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Abstract Heat output can be used as an indicator of mi- 
crobial activity and is usually measured in a microcalo- 
rimeter with closed ampoules. In long-term experiments 
particularly, interpretation of  the data is hindered by the 
changing environment in the closed ampoules because of  
02 consumption and CO 2 enrichment. We used a combi- 
nation of  a flow-microcalorimeter and a gas chromato- 
graph to measure the heat flux and CO 2 and N20 pro- 
duction rates under controlled conditions. Simultaneous 
detection of  the heat output and COz emission allowed 
calculation of  the calorimetric: CO 2 (Cal/CO2) ratio. A 
mean ratio of - 435  kJmo1-1 CO2 was detected in six 
different soils amended with glucose and incubated under 
aerobic conditions. This ratio indicated that CO 2 was the 
end-product of  catabolism. In wet 10 -  12 mm soil aggre- 
gates of  a gleyic vertisol amended with glucose, values 
of  -285  kJ mol -a COz under an aerobic and -141  kJ 
tool -1 CO2 under a N2 atmosphere was determined. 
These findings indicated that fermentative metabolism 
occurred. The Cal/CO2 ratio was not affected when 
enough N O r  was available and denitrification processes 
(N20 production) were possible. 

Key words Flow-microcalorimeter �9 CO 2 �9 Cal/CO 2 ra- 
tio �9 N20 �9 Aggregates 

Introduction 

In addition to respiration and enzymatic measurements, 
the technique of  microcalorimetry has been used 
(Ljungholm et al. 1979; Sparling 1981, 1983; Kimura and 
Takahashi 1985; Heilmann and Beese 1992) to investigate 
microbial activity in soil. The experiments have been 
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carried out in a closed ampoule mode which has the 
disadvantage of  02 depletion and CO2 enrichment 
(Ljungholm et al. 1979). The changing environment in 
this closed system has hindered interpretation of the pow- 
er output curves, especially in long-term experiments. To 
overcome this problem, Gustafsson and Gustafsson 
(1985) used a microcalorimetric perfusion vessel to mea- 
sure microbial activity over long periods of  time in natu- 
ral, aquatic samples from aerobic environments. 

A perfusion unit allows simultaneous measurements 
of  heat production, 02 consumption, and CO2 produc- 
tion. The ratios of  heat production to 0 2 consumption 
and to CO2 production have been termed the calorimet- 
ric:respirometric (C/R) ratio, which is expressed in 
kJ mol -~ 0 2 (Gnaiger and Kemp 1991), and the calori- 
metric: CO2 (Cal/CO2) ratio, which is expressed in 
kJ mol - ~ CO2, respectively. These ratios are only compa- 
rable if carbohydrates are metabolized. 

The connection between biochemical processes and 
heat changes is based on the principles of the first law of 
thermodynamics. The internal energy (A U) of  a reaction 
is the sum of  the heat (AQ) transferred to the environ- 
ment and the work (A IV) done on the system. 

A g  = AQ+ AW (1) 

The change in enthalpy (AH) is defined as the sum of  the 
internal energy change (AU) and the expansible work 
(pAY). 

A H  = A U + p A V  (2) 

If  no work is done, 

AW= - p  A V  = o (3) 

and the enthalpy change in an isothermal cellular process 
at constant temperature and pressure is equal to the heat 
change (AQ) measured by a calorimeter. 

A H  = AQ (4) 

By definition zXH is negative for an exothermic reaction. 
The heat output of a biological system is only affected 

by the first and final products of  a reaction, but not by 
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its b iochemical  complexity. The total  (net) heat ou tpu t  
(Qt) can be divided into a catabolic (Qcat) and  an  
anabol ic  process (Qan) and  is equal  to the metabol ic  
enthalpy change (AHmet) (Belaich 1980). 

Qt = AHmet = Qcat + Qan (5) 

Excellent explanat ions  of  physiological microcalor imetry  
have been presented by Gnaiger  (1989) and  Gustafsson  
(1991). 

The C / R  ratio has been used to detect changes in 
metabol ic  pathways in studies on  pure cultures of micro- 
organisms (Coony et al. 1968; Birou et al. 1987), an imal  
tissues (Elliot and  Davison 1975) or cells (Kemp 1991), 
p lan t  tissues (Criddle et al. 1990), and  aquat ic  animals  
(Gnaiger  and  Staudigl  1987). Sparl ing (1981) and  
H e i l m a n n  and  Beese (1992) found  a good relat ionship be- 
tween the heat ou tpu t  and  CO2 emission rate in separate 
measurements  under  aerobic condi t ions  using sieved soils 
amended  with glucose. 

In  undis turbed ,  wet, or aggregated soils, the gas ex- 
change is l imited by di f fus ion processes (Zausig et al. 
1993). Anoxic microsites occur and  are likely to inf luence  
NzO emission and  the Cal /CO2 ratio, because the oxida- 
t ion  of  the added substrate is no t  complete. To study these 
s i tuat ions  in  soils under  different condi t ions,  a measur ing  
device was developed, which allowed s imul taneous  deter- 
mina t ions  of the heat  ou tpu t  and  gas exchange. In  the 
present study, we compared  the C a l / C O  2 ratios of sieved 
and  aggregated soils incuba ted  with different substrates 
and  water contents.  

Materials and methods 

Heat production 

We used a four-channel microcalorimeter (Thermal Activity Moni- 
tor 2277, Thermometric, J~trvalla, Sweden) of the heat conduction 
type. Two channels were equipped with 20 ml perfusion vessels 
(Fig. 1). One was filled with water to control the stability of the flow 
system, and the other contained about 2 - 5  g of a soil sample 
(Fig. 2). In each experiment, a third channel was operated in a clos- 
ed-ampoule mode using the same soil sample, in order to compare 
the results with the continuous perfusion system. The remaining 
channel contained an empty vessel to monitor baseline stability dur- 
ing the experiment. 

Internal calibration was carried out at a range of 300 gW or 
1000 pW in the static mode. The detection limit was 1 gW, and 
baseline stability over 24 h was _+ 3 gW. All experiments were done 
in a climatic chamber at a microcalorimeter working temperature 
of 22~ The ampoules loaded with the samples were held for 1 h 
out of the measuring range for temperature equilibration. The first 
heat output values were recorded after 2 h in the measuring posi- 
tion. Data were then continuously recorded at intervals of 1 h by 
computer, using the program DIGITAM 2.0 (ThermoMetric, 
J~trvalla, Sweden). Curves were calculated with the program 
DATGRAPH 2.0 (Cyclobios, Innsbruck, Austria). 

Fig. 1 
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(LKB 2132, LKB, Uppsala, Sweden) or an exact valve (202-3(3)-1, 
Vivi Condyne, Duarte, California) at a flow rate of 40-  60 ml h-  1. 
Gas-tight tubes (Viton, Labocron, Sinsheim, Germany) were used 
(Fig. 2). The gas was moistened in a humidifier filled with distilled 
water. To avoid condensation inside the tubes, the humidified air 
was preheated to 35 ~ in a waterbath. The shaft of the perfusion 
vessels (Fig. 1) was hollow, so that the flow out of the ampoule 
filled with 10 ml distilled water passed up the main tube on the out- 
er side of the perfusion shaft. This provided a temperature shift to 
exactly 22 ~ when the gas entered the microcalorimeter. The power 
output of the vessel filled with water was used as a control measure 
to maintain the correct temperature in the gas inlet, which should 
be stable and near zero during an experiment. To avoid any changes 
in gas temperature, the first vessel was connected with the sample 
perfusion ampoule by a short isolated tube. The outlet air was ana- 
lyzed in a gas chromatograph. This perfusion system caused no sig- 
nificant changes in heat output up to a flow rate of 60 ml h -1. 

Gas chromatograph 

A gas chromatograph (GC14A, Shimadzu, Kyoto, Japan) 
equipped with a 63 Ni electron capture detector and a flame ioniza- 
tion detector was used to measure the CO 2, N20, and CH 4 concen- 
trations. The gas samples were injected through a 5-ml loop and a 
10-port valve. The components were separated using two columns 
(1-m pre-column and 3-m main column) filled with Porapak 
Q 80/100 mesh. A four-port valve was used to avoid 02 contami- 
nation of the electron capture detector. The gas chromatograph ran 
isothermal at 60 ~ and the flow rate of the carrier gas (electron 
capture detector pure N2) was 20 ml rain -1. The results were inte- 
grated and collected with a Shimadzu CR5A two-channel integra- 
tor. Depending on the experiments carried out, a gas sample was 
automatically analyzed every 1 or 2 h. 

Per fusion system 

A precisely defined atmosphere from a gas cylinder (air, synthetic 
all, or N2) was regulated with a pulse-free microliter pump 

Calculation of the Cal/CO 2 ratio 

The Cal/CO z ratio was calculated from the total calorimetric heat 
flux and the CO 2 flux of the system. 



Fig. 2 Combination of flow- 
microcalorimeter and gas 
chromatograph (GC) used to 
measure heat flux, CO2, and 
NO 2 production in soils, as an 
indicator of microbial activity 
(ECD electron capture detec- 
tor, FID flame ionization de- 
tector) 
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Although the Cal/CO 2 ratio for an exothermal reaction is negative, 
to allow a better comparison with other data, the axis of the ratio 
is presented on a positive scale in the figures. 

Soil samples 

Samples for the experiments with sieved soil were taken from the re- 
search network experimental farm (Forschungsverbund Agrar6ko- 
systeme Mtinchen; FAM) at Scheyern, Germany. The soils of the ex- 
perimental farm area and the main microbial soil properties have 
been described by Fromm et al. (1993). Fresh soils taken from dif- 
ferent sites (grassland: sites 20, 22; arable land: sites 2, 4, 6, 10) were 
sieved (<2  mm) and equilibrated to a water content of 40-60~ 
water-holding capacity in order to optimize aerobic microbial activ- 
ity at 22 ~ The soils were amended with 0.4070 glucose per gram 
dry weight immediately before the microcalorimetric measure- 
ments. 

The aggregated soil samples were prepared from a gleyic vertisol 
(total C 1.9~ total N 0.1807o) from Tr6bersdorf, near Bayreuth, 
Germany. This soil had a clay content of 5607o and showed a typical 
aggregate size distribution in a range of 2 - 2 0  mm. Aggregates of 
the most abundant size classes ( 2 - 5  ram, 5 - 8  ram, 8 - 1 0  mm, 
10-12 ram) were used. These aggregates were equilibrated to a wa- 
ter potential of -0.002 MPa (approximately 93 ~ water-holding ca- 
pacity) on ceramic plates at 22 ~ for about 6 weeks. Under these 
conditions the NO 3 concentration was 0.2 I~g N O ; - N  g - 1 .  One 
per cent glucose (4 mg glucose-C) or 1 070 alfalfa powder (4.2 mg al- 
falfa-C, 0.29 mg alfalfa-N) were added to the surface of the aggre- 
gates. All data are expressed per gram dry weight of soil. 

Results and discussion 

Experiments with sieved aerobic soils 

Typical power-output curves for an experiment on sieved 
soils amended with glucose under aerobic conditions are 

Fig. 3 Power output curves 
from glucose-amended soils 
under anaerobic conditions, 
measured by a combination of 
flow microcalorimetry and gas 
chromatography (Cal calori- 
metric, prod. production) 
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shown in Fig. 3. No differences in the curves between the 
closed ampoule and the open perfusion vessel were found 
during the first 15 h. Then the heat output in the closed 
ampoules was lower than in the continuous flow mode, 
possibly due to a decrease in the 02 and an increase in 
the CO2 concentration in the headspace of the batch ex- 
periment. In the closed ampoule the aerobic microbial 
population collapsed after 75 h (Fig. 3). A slight increase 
in heat output at the end of the experiment may have been 
caused by an anaerobic population that had adapted to 
this situation. 

Simultaneous measurements of CO2 production and 
heat output allowed calculation of the Cal/CO2 ratio. 
Under fully aerobic conditions no clear change was 
observed in this ratio. For six different soils from the 
FAM experimental farm, sieved to <2 ram, and equili- 
brated to 40-60~ water-holding capacity a ratio of 
-435 (+ 11.5) kJ mol -I CO 2 was calculated. Under these 
conditions no N20 emission (<2  ng N20 g-1 h-l)  was 
detectable. 

The heat exchange depends on the substrate and the fi- 
nal state of the reaction and is independent of the meta- 
bolic pathways. Wieser (1986) calculated that the meta- 
bolic conversion of glucose to CO2 and water according 
to the equation: 

C6H 1206 + 6 02--+6 CO 2 + 6 H20 (7) 

gave an enthalpy change of -2864 kJ tool -1 glucose or 
-477 kJ tool -~ CO2 under nearly physiological condi- 
tions (25 ~ 20.6 kPa O2, 5 kPa CO2, 0.01 tool glucose, 
pH 7.0). For a carbohydrate such as glucose the Cal/CO2 
ratio can be compared with the C/R ratio under aerobic 
conditions, because the respirometric quotient between 
the O2 consumption and CO2 production rates is 1. 
Criddle et al. (1991) reported a respirometric quotient of 
1.08 (ratio of heat rate to CO2 rate, 5.09 kJ mol- 1 CO2) 
for corn seedlings and 0.91 (504 kJ tool -1 CO2) for corn 
hypocotyl segments in simultaneous microcalorimetric, 
O2 and CO2 measurements. Wieser (1986) suggested a 
value of 0.85 for ecological studies with mixed substrates. 
When lipids are consumed, the Cal/CO2 ratio must be 
corrected by a factor of 0.72 to compare it with the C/R 
ratio. As the main compounds of the substrates used in 
our experiments were carbohydrates (respirornetric quo- 
tient of 1) and proteins (0.97), no correction was needed. 

Gnaiger and Kemp (1991) reported C/R ratios of 
-430 to -480kJ  tool O 2 for several substrates. In ex- 
periments with calorimetric and respirometric measure- 
ments, ratios of -460+_ 13 kJ mol- ~ O2 were obtained 
for various aquatic animals (Gnaiger and Staudigl I987). 
Birou et al. (1987) calculated a ratio of -440+33 kJ 
moI-1 02 for the aerobic growth of yeast cells with glu- 
cose as substrate. Our finding of -435 kJ mo1-1 CO 2 is 
also in a good agreement with the results given by Sparl- 
ing (1983), who found a close relationship between the 
microbial activity of soils and the aerobic growth of yeast 
cells. 

The discrepancy between the calculated Cal/CO2 ratio 
of -477kJmo1-1CO2 and the measured ratio of 

- 435kJmol - lCO2  could be explained by differing 
physiological conditions in a natural soil ecosystem 
and/or by respiration from organic substrates other than 
the added glucose. However, the main uncertainty in com- 
plex ecosystems like soils is the heat loss due to anabolic 
processes, which is difficult to investigate. The heat out- 
put of a microcalorimeter can be divided into a catabolic 
(exergonic) and an anabolic (endergonic) reaction 
(Belaich 1980). Gustafsson (1991), using data from 
Larsson et al. (1991), calculated that only 1.5070 of the 
total enthalpy exchange in a pure yeast culture grown aer- 
obically on glucose corresponds to anabolic processes. 
For fermentative processes Belaich (1980) calculated that 
up to 807o of the enthalpy change could be due to anabolic 
processes. Gustafsson (1991) also suggested that for 
anabolic reactions with large differences in the degree of 
reduction between the substrate in the biomass 
(autotrophic growth), the influence of the anabolic reac- 
tion on the total enthalpy change could be substantial. 

However, in microbial ecological systems, where 
growth is limited not only by substrates, but also by physi- 
cal factors such as diffusion processes or space, the 
anabolic enthalpy change is likely to be small compared 
to catabolic reactions. Seven days after adding labelled 
glucose to soil Bremer and Van Kessel (1990) found that 
only a little was used for biosynthesis. 

Experiments with aggregated soil 

The heat output, CO2 and N20 production rates and the 
Cal/CO2 ratio from 10- to t2-mm soil aggregates of a 
gleyic vertisol are shown in Figs. 4 and 5. Soil aggregates 
with a high water content were amended with 1 ~ glucose 
or alfalfa powder on the surface and incubated under an 
aerobic atmosphere. In wet soil aggregates (93070 water- 
holding capacity) amended with glucose (Fig, 4), the 
N20 emission, as an indicator of denitrification process- 
es under these conditions, was high during the first period 
of this experiment, but decreased drastically between the 
35th and 45th h. After 70 h no N20 ( < 2 ng N20 g- t h-  1) 
in the gas phase and no nitrate (<0.01 ]xg NO3-Ng -1) 
were detectable. The unusually high Cal/CO2 ratio 
(>500kJmo1-1 CO2) in the first period of this experi- 
ment was caused by exothermal chemical reactions out- 
weighing the low microbial activity. Concomitant with 
the decline in N20 production, the Cal/CO2 ratio de- 
creased to -285kJmol-1CO2 during the period 
60-80 h, and to about -430 kJ mo1-1 CO2 at the end of 
the experiment. In the 2 - 5  mm aggregate class the ratio 
was 446 kJ mol-~ CO2, but in the other aggregate classes 
it decreased with an increasing aggregate diameter (Ta- 
ble 1). When the aggregates were incubated under the 
same conditions but amended with alfalfa powder 
(Fig. 5), different rates of N20 emission were detected 
throughout the experiment and no changes in the 
Cal/CO 2 ratio (-433 kJmo1-1 CO 2 for 1 0 - I 2 m m  ag- 
gregates) were found. This ratio was independent of ag- 
gregate size (mean value - 427 kJ mol- 1 CO2), as shown 



Fig. 4 Power output curves 
from glucose-amended soil ag- 
gregates (for further explana- 
tions, see Fig. 3) 160 
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Fig. 5 Power output curves 
from soil aggregates amended 
with alfalfa powder (for fur- 
ther explanations, see Fig. 3) 160 
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Table 1 Cal/CO 2 ratios from soil aggregates of different sizes 
amended with 1% glucose or 1% alfalfa under different atmo- 
spheres (atmos.) 

Aggregate 0.4 mg glucose-C 0.42 mg alfalfa-C 
size (ram) 

Aerobic atmos. N 2 atmosphere aerobic atmos. 
(kJ mol-I CO2) (kJ mol-1 CO2) (kJ mol-I CO2) 

2 - 5  -446 -139 -421 
5 -8  -282 -151 -419 
8 - 10 - 244 - 143 - 418 

10-12 -286 - 140 -433 
12-15 -168 -134 -445 

Mean Depends on - 141 _ 5.6 - 427 + 10.4 
aggregate size 

in Table 1. No CH 4 production was detected at any stage 
of  the experiment. 

The heat output and the calorimetric:CO2 ratio of  
anaerobic reactions are difficult to interpret, because the 
anaerobic microorganisms produce different final prod- 

ucts, such as ethanol, acetate, butyrate, etc. The anaerobic 
oxidation of  glucose generally gives a higher ratio. For ex- 
ample, the metabolic conversion of  glucose to ethanol 
according to the equation: 

C6H1206 --* 2 C H 3 C H 2 O H + 2 0 2  (8) 

corresponds to an enthalpy change of  - 1 3 8 k J m o 1 - 1  
glucose or - 6 9  kJ tool -~ CO 2 (Wieser 1986). For soil ag- 
gregates with a water potential of  -0 .002 MPa amended 
with glucose and incubated under an anaerobic atmo- 
sphere (N2), a Cal /CO 2 ratio of  -141+_5.6 kJmo1-1 
CO2 was measured independently of  the aggregate size 
(Table 1). As a ratio of -285  kJ mo1-1 CO 2 was found 
for 1 0 - 1 2  mm aggregates incubated under aerobic condi- 
tions, we assumed that fermentative processes also oc- 
curred in the core of  these soil aggregates. When micro- 
organisms are able to use N O ;  as an alternative electron 
acceptor, the end product of  the oxidation of  glucose is 
also CO2. Because alfalfa powder is an N-rich substrate, 
enough NO~- for use is produced in the aerobic outer 
shell of  the soil aggregates. The available N O r  (>  1.3 ~tg 
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NO~--N g - l )  ma in t a ined  the den i t r i f i ca t ion  processes in 
the  soil  aggregates.  In  this  case the  C a l / C O  2 ra t io  was 
no t  affected.  

In  conclus ion,  the  f low-mic roca lo r ime t ry  system 
al lowed s imul taneous  measu remen t  o f  the  hea t  ou tpu t  
and  gas emiss ion  o f  soils a m e n d e d  with  di f ferent  sub- 
strates over a long pe r iod  o f  t ime  in a con t ro l l ed  environ-  
ment .  Dur ing  the  ear ly  hours  o f  m i c r o c a l o r i m e t r y  mea-  
surements  in this  type  o f  system, in te rp re ta t ion  o f  the  da -  
ta  can be h indered  by chemical  and  physical  reac t ions  in 
the  soil envi ronment .  Nevertheless,  c a l c u l a t i o n  o f  the  
Ca l /CO2  ra t io  and  measu remen t  o f  N20  p roduc t i on  
rates can provide  more  deta i led  i n f o r m a t i o n  on  soil  mi-  
crobia l  activities.  This  f low-mic roca lo r ime t ry  system also 
al lows measu remen t s  o f  C H  4 and  o ther  t race gases wi th  
a p p r o p r i a t e  gas c h r o m a t o g r a p h y  analysis.  C o m p a r i n g  the 
k n o w n  en tha lpy  o f  an  a d d e d  subst ra te  wi th  the  da t a  ob-  
t a ined  by this system, the  comple teness  o f  the  mic rob ia l  
ox ida t ion  process  can be calculated.  In  add i t ion ,  it  should  
be poss ib le  to de te rmine  the  minera l i za t ion  rate o f  an  
a d d e d  subst ra te  by ca lcula t ing  the  C a l / C O 2  ra t io  and  the 
resp i romet r ic  quo t ien t  under  aerobic  condi t ions .  

Acknowledgements We thank K. Schmid, S. Wenger, and K. Win- 
ter for preparing the soil samples and experimental assistance, and 
R. Rackwitz and A. Paloj~rvi for constructive criticism of the 
manuscript. One of the authors (B. P.A.) was supported by the 
Deutsche Forschungsgemeinschaft (SFB 137, University of Bay- 
reuth). 

References 

Belaich JP (1980) Growth and metabolism in bacteria. In: Beezer 
AE (ed) Biological microcalorimetry. Academic Press, London 
New York Toronto Sydney San Francisco, pp 1-42 

Briou B, Marison IW, yon Stockar U (1987) Calorimetric investiga- 
tion of aerobic fermentations. Biotechnol Bioeng 30:650-660 

Bremer E, Van Kessel C (1990) Extractability of microbial ~4C and 
15N following addition of variable rates of labelled glucose and 
(NH4)2SO 4 to soil. Soil Biol Biochem 22:707-713 

Coony CL, Wang DIC, Mateles RI (1968) Measurement of heat 
evolution and correlation with oxygen consumption during mi- 
crobial growth. Biotech Bioeng 11:181 - 269 

Criddle RS, Breidenbach RW, Rank DR, Hopkin MS, Hansen LD 
(1990) Simultaneous calorimetric and respirometric measure- 
ments on plant tissues. Thermochim Acta 172:213-221 

Criddle RS, Fontana A J, Rank DR, Paige D, Hansen LD, Breiden- 
bach RW (1991) Simultaneous measurement of metabolic heat 
rate, CO 2 production, and 0 2 consumption by microcalorime- 
try. Anal Biochem 194:413-417 

Elliot JW, Davison W (1975) Energy equivalents of oxygen con- 
sumption in animal energetics. Oecologia 19:195-201 

Fromm H, Winter K, Filser J, Hantschel R, Beese F (i993) The in- 
fluence of soil type and cultivation system on the spatial distri- 
bution of the soil fauna and microorganisms and their interac- 
tions. Geoderma (in press) 

Gnaiger E (1989) Physiological calorimetry: Heat flux, metabolix 
flux, entropy and power. Thermochim Acta 151:23-34 

Gnaiger E, Kemp RB (1991) Anaerobic metabolism in aerobic 
mammalian cells: Information from the ratio of calorimetric 
heat flux and respirometric oxygen flux. Biochim Biophys Acta 
1016:328- 332 

Gnaiger E, Staudigl I (1987) Aerobic metabolism and physiological 
responses of aquatic oligochaetes to environmental anoxia. 
Heat dissipation, oxygen consumption, feeding and defecation. 
Physiol Zool 60:659-677 

Gustafsson L (1991) Microbiological calorimetry. Thermochim 
Acta 193:145-171 

Gustafsson K, Gustafsson L (1985) A microcalorimetric perfusion 
vessel used for measurements of total activity in sediment sam- 
pies. J Microbiol Methods 4:103 112 

Heilmann B, Beese F (1992) Miniaturized method to measure car- 
bon dioxide production and biomass of soil microorganisms. 
Soil Sci Soc J 56:596-598 

Kemp RB (1991) Calorimetric studies of heat flux in animal cells. 
Thermochim Acta 193:253-267 

Kimura T, Takahashi K (1985) Calorimetric studies of soit mi- 
crobes: Quantitative relation between heat evolution during mi- 
crobial degradation of glucose and changes in microbial activity 
in soil. J Gen Microbiol 131:3083-3089 

Larsson C, Liden G, Niklasson C, Gustafsson L (1991) Calorimet- 
ric control of fed-batch cultures of Saccharomyces cerevisiae. 
Bioproc Eng 7:151-155 

Ljungholm K, Noren B, Sk61d R, Wads6 I (1979) Use of 
microcalorimetry for the characterization of microbial activity 
in soil. Oikos 33:15-23 

Sparling GP (1981) Heat output of the soil biomass. Soil Biol 
Biochem 13:373-376 

Sparling GP (1983) Estimation of microbial biomass and activity 
in soil using microcalorimetry. J Soil Sci 34:381-390 

Wieser W (1986) Bioenergetik. Thieme, Stuttgart New York 
Zausig J, Stepniewski W, Horn R (1993) Oxygen concentration and 

redox potential gradients in unsaturated model soil aggregates. 
Soil Sci Soc Am J 57:908-916 


