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Abstract

Some soils collected in the Amazonian State of Brazil were studied in an attempt to interpret thermodynamically a growth

reaction representing balanced exponential microbial growth. The aim is to calculate and to interpret the metabolic enthalpy

change per mole of glucose catabolically consumed by soil microorganisms, DHmet, to explain the changes in the microbial

soil activity due to the deforestation and burning suffered by the Amazonian soils.

Locations with primary forest, pastures and agricultural plantations were chosen for sampling. Power/time curves were

recorded for 1 g of soil samples supplemented with 0.2 ml of a nutrient solution containing 1.5 mg of glucose and 1.5 mg of

ammonium sulphate. From the areas limited by power/time curves the total heat change of the microbial growth reaction in

soil, QT, was calculated. The metabolic enthalpy change, DHmet, was quanti®ed by the equation: DHmet�QT/S0 where S0 is the

initial quantity of glucose added.

Results showed differences in the values of DHmet calculated for the different soil samples. Soils from primary forests poor

in organic matter content have higher values of DHmet than soils collected in primary forests rich in organic matter. The

introduction of agriculture and pasture also caused changes in values of DHmet. It seems that the above mentioned

manipulations strongly modify the microbial soil activity and the microbial population in Amazonian soils. From the values of

DHmet it was possible to quantify the percentage of energy invested in growing biomass. The results showed that some

plantations could be threaten by immobilization of nutrients while others could accelerate the process of deserti®cation in that

soil. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of the soil microbial activity has been

always limited by the available methodologies, hence,

any new method is always welcome in this area.

Microcalorimetry has found few applications in soil

microbiology, despite the fact that the rate of heat

output is a good measure of the overall soil catabolism

and that it is largely independent of the type of

organism and of the intermediate reactions.

Microbial activity in soil is frequently restricted by

the low levels of available nutrients and usually shows
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very slow rates of metabolism contributing to the heat

output [1]. A much greater proportion of the total

biomass can be stimulated into activity by the addition

of an available substrate such as glucose. Such amend-

ments result in large increases in respiration [2] and

heat evolution rate [3,4]. The heat evolution rate of

soil samples amended with glucose can be recorded as

power time curves [5]. In this sense, Sparling [6] noted

that the rate of heat output from various amended soils

differed, suggesting the existence of differences in

microbial metabolism. This feature can provide

important information in comparative studies of soil

microbial activity. Therefore, it is important to apply

the method in a more quantitative way.

Microcalorimetry has been widely applied to cal-

culate the enthalpy change of numerous metabolic,

organic and inorganic reactions [7±9]. The metabolic

enthalpy change of several microbial growth reactions

has been also calculated [10,11]. During microbial

growth, the net heat change, dQ, can be measured by

calorimetry and it is equal to the sum of the enthalpy

change, dH, of all reactions that occur during micro-

bial growth. Thus, even though a growth process is

composed of thousands of individual metabolic reac-

tions, the net metabolic process comprising microbial

growth can be described and thermodynamically trea-

ted as a rather simple chemical reaction [12]. It is well

established in the literature that the metabolic

enthalpy change per mole of glucose totally consumed

during microbial growth is growth yield dependent

[13,14].This dependence also occurs during microbial

growth in soil. This feature could provide important

data in ecological studies.

In this paper, the metabolic enthalpy change of the

microbial growth reactions taking place in several

soils collected in the Amazon is calculated. Soil

samples from sites with Amazonian tropical rain

forest, pasture and different agriculture plantations,

established after burning, were used.

The introduction of pasture and agriculture in the

Amazon causes changes in the microbial activity of

these soils. These changes have been studied by

microcalorimetry in a previous study [15]. As yet,

these changes have not been well understood, hence

this work is an attempt to explain those changes by the

study of the metabolic enthalpy change per mole of

glucose degraded by soil microorganisms, DHmet,

calculated by microcalorimetry.

2. Materials and methods

2.1. Soil samples

Soil samples were collected in the Amazonian State

(Brazil), 200 km away from Manaus, up Negro River,

in Nova Airao. Sampling was performed during

December of 1997, the dry season in the Amazonian

state. Two areas in Nova Airao, named by us as T and

P, were chosen for sampling. The main difference

between the soil samples collected in these locations

was their percentage of soil organic matter, SOM.

Location P has a bigger percentage of SOM than

location T. Different samples corresponding to soils

from primary forests, pasture and agricultural planta-

tions were collected in both locations P and T. Char-

acteristics of the sampling locations are described in

Table 1.

Sampling was carried out at 10 randomly chosen

points from each site. After the removal of the very top

layer of soil, samples were collected from a depth of

5±10 cm. All the samples from one site were mixed

and sieved using a mesh size of 2 mm�2 mm. Humid-

ity, organic matter, carbon and nitrogen percentages,

as well as values of pH were calculated for all the

samples. After this treatment, all samples were stored

in polyethylene bags at 48C before microcalorimetric

measurements.

Table 1

Description of sampling sites

Zone P: Riverside rich in organic matter Zone T: Inland; poor organic matter content

Samples Location Vegetation Samples Location Vegetation

Ppf Riverside Primary forest Tpf Inland Primary forest

Pi IgarapeÂ Primary forest Tol Inland Orange±lemon grove

Pc Riverside Cassava Tp Inland Pasture
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The number of living bacteria was determined by

colony forming unities (CFU). Bacteria were isolated

in soil extract medium.

2.2. Microcalorimeter

The calorimetric system used was a Thermometric

2277, Thermal Activity Monitor. This instrument is a

four-channel system in which the sample and refer-

ence are introduced simultaneously in a thermostated

cylinder. Some performance speci®cations of the LKB

Thermal Activity Monitor are, detection limit

0.15 mW, baseline noise <0.2 mW, detection sensivity

0.4 VWÿ1, working temperature 293±353 K and ther-

mal stability 2.10ÿ4 K.

2.3. Microcalorimetric measurements

All the calorimetric experiments were performed in

hermetically closed 5.0 cm3 stainless steel ampoules.

One gram of soil sample was equilibrated at the

temperature of the microcalorimetric measurements

during 24 h. Then, the soil sample was amended with

0.2 ml of a solution containing 1.5 mg of glucose and

1.5 mg of ammonium sulphate in order to stimulate

soil microbial activity and to provide the nitrogen and

sulfur that microorganisms need to synthesize ami-

noacids. These quantities of soil and nutrient solution

avoid problems related to the accumulation of CO2

inside the ampoule [3]. One gram of soil sample

amended with 0.2 ml of distilled water was used as

reference to avoid the in¯uence of the ¯uxes of heat

derived from evaporation processes inside the

ampoule on power/time curves. After this treatment,

sample and reference were introduced in the micro-

calorimeter to register the power/time curves. All

calorimetric measurements were performed at 298 K.

3. Results

The power/time curves and some properties of the

soil samples used in this study, such as humidity,

carbon and nitrogen percentages, as well as values

of pH and soil organic matter, were reported in a

previous study [15]. A clear difference was observed

in the percentage of SOM between soils sampled in

location T and samples collected in location P.

The power time curves recorded from samples

collected in location P and location T showed the

typical pattern of the microbial growth. From the areas

limited by the power time curves, values of the total

heat evolution, QT, in kilojoules per gram of soil, were

calculated for all the samples. Results are shown in

Table 2 together with the number of living bacteria.

As the heat evolution is proportional to the quantity

of nutrient added [16,17], the metabolic enthalpy

change per mole of glucose degraded by soil micro-

organisms, DHmet, can be calculated from the equa-

tion:

Qt � a�S0 ÿ St� (1)

where Qt is the total heat evolved to time t; St is the

quantity of nutrient at time t; S0 is the initial quantity

of nutrient and a is the average heat evolution per unit

of glucose degraded [17], which can be regarded as the

Table 2

Values of QT and DHmet calculated from soil samples by the microcalorimetric method together with data of the number of microorganisms

and percentage of soil organic mattera,b

Samples QT/kJ gÿ1 DHmet/kJ molÿ1 No. of microorganisms/105 gÿ1 SOM/%

Ppf 10.82�10ÿ3�1.33 ÿ1303�161 8�3 6

Pi 9.29�10ÿ3�1.80 ÿ1119�216 6�5 13

Pc 2.98�10ÿ3�0.72 ÿ361�86 3�2 6

Tpf 18.67�10ÿ3�1.62 ÿ2249�196 0.5�0.2 1

Tp 9.44�10ÿ3�1.86 ÿ1137�224 53�13 3

Tol 23.59�10ÿ3�1.59 ÿ2841�191 42�14 2

a QT/kJ gÿ1: Total heat change in kilojoules per gram of soil sample. DHmet/kJ molÿ1: Metabolic enthalpy change per mole of glucose

degraded by soil microorganisms in kilojoules per mole of glucose. No. of microorganisms: number of microorganisms per gram of soil

sample. SOM: percentage of soil organic matter.
b Data�S.D., n�3.
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metabolic enthalpy change per mole of glucose

degraded by soil microorganisms, DHmet. Therefore,

Eq. (1) can be rewritten as

Qt � DHmet�S0 ÿ St� (2)

Since it is assumed that glucose has been totally

degraded when the power time curve returns to the

initial base line after microbial exponential growth

[3,17,18], it is possible to quantify DHmet from the

equation

DHmet � QT

S0

(3)

where QT is the total heat evolution calculated from

the area limited by the power time curves. Values of

DHmet obtained by this method are also shown in

Table 2 for all the samples.

The metabolic enthalpy change, DHmet, can be

divided in a catabolic (DHc) and an anabolic part

(DHa) in conservative reactions [19,20]:

DHmet � DHc � DHa (4)

From Eq. (4) it is possible to calculate the anabolic

part of DHmet, and therefore, to quantify the percen-

tage of energy provided by the glucose catabolism that

is kept in the system in the form of biomass. Results

are shown in Table 3.

Values of DHmet and DHa calculated for samples Ppf

and Pi are very similar. The value of DHmet calculated

for sample Pc, ÿ361 kJ molÿ1, is lower than those of

Ppf and Pi and consequently the value of DHa calcu-

lated for this sample is anomalously high. Samples

collected in location T also show higher values of

DHmet than samples Ppf and Pi. The value of DHmet

calculated for sample Tp, ÿ1137 kJ molÿ1, is close to

those obtained from samples Ppf and Pi, ÿ1303 and

ÿ1119 kJ molÿ1, respectively. Nevertheless, while

samples Ppf and Pi were collected in a primary forest,

sample Tp corresponds to a soil collected in a pasture.

Sample Tol, collected in an orange±lemon grove,

shows an anomalously high value of DHmet,

ÿ2841 kJ molÿ1. This result was reproducible in all

the experiments performed with this sample.

4. Discussion

Changes in SOM percentages of soils that were

burned and deforested and later converted into pas-

tures and agricultural plantations, may depend on the

texture of the soil, quality and availability of the

organic matter. Therefore, this explains that the rea-

sons of those changes is very dif®cult because the

study introduces many variables. Nevertheless, the

study of changes in values of DHmet can give informa-

tion about the ef®ciency of those soils to assimilate the

carbon from the organic matter and from an exogen-

ous carbon source as glucose. This feature could be

helpful to start to understand changes in SOM due to

the microbial activity.

The quanti®cation of DHmet allows to calculate the

enthalpy change of the anabolic reactions. It has been

reported that the enthalpy change of anabolism is low

or may be negligible compared to that of the catabolic

process [21]. The catabolic reaction of glucose by the

respiratory metabolism results in an enthalpy change

of ÿ2814 kJ molÿ1 [12]. Nevertheless, the metabolic

enthalpy change per mole of glucose totally consumed

during microbial growth is growth yield dependent.

That means that a growth yield of, i.e. 0.5 g gÿ1, very

common for many respiratory bacteria, would be

re¯ected in a decrease in the DHmet value of the total

growth reaction to aboutÿ1100 kJ molÿ1 [12]. In that

sense, the contribution of DHa can be substantial and it

allows calculate of the percentage of energy from the

glucose catabolism invested in growing biomass.

Therefore, DHmet can be considered as an evaluation

of the ef®ciency of the soil microbial community for

Table 3

Values of DHmet, metabolic enthalpy change; DHa, anabolic enthalpy change and E, percentage of energy invested in the anabolic reactions of

soil microorganismsa

Data Ppf Pi Pc Tpf Tp Tol

DHmet/kJ molÿ1 ÿ1303�161 ÿ1119�217 ÿ361�86 ÿ2249�196 ÿ1137�224 ÿ2841�191

DHa/kJ molÿ1 1511�161 1694�217 2453�86 565�196 1676�224 0

E/% 54 60 87 20 60 0

a Data�S.D., n�3.
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the substrate/energy utilization. The more ef®ciently

the microorganisms function, the greater the fraction

of substrate carbon that is incorporated into their

biomass and the less the carbon per unit of biomass

that is lost through respiration. This feature would be

re¯ected in the values of DHmet, that is, low values of

energy dissipated as heat during the consumption of

glucose would indicate small losses of carbon as CO2.

In contrast, high quantities of energy dissipated as heat

in conservative reactions would mean low values of

energy kept in the system in form of biomass, and

therefore, higher losses of CO2 as a result of the

combustion of glucose during microbial growth.

The values ofDHmet and DHa calculated for samples

Ppf and Pi indicate an investment of energy in micro-

bial growing biomass reactions of about 54±60% of

the total energy provided by the respiratory degrada-

tion of the added glucose. This means that microor-

ganisms in those samples convert about three to four

carbons of glucose in microbial biomass, and lose

another three to two carbons as carbon dioxide as the

result of the combustion of the glucose added. Sample

Pc (collected in a Cassava plantation settled in a plot of

land which was burnt 1 year before the sampling)

shows a value of SOM similar to that of sample Ppf

collected in the same zone P, but has a value of DHmet,

ÿ361 kJ molÿ1, much lower than those of samples Ppf

and Pi, ÿ1303 and ÿ1119 kJ molÿ1, respectively.

This sample also shows a lower number of living

bacteria than samples Ppf and Pi, as can be observed

in Table 2. All these features may be a consequence of

the ®re suffered by this soil 1 year before the sampling.

The low values of QT, DHmet and number of micro-

organisms calculated for sample Pc are in agreement

with the literature that reports a reduction of the soil

microbial activity in areas that had been burnt [15,22].

The effect of burning on SOM and on the number of

microorganisms in soils has been studied by several

authors and is well established in the literature [23±

25]. In that sense, it is striking that values of SOM and

carbon percentages in sample Pc are similar to those

obtained from an unburnt sample as Ppf. The value of

DHmet calculated for sample Pc indicates that a per-

centage of energy of about 87% is invested in increas-

ing microbial biomass. This fact entails that a high

percentage of carbon provided from the glucose added

(or perhaps from the pre-existent organic matter) is

kept in soil. This feature could explain the contribution

of the soil microbial activity in the Cassava plantation

to the percentage of SOM and carbon calculated for

that sample since the external ¯ux of organic debris

provided by the Cassava plantation is lower than that

provided by primary forests. When the values of

DHmet were plotted against the number of microor-

ganisms of samples collected in location P, linear ®ts

were obtained. The dependence of DHmet with the

initial population of microorganisms in soils collected

in location P has been widely discussed in a previous

paper [26]. In that work it was concluded that the

above dependence had nothing to do with a loss of

microbial activity or an incomplete degradation of

glucose, but with changes in the growth yield of the

micropopulation.

Sample Tpf, collected in a primary forest at location

T, presents a very low percentage of SOM compared to

soil samples collected in primary forests in zone P.

This sample shows also a very high value of DHmet,

ÿ2249 kJ molÿ1. This value is higher than the values

of DHmet obtained from the samples collected in

primary forests in zone P and it indicates higher

quantities of energy dissipated as heat during glucose

degradation. Therefore, most of the carbon provided

by the glucose added is lost as carbon dioxide and only

a small percentage, 20%, remains in soil as biomass.

As there were no big differences in the vegetation of

primary forests in location P and T, it is possible to

assume that the quality and nature of the external

organic debris did not affect the organic matter con-

tent. Values of pH of samples Ppf and Tpf are also very

similar. Only the percentage of humidity in sample.

Tpf is smaller than in sample Ppf, but not so small as

to introduce important changes in the kinetics of the

glucose degradation [27]. Results strongly suggest that

the low ef®ciency of the microbial degradation in this

sample could contribute in some extent to the low

values of SOM in sample Tpf. The number of micro-

organisms is also very low in this sample, probably as

a consequence of the poor percentage in organic

matter [28]. Therefore, mineralization of organic mat-

ter in the primary forests of location P is more ef®cient

than mineralization activity in location T. The same

process in location T involves higher losses of carbon

as carbon dioxide.

The conversion of primary forests into pasture and

arable land in zone T increased drastically the number

of microorganisms (see values of samples Tol and Tp in

N. Barros et al. / Thermochimica Acta 356 (2000) 1±7 5



Table 2). Sample Tol, collected in an orange and lemon

grove, has an anomalous high value of DHmet,

ÿ2841 kJ molÿ1, which caused the value of DHa to

be practically 0. The reason could be the easier

availability of the organic matter to microbial attack

in this soil. The addition of glucose activates a large

proportion of the active biomass which may degrade

the pre-existent organic matter to avoid problems of

competition for substrate. This land was enriched with

fertilizers, which causes a rapid decomposition of

humus [29], probably activated by the glucose added.

The heat change derived from the humus decomposi-

tion could have affected the value of the metabolic

enthalpy. The introduction of fertilizers rich in organic

matter could contribute to the slight increase in the

SOM percentage of this soil. Sample Tp collected in a

pasture shows the highest value of SOM of all the

samples collected in location T (3%).The value of

DHmet for this sample was ÿ1137 kJ molÿ1. The

microbial activity of this soil invests about 60% of

the energy provided from the glucose degradation into

microbial biomass. That means that about four car-

bons of the glucose molecule are kept in soil as

biomass. Since the external contribution to the soil

organic matter is very low in soils supporting pasture,

and since that soil was not enriched with fertilizers, the

increase in the percentage of SOM for this sample

could be due to the microbial activity. It is observed

that the introduction of pasture alters the microbial

growth yield of the pre-existent edaphic biomass in the

primary forest, changing the percentage of energy

invested in microbial growth from 20% in the primary

forest to 60% in the pasture, probably due to a change

in the microbial composition. The high number of

microorganisms observed in sample Tp compared to

the values calculated for the primary forest in the same

area is also striking. The reason could be the increase

in the soil organic matter percentage as a result of the

change in the soil microbial activity mentioned above.

When the percentage of soil organic matter of samples

collected in location T was plotted against the number

of microorganisms, a good linear correlation was

obtained as it can be observed in Fig. 1. No correla-

tions were found between the number of microorgan-

isms and values of DHmet, as it was found in soils from

location P. No correlations were found between the

percentage of organic matter and values of DHmet. The

last results suggest that variations of DHmet can not be

explained by the changes in the number of micro-

organisms in these samples.

Of course, we do not claim that the study of the

variations of DHmet by itself may explain the varia-

tions of soil organic matter and carbon percentages in

soils. But in the Amazon, those changes have not been

understood yet and that feature demonstrates that the

current methodologies are not enough to form a

complete explanation. But we are trying to demon-

strate that the use of microcalorimetry could contri-

bute to a better understanding of those processes

because it provides important information that can

not be obtained by other methodologies. Results

presented in this paper allow to predict the future

of the agriculture plantations. The high percentage

of energy kept in soil in the form of biomass in sample

Pc strongly suggest a high percentage of carbon

assimilation in that sample. Carbon assimilation

is concomitant to assimilation of nitrogen and phos-

phorus, and this feature may cause problems of immo-

bilization of nutrients that can threat the productivity

of the Cassava plantation. The introduction of lemon

and orange plantations in location T increases the

quantity of energy dissipated as heat. This fact

strongly suggests that the organic matter in that plan-

tation is degraded at a higher rate and in a less ef®cient

way than in primary forests. As the percentage of

SOM in that location is very low, the introduction of

that kind of plantations could accelerate the deserti-

Fig. 1. Linear ®t obtained plotting the number of microorganisms

of soil samples collected in location T, against the soil organic

matter percentage, SOM. The increased SOM percentage could be

responsible for the high number of microorganisms quanti®ed in

samples Tp and Tol.
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®cation of that soil due to big and rapid losses of

organic matter as CO2.
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