRODUCTION

The increased interest in the role of soil micro-
organisms in nutrient and energy-flow relationships
in natural as well as man-manipulated environments
has emphasized the need for simple and objective
methods for measuring the size of microbial popula-
tions in solids.

Among the methods currently available are those
involving direct counting, in which microorganisms
can be variously stained (Nicholas and Parkinson,
1967; Babiuk and Paul, 1970; Schmidt, 1973; Troll-
denier, 1973; Soderstrom, 1977) and observed by dif-
ferent optical methods (Casida, 1968; 1971; 1976;
Frankland, 1974) or those involving soil extractions,
in which enzymes (Kuprevich and Shcherbakova,
1971; Skujins, 1967), cell components peculiar to cell
walls of certain groups of microorganisms (Millar and
Casida, 1970; Steubing, 1970; Swift, 1973), or com-
ponents characteristic to living cells (Lee et al., 1971;
Ausmus, 1973) are extracted and quantitatively
assayed. Other methods include those based on the
disintegration of the soil, followed by separation and
collection of the microbial cells (Balkwill et al., 1975;
Faegri et al, 1977), or physiological methods, in
which the respiratory activities of substrate-supple-
mented habitats are used to estimate relative propor-
tions of actively metabolizing biomasses {Wright and
Hobbie, 1966; Anderson and Domsch, 1973; 1975),
and finally a new method, in which the carbon bound
in the microbial biomass is released by microbial
mineralization and thereby provides a means for cal-
culating its weight (Jenkinson, 1966; Jenkinson and
Powlson, 1976b).

Each of the biomass methods mentioned has its
limitations. The microscopic methods require skilled
personnel, and often present difficulties in distinguish-
ing between living and dead cells; in addition, a

number of assumptions have to be made before
counts can be converted into weights. The extraction
methods often fail to fully extract the desired chemical
and the relative recovery often depend on substrate
characteristics or the type of extraction procedure

used. Also, the quantity of a particular cell com-
ponent can vary considerably with growth conditions
and within different members of a microbial popula-
tion. The ratio of a specific component to the actual
biomass is, therefore, not necessarily a constant. With
respiratory methods thus far described, a factor which
links respiration rates to biomass weights has not yet
been derived.

Among these various methods for biomass
measurement, Jenkinson’s (1966) approach, which has
recently been examined in detail (Shields et al,, 1973;
Jenkinson, 1976; Jenkinson and Powlson, 1976ab;
Jenkinson et al., 1976; Powlson and Jenkinson, 1976;
Anderson and Domsch, 1978), appears to give the
most direct estimation of actual weight. The approach
of Anderson and Domsch (1973; 1975), in which the
respiration of the substrate-stimulated biomass is
measured, allows relative biomass measurements to
be made, but does not give information regarding the

- weight of the biomass. In view of the speed and sim-

plicity of the respiratory technique, an attempt was
made to calibrate these measurements, using the
method of Jenkinson and Powlson (1976b), to provide
a simple, objective, and rapid method for measuring
the quantity of biomass in soils.

MATERIAL AND METHODS
Soils

Soils A to I (Table 1), collected from the upper
10 cm of agricultural plots, and soil K from the upper
10em of a grassland, were passed through a 2 mm
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Table 1. Soil characteristics

Soil Type C (%) N, (%) C/N pH (KCl)
A Para brown earth 0.778 0.100 79 4.95
B Sandy brown earth 0953 0.110 8.7 515
C Brown podzol 1.252 0.115 10.9 5.45
D Basic brown ecarth 1.282 0.118 10.9 7.05
E Pseudogley 2.388 0.230 10.4 4.80
F Chernozem 2.583 0.202 12.8 6.90
G Pseudogley 2.593 0.240 10.8 5.85
H Sdndy brown earth 2.793 0.330 8.5 5.25
i Degraded chernozem 2833 0.151 i9.4 7.10
J Clay-rich brown earth  3.125 0.259 12.1 4.05
K Peat soil 26.374 2.200 12.0 5.65
L Acid brown ecarth 39.200 1.400 28.0 380

sieve to remove larger roots and animals. Soil J and
soil L were thoroughly mixed composite samples of
the L, F and H layers of a mixed oak and a spruce
forest, respectively. All soils were stored moist at
22 + 0.5°C for at least 10 days before use.

Amendment experimenis

In the course of the experiments. soil samples (100 g
dry wt for soils A-1. 20g dry wt for soils K and
L) were amended with a carbon and energy substrate.
The desired quantity {see below) was placed in a glass
mortar with 0.5 g talcum. ground to a fine powder.
poured onto and then blended into the moist soil
using a hand-operated electric mixer (equipped with
a single blade: Esge Co.. Type M 301) operated at
¢. 1600rev min~! (medium speed) for 25 to 30s.
The soil was held in a 11 plastic beaker during mix-
ing. With respect to homogeneous distribution. this
method proved to be superior to application of the
substrates in aqueous solutions.

Measurement of soil respiration
The soil samples were poured into 25 x 4

tic tubes Mn?pprpd at both ends with

iel
tic tubes, stoppered at both en ds with p
foam rubber plugs, and connected to a ¢
operating “Ultragas 3" CO, analyzer (Wosthoff Com-

nany. Bochum. FRG)Y for incubation at 22 + Q.5°C,
pany, SOGOUM, g 1O ndidaauin ac

Once each hour, CO.-free air was drawn through the
soils for 20 min and the rate of CO, production was
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and Powlson (1976b) was used. In this method, the
microbial cells in soil are killed by fumigation with
alcohol-free CHCl;, and then subjected to mineraliza-
tion by reinoculating the soil with a small amount
of the original soil and incubating for 10 days at a
constant temperature. Controls consist of identically
incubated but non-chloroformed soil samples. The
amount of microbial C is calculated from the differ-
ence between the CO,-C evolved from CHCl;-fumi-
gated and non-fumigated samples.

Since the C in the freshly killed cells will not be
totally mineralized within 10 days, the amount
released must be corrected to 100%,. To do this, the
C mineralized from the microflora is divided by a
value (k-factor) which is equal to the portion of C
released during mineralization of known quantities of

CHCl;-killed biomass during 10 days. Jenkinson
(1976), working at 25°C with 12 species of micro-
organisms and one soil, determined the k-factor as
¢. 05 (=50% mineralization); Anderson and
Domsch (1978), who worked at 22°C and used 12
(radio-labelled) species of bacteria and 15 (radio-
labelled) species of fungi added to 4 different soils
suggested a k-factor of 0411 {= 41.1%, mineraliza-
tion). This latter factor was used for the biomass cal-
culations made in the present study.

In addition to use of a different k-factor, three other
modifications of the Jenkinson and Powlson (1976b}
method were made: (1) 100 g (dry wt) samples of soil
were used rather than 250 g. (2) a continuously oper-
ating respirometer was used instead of air-tight jars
containing alkali CO, traps, and (3) hourly rates of
CO, evolution were determined instead of a single
measurement at the end of the 10 days incubation.
Experimental details of the soil fumigation are given
in Anderson and Domsch (1978

Measurement of the CO, to biomass-C relationship in
pure culture experiments
Static cultu

Static cultures of 14 gpecies of soil fungi were cu
vated in 100 ml of medium which contain
(10g-17") and NH,/NO,; (lg-17%). At
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organism, cultures were harvested by filtration and
washed with copious amounts of K,HPO, buffer (pH
7.0). Harvested cclls were divided into 8 samples of
approximately equal wet weights: 5 of these samples
were resuspended in 100 ml portions of buffer for res-
pirometry; and 3 Samplca were collected on preé-
weighed filter paper for dry weight determinations.
The samples (between 5-40mg dry weight) used for
respirometry were supplemented with 250, 500, 1000,
2000 or 4000 ug glucose-ml buffer ' and incubated
in wash flasks at 22 + 0.5°C on the above mentioned
respirometer. Samples used for dry weight determina-
tions were subsequently oxidized to determine C con-
tent (Leco Corporation Carbon Determinator, St
Joseph, Michigan, USA).
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THEORETICAL CONCEPT

In preliminary experiments, it was found that con-
stant-temperature soil samples could be caused to re-
spire at maximal rates by amending these with an
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excess of readily-mineralizable substrate. Since the re-
sponse maxima so obtained were found to be different
from soil to soil, but were the same for replicates
of any single soil, it was hypothesized that under iden-
tical conditions of incubation, the initial, substrate-
induced, maximal respiratory responses were corre-
lated to the actual size of the living, non-resting mic-
roflora, and because of this, could be used to measure
their sizes in different soils.

As a prerequisite to the use of initial response max-
ima for biomass measurements, two conditions had
to be fulfilled: (1) a substrate had to be selected which
would be available to the majority of the soil micro-
organisms, and (2) a constant had to be derived which
would allow conversion of relative metabolic
measurements into microbial biomass weights. The
sequence of experiments conducted to attain these
goals are shown in Fig. 1. The results of the experi-
ments are given in the following sections.

RESULTS
Physiological measurement of biomass response

Selection of an appropriate carbon and energy source.
Besides being compatible with the metabolic require-
ments of a high proportion of the soil microflora,
a substrate suitable for the present purpose should
be: (i) water-soluble, to allow its rapid dispersion to
as many microhabitats as possible; (ii) relatively
complex in structure, to prevent its mineralization by
bound or free soil enzymes, and (iii) non-toxic, to
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avoid adverse side effects when added to soil in quan-
tities in excess to those which can be immediately
metabolized.

Four substrates were tested to determine which in-
duced the highest rate of soil respiration. The sub-
strates were added at concentrations of
250-4000 ug-g (dry wt) soil™! and the rates of CO,
evolution per unit soil were determined 1h after
amendment. The results of these experiments (Fig. 2)
show that at substrate saturation, both glucose and
casamino acids caused response rate maxima of
1.51 ml CO,-100g soil~'-h~!. It was assumed from
this, that both of these carbon and energy sources
were being mineralized by equally sized, and most
probably similar microbial populations, and that
either substrate would have been of value for further
experiments. However, because of uncertainties in
regard to the composition of different batches of casa-
mino acid mixtures, glucose was chosen. Besides
being available in pure form, the uptake mechanisms
and the pathways by which this compound can be
degraded are well defined, and one or more pathways
for its mineralization have been found to exist in most
known taxa of aerobic soil microorganisms.

Determination of substrate-induced maximal initial
respiration rates. Soil samples were amended with a
series of glucose concentrations and the initial rates
of mineralization were determined. Results obtained
with three selected soils, which exemplify the results
obtained in all experiments, are shown in Fig. 3. A
comparison of the three soils shows that maximal res-

Pure culture
experiments

[

Physiological measuremeant
of biomass response

Selection of an appropriate
C and energy source

Determination of substrate -
induced maximal ntial
respiration rate

Measurement of C-content
of biomass

Fumigation and reinoculation
of soils to estimate the
amount of C in the microbial
biomass

Determination of maximum
initial respiratory rates by
pure cultures in relation to
known biomass weight and
physiological oge

Synthesis of results to establish a
relationship between maximum
respirgtory response and absolute

bomass

Fig. 1. Experiments conducted to derive a physiological method for measurement of microbial biomass
size in soil.
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Fig. 2. Response of the microflora in soil C to various
carbon-energy substrates. Measurements made after | h in-
cubation at 22 + 0.5°C.

piration rates are reached in soils L, F and B at 4.34,
2.01 and 0.67 ml CO,- 100 g soil ~!-h™!, respectively.
In terms of relative biomass, soil L contained 6.4
times and soil F contained 3.0 times as much biomass
as soil B. The absolute biomasses of these soils are
compared in the following section.

Of particular importance in these experiments is
selection of the mineralization rate which best rep-
resents the size of the original microbial population.
Figure 4, which shows mineralization curves having
initially negative, zero or positive slopes, demon-
strates the selection of rate maxima from each curve
type. A positive tendency in any of these curve types
has been interpreted as indicating biomass synthesis
{Anderson and Domsch, 1975); therefore, measure-
ments are best made before this tendency occurs. For
soils displaying curves of type I and IIL 1h after
substrate addition has been found to be the most suit-
able time. Most of the soils tested (8 out of 12) had
type Il curves. Soils with large biomasses, high
organic matter and relatively high moisture levels
often showed type I curves (soils C, F and L). In
these soils, readings were taken when the slope
became zero. It is currently not known why initial
negative slopes occur but it is thought that substrate-
accelerated death of cells, a phenomenon discussed
by Dawes (1976), might be related to this observation.
For curve type 111, which was observed with a single
soil (soil C). readings after the first hour were
accepted as the closest approximation.

Measurement of the C-content of the microbial biomass

In addition to measurement of the substrate-
induced maximal initial respiration rate of each soil,
the C incorporated in the microbial biomass of each
was simultaneously determined. The results obtained
with three of the soils, which exemplify those obtained
in all experiments conducted, are shown in Fig. 3.
Of these curves, the curve demonstrated by soil F
is ideal for measurement of soil microbial biomass
by the fumigation-reinoculation method. In this case,
the CO,-C evolved from the fumigated soil was
greater than that from the non-fumigated sample
almost immediately after reinoculation,- and, shortly
after 240 h of incubation, the respiration of both the
fumigated and the non-fumigated control samples
approached unity. For soil F, the CO,-C from
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3-240h totalled 32.6 mg, and the biomass C was
:equalx to 326/0411 =793mg-100g (dry wt) of
soil 7.

Examining the curves for soils L and B in Fig. 5,
it can be seen that the strict use of cumulative CO,
data, such as would be obtained through use of incu-
bation as suggested by Jenkinson and Powlson
(1976b), would lead to errors in biomass determina-
tions due to the negative values at the beginning or
at the end of the incubation. To avoid these errors
in the present investigation, net respiration curves
were prepared for each experiment, and only the
values where the respiration of the fumigated sample
was greater than the control were used. For soil B,
therefore, the calculation period was between 4 and
170h and the biomass C was equal to
10.5/0.411 = 25.5mg 100 g soil~'. For soil L. the
period was between 23 and 260h and the biomass
C was equal to 70.7/0.411 = 1720 mg 100 g soil ™.
Comparison of these values to one another, as was
done with the rate measurements of the physiological
method. shows that soil L has ¢. 6.7 and soil F has
¢. 3.1 times as much biomass C as soil B.

Relationship between maximum initial respiration rates
and absolute biomasses

Soil studies. The relationship between CO, rates
and the absolute biomasses of soils A through L is
shown in Fig. 6. The significant correlation (r = 0.96)
indicates that the microbial biomass C of soils can
be readily estimated by determining the maximum in-
itial respiration rate following glucose addition and
substituting this value into the equation x = 40.4
y + 0.37, where y = maximum initial rate of respir-
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Fig. 3. Response of the microflora in three different soils

to different concentrations of glucose. Incubation tempera-

ture 22 + 0.5°C; rate measurements made for soil L after
three, and soils F and B after 1 h incubation.
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Fig. 4. Types of rate curves from glucose-amended soil
samples. Arrows indicate the hour best representing the
initial maximum response of the existent biomass.

ation, expressed in ml CO;-unit soil”!-h™!, and
x = mg microbial C-unit soil™. This equation is
based on mineralization data between 035 and
6.50 ml CO, 100 g soil *-h~L 1t is only valid in this
particular form if the temperature of the soil during
measurements is kept at 22°C. Substitution of y = 1
into the equation and solving for x indicates that
40 mg biomass C produces c. 1 ml CO,-h™*, or 1 mg
biomass C releases 25 ul CO,-h~!,
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Fig. 5. Types of net respiration curves showing the release
of CO,-carbon from CHCl,-fumigated, reinoculated soils.
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Pure culture studies. To examine the overal] feasi-
bility of the above in situ correlation between stimu-
lated respiration and biomass, experiments were con-
ducted with pure cultures of fungi to determine the
maximum initial rates at which known weights of cell
material, harvested during various stages of cultural
growth, would respond to amendment with glucose.

The results of these experiments are shown in Table
2. Tt can be seen that glucose supplemented cells
which were harvested in the earlier phase of growth
release more CO, per mg C than those harvested
in the later phases. In the early, middle and late linear
and the stationary phases, the averages for the 12
fungi were 42, 23, 20 and 18 ul CO,-mg C~t-h™!,
respectively. The average for all phases taken together
was 26 ul CO,-mg C~!-h~'. This average, which is
the same as the value obtained from soil studies
(25ul-mg C~'-h™'), supports the feasibility of the
linear regression obtained in the in sity investigations.

DISCUSSION

The potential use of respiratory response rates to esti-
mate the sizes of microbial biomasses in natural habi-
tats was indirectly suggested by Drobnik (1960) and
Novak (1973) for soils, and directly suggested by
Wright and Hobbie (1966) for bacterial populations
in aqueous environments. None of these studies, how-
ever, offered a direct means for converting respiratory
values into actual biomass weights.

In the present investigation, a practical and direct
means has been derived for this conversion. The
major advantages of this method are its objectivity
and its simplicity. After adding increasing amounts
of glucose to soil, the maximum initial respiratory
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Fig. 6. Relationship between substrate-induced maximum
initial respiration rates and absolute microbial biomasses
of soils. Symbol * shows samples of soil C which had been
pre-incubated to change the size of the microbial biomass.
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Table 2. Relationship between respiratory response and physiological age of mycelia incubated at 22 C in glucose-buffer
solution

Phases of cultural growth

Early linear Middle linear Late linear Stationary
Days* ul CO,** Days ul CO, Days ul CO, Days ul CO,
Fusarium sam- 5 1y
bucinum 2 22 6.5 44 7.5 45 9 43
2 16 6.5 40 7.5 44 9 38
Microdochium
holleyi 3 14 8 10 1 1o i4 7
Mortierella 2 15 7 3 10 3 14 4
elongata
M. hyalina 2 43 4 26 7.5 16 8 12
3 34 5 21 75 15 9 13
M. conata 3 73 6 10 9 5 13 6
Paectlomyces 3 78 5 28 10 31 14 21
carneus
Penicillium
3
iy k 19 4 10 8 8 23 8
P- janthi- 1.5 2% 7 25 9.5 25 i 7
neltum
2 22 6 30 9.5 15 14 14
Phoma eupyrena 3 75 6 18 9 14 22 7
Trichoderma L5 51 25 42 4 28 45 25
hamatum
T. koningii 2 63 7 26 10 25 i5 28
. 3 46 7 21 9.5 20 11 21
Verticillium 4 62 8 15 14 2 20 5
nigrescens
4 59 11 19 15.5 20 16.5 19

* Days of incubation.
b COymg C™V RN

response is determined. To convert this response rate
into a biomass unit, the value obtained is entered
into a regression equation, where y is equal to the
respiratory response in ml CO,-unit soil"'-h™! and
x is the biomass C in mg-unit soil ™ *.

The major technical errors which can be made
when using this method are incubation of soil samples
at temperatures other than 22°C. which would modify
the above equation, or measurement of respiration
rates after changes in the size of the biomass have
occurred.

By combining this method with the selective inhibi-
tion technique described by Anderson and Domsch
(1973: 1975). it is possible to estimate the total living
biomass of soils, and then roughly partition this into
the sizes of the bacterial and fungal populations. The
first step in the selective inhibition technique is identi-
cal to the glucose concentration experiments de-
scribed in the present study: therefore, it can be im-
mediately used to estimate the size of the total mi-
crobial biomass. For soils F, H and J. which have
previously been investigated by the sclective inhibi-
tion method. it has been determined that the total
biomasses were ¢. 30, 89 and 93 mg biomass C-100g
soil 7!, respectively. Using the bacterial to fungal
ratios for these soils (Anderson and Domsch. [975),
which were 1:4 for soil H, 1:9 for soil F and 1:4
for soil J, it can be further determined that the ratios
of prokaryotic (bacterial) to eukaryotic (fungal) bio-
mass in these soils were c. 6:24, 9:80 and 19:74 mg
biomass C-100 g soil ™!, respectively.

Shields et al. (1973), who used microscopic methods
to compare soil microbial biomasses in a brown cher-

nozem soil for a period of 104 days. found that the
average bacterial to fungal C was ¢
6.8:43.4 mg-100 g soil ', Although these values are
not directly comparable to those obtained with the
chernozem used in this study (soil F), they are similar
in range and proportion and indicate that results
obtained by careful microscopic counting and by the
current method are, within limits, comparable.

The correlation coefficient of r = 0.96 indicates
that the use of Jenkinson’s method for calibration of
the respiratory technique is an acceptable means for
converting in situ respiration values to microbial bio-
mass weights. Nevertheless, a number of soils did
quite substantially deviate from the ideal regression
line. One possible reason for deviation is that mi-
crobial populations in different soils might consist
predominantly of either young cells, which would give
higher than “average” CO, production per unit bio-
mass C, or aged cells, which would give lower values.
With most soils, however, it can be assumed that the
course of normal population dynamics will create
“average” situations in which living cells of all physio-
logical ages, including resting stages, are present. A
second possible source of deviation is that micro-
faunal elements (protozoa, nematodes) contribute to
the respiratory response. This is unlikely, however,
and will probably be of little consequence to the over-
all immediate response to glucose amendment. A
further source of deviation is the yet unexplored re-
sponse of rootlets: for this reason they must be care-
fully removed from the soil. In regard to deviations
resulting from Jenkinson’s method, mineralization of
resting microbial cells as well as CHCl,-killed micro-
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fauna, seeds or rootlets may add to the CO, evolved
during mineralization of the fumigated microbial bio-
mass.

The soils investigated in the present study ranged
in C content from 0.78 to 39.2%, in pH values from
3.8 to 7.1, and in biomass from 15 to 240mg-100g
soil "!. Some of the methods cited in the introduction
would not be applicable under these conditions. and
it seems to be an argument in favour of the above pro-
posed physiological method that it can be readily
used to measure biomass in a great variety of soils.
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