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DEVELOPMENT OF AN EXPERIMENTAL PROCEDURE TO ANALYSE
THE ‘SOIL HEALTH STATE’ BY MICROCALORIMETRY

J. Rodriguez-Aiion", J. Proupin-Castifieiras, M. Villanueva-Lépez and O. Niiiez-Ferndndez

Research Group TERBIPROMAT, Department of Applied Physics, Faculty of Physics, University of Santiago de Compostela
15782 Santiago, Spain

This work is a ‘historical’ revision of the evolution of an experimental procedure developed by Prof. Lisardo Nuiiez and his research
group TERBIPROMAT to study the sustainability and the soil health state.

From the very beginning, in 1993, the microbial activity was the main bioindicator selected to analyse the ‘soil health state’.
For this reason, a microcalorimetric technique was used lately to analyse the influence of different human activities such as refores-
tations, agricultural exploitation or pollution on the microbial activity in different soils. Microcalorimetry is the main scientific
technique used in this research to follow the stimulation of the microbial activity by addition of glucose. The data obtained were
complemented by a study of physical, chemical and biological parameters of soil and allowed to follow the microbial activity in

soils of Galicia (Spain) along the year.

The final results, still in revision, will be helpful in establishing a data basis for real maps of the ‘health state’ of different soils.
Such maps could be used to design processes that help us to decide how we should exploit soils ensuring their sustainability.
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Introduction

Soil can be defined as an open three-phase physical
mean medium highly complex and heteroge-
neous [1, 2], dynamic, and in continuous evolution, in-
fluenced by environmental, man-made and endoge-
nous factors.

About one third of the world agriculturally culti-
vable land was lost in the last 100 years, and the other
part suffered a deterioration of its quality. Soil quality,
or soil health, can be understood as the integration of
the innate chemical, physical and biological soil attrib-
utes within a framework of space, time and land use.
For this reason, soil quality is used as an indicator of
soil capacity to develop its basic properties in a sus-
tainable way, such as the environment where the active
growth of plants takes place (a key for agriculture pro-
ductivity), or as a water purifier system [3] (key for the
distribution and the improvement of the quality of this
important and limited natural resource).

For this reason, the loss of fertile land and natu-
ral resources owing to different factors produces seri-
ous problems that affect the development of the cur-
rent technological society. This worrying situation
forced the Food and Agriculture Organization (FAO)
to declare soil an item to be protected as a support of
the world society welfare. In particular, the European
Union (EU) has elaborated many environmental plans
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focussing on the protection and maintenance of the
environment under the premises of a rational and sus-
tainable development and as a basis for the preserva-
tion of the current technological society. Since the
1980’s, large stretches of fertile land traditionally
used for agriculture were neglected in Galicia
(NW Spain), thus originating an aggressive forest ex-
ploitation which introduced fast growing forest spe-
cies to be used as raw materials for pulp production.
This new ‘economical’ activity resulted in a stress di-
minishing the soil productive capacity and, as a con-
sequence, the loss of its vegetative activity.

Therefore, and assuming the definitions of soil
and soil quality, an experimental procedure was de-
signed based on a set of specific assumptions:

* Soil quality is directly responsible for the capacity
to generate and maintain agriculture perfor-
mance [4].

» Soil productivity directly depends on main features
that are common to every kind of soil, such as
(7) physical fertility or capacity to supply plants
with the necessary nutrients in an adequate form,
proportion and time, as (ii) the own fertility, or as
(iii) the supply of the water, oxygen and heat neces-
sary for plant growth.

* Microorganisms are real bioindicators of soil qual-
ity; the soil stress originating from a continuous ex-
ploitation reduces both, the quantity and the diver-
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sity of microorganisms and thus diminishing the
future soil richness. Therefore, it can be assumed
that the living phase is finally responsible for the
productive potential of soil [4].

+ The evolution of the living soil phase, and the mi-
crobial activity in soil can be quantified by micro-
calorimetry [2, 5-10].

* As the microbial activity is strongly influenced by
environmental features, mainly humidity and tem-
perature, soil quality depends on physical, chemi-
cal and biological features and also on the environ-
mental conditions. The investigations must be
complemented by a deep analysis of the various
mentioned soil factors of those environmental
properties with a strong influence on the microbial
activity in soil [2, 11-13]. The results calculated
from different tests along the year must be analysed
together in order to obtain a real knowledge of the
global soil behaviour.

For a better understanding of this work, it has to
be taken into account that the experimental approach
was developed after 16 years of intensive scientific
investigations.

Experimental

Design and development of the experimental proce-
dure for analyzing soils begins in 1993 [14] when the
Research Group TERBIPROMAT studied the degra-
dation of glucose by soil microorganisms using a
microcalorimetric technique. In those experiments,
soil samples were obtained from a forest in Pedroso
(Santiago de Compostela, Spain) through a basic sam-
pling procedure which was improved during the last
years. Some properties of soil, such as water holding
capacity, percentages of carbon and nitrogen, C-to-N
ratio, pH and water content were also determined. All
experiments were carried out at 35°C using a
TAM 2277 of Thermometric AB (Sweden). Measure-
ments were carried out in hermetically sealed 5 mL
stainless steel ampoules. Soil samples of 1 g size at
water-holding capacity were treated with 1.25 mg of
glucose. Experiments were repeated four times.
The reference ampoule was filled with 1 mL of dis-
tilled water. Table 1 presents the amounts of glucose
degraded by soil microbes, AS=Sy,—S;, between time
‘0’ and time ‘#’, determined by chemical analysis.
The most important contributions of this study were:

+ The demonstration that the value of the microbial
growth rate constant pI can reasonably be regarded
as the specific degradation rate of glucose and that
it should be used as an index term to express how
fast organic material is decomposed by microbial
action.
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Table 1 Amount of glucose, (Sy—S;), consumed by the soil
microorganisms, determined by chemical analysis at
different times [14]

Time/h O/l g (So=S) 107 per g glucose
0 0.30 0.00
5 0.49 0.01

10 1.43 0.14

15 3.11 0.34

20 5.54 0.27

25 7.98 0.94

40 1241 1.44

S, — the initial amount of glucose in glucose mg ',
St — the amount of glucose at time ¢ (after peak time) in
glucose mg !

» The obtained relationship between the heat evolu-
tion of soil samples and the microbial activity per-
mits the quantification of kinetic parameters for the
microbial activity.

 The drop of the power—time (P—) curve to the base-
line is due to the exhaustion of glucose and not to the
‘supposed’ excess of CO, or a lack of oxygen (?).

+ The confirmation of the importance of the tempera-
ture in the process of glucose degradation by mi-
croorganisms present in soils.

Once these conclusions were well established,
the influence of different temperatures on the micro-
bial growth was studied by Prof. Nufiez concluding
that the best temperature for Galician soils is about
25°C. Nowadays, different experiments are carried
out at 20°C because this is the mean temperature in
Galician soils along the year.

Following the experimental procedure of the
previous paper [14], studies were performed to deter-
mine the effect of storage of soil at 4°C on the micro-
bial activity determined by microcalorimetry [15].
The main conclusion was that important changes of
the metabolic activity of microorganisms appeared
when stored at 4°C. They are seen in the decrease of
both, the total heat evolution, Or, and the growth rate
constant p. Since this moment it was assumed that
storage of soil at 4°C for 3 months is an appropriate
time to be sure that all microorganisms begin to grow
at the same time and under the same conditions when
they are brought back to the correct experimental tem-
perature. Table 2 shows the values of the Peak-time
(Py), Peak-height (Py), Or and p obtained from P—¢
curves in this study. In the last time, this ‘storage ef-
fect’ is checked again because an anomalous behav-
iour was observed in different soils, especially in agri-
cultural ones.
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Table 2 Characteristic microcalorimetric values calculated from P—¢ curves. These data were obtained from fresh and stored

soils during 3 and 6 months [15]

Sample Peak—time/h Peak—height/W g’1 O/ g’l M/h’1

Fresh soil 14.75+£0.29 8.54+0.38 15.17+0.37 0.155+0.002
3 months 18.67+0.30 7.66£0.38 11.19+0.42 0.100+0.006
6 months 33.17+1.21 7.2840.16 9.05£0.56 0.019+0.003

Or (J g") — the total heat evolved during the processes, peak time — the time to reach the maximum of the peak, peak height
(W g') — the total heat evolved up to the maximum of the power—time curve, i (h™') — the microbial growth rate constant. The final
result is 14.75£0.29 h, where 14.75 h is the mean value calculated from 4 microcalorimetric experiments, and £0.29 h is the

standard deviation

Table 3 Values of 1 at different temperatures [20]

Table 4 Values of AG™ at different temperatures [20]

Temperature/K M/h’1 Temperature/K AG”/kJ mol™
288.15 0.026+0.005 288.15 98.85+0.44
293.15 0.033+0.005 293.15 100.03+£0.22
298.15 0.047+0.005 298.15 100.92+0.29
303.15 0.057+0.004 303.15 102.40+0.17

Results and discussion

Two years before, the Research Group TERBI-
PROMAT had studied different processes to optimize
the microcalorimetric technique [16—19] in order to
use it in various research fields.

The effect of different temperatures on the mi-
crobial degradation of glucose in soils was studied
in 1997 [20]. An increase in p with temperature was
observed, that corresponded to the usual Oy, rule with
a rate increase of 2 to 3 for a temperature elevation of
10°C. Table 3 shows the values of the microbial
growth rate constant at different temperatures. It is
well known, that the temperature influence on these
processes is determined by the activation energy E.
This energy can be calculated from the Arrhenius
equation:

,Ea

k=AeR"

where £ is the rate constant, 4 the so-called pre-expo-
nential factor, R the gas constant and 7 the absolute
temperature.

Assuming that the pattern of bacterial growth is
similar to the transition-state theory of chemical pro-
cesses, it can be considered that:

logu =il+c

2303R T
where C is a constant.

Then, Gibbs free energy changes associated with
this processes can be calculated using the following
equation:

AG” = RTIn¥T - RT(lnkT - 1nuj
pnh h
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Values of AG™ at different temperatures are
compiled in Table 4.

The main conclusion of this work was that stud-
ies of temperature effects on ecological systems are
important, because the microbial activity is very sen-
sitive to temperature changes.

An improvement of the experimental protocol
was done in 1999 [21] when Prof. Nunez determined
the influence of glucose concentration on microbial
activity in soil. The main conclusion of this research
was that the optimum concentration of glucose was
1.25 mg glucose g ' soil. The values of the different
parameters obtained in this study in the exponential
phase are listed in Table 5. Recent studies of agricul-
tural soils have shown that ‘rich’ soils of agricultural
origin need higher amounts of glucose to develop a
sufficient growth. More studies are performed by
TERBIPROMAT to find the optimum concentration
of glucose for each kind of soil. For example: a con-
centration of 2.50 mg glucose g soil is studied in ag-
ricultural soils with promising results.

Once the essential parameters for micro-
calorimetric measurements were obtained, the next
step was to improve the sampling method in order to
gain reproducible and representative results. At the
same time, the influence of some physico-chemical
parameters on the microbial growth in soils with dif-
ferent agricultural applications was analysed. That
was the reason why the influence of different environ-
mental parameters such as ambience and soil temper-
atures, moisture content (sample and residual), pH of
water, and C/N ratio were introduced in 2002 [13].
Microcalorimetric techniques and environmental,
physico-chemical and biological parameters were
studied together for the first time [13]. It was con-
cluded that cultivated soils showed a greater micro-
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Table 5 Values of main parameters used in this study with different concentrations of glucose. The microcalorimetric values
correspond to the exponential phase obtained from P—¢ curves. S is the initial amount of glucose (in glucose mg™"), St
the amount of glucose at time ¢ (after peak time) in glucose mg™', N is the initial amount of biomass, Ny the amount of

viable mass at time ¢ [21]

S, in mg glucose g ' soil

1.25 20 50
ol g! 3.58+0.40 4.95+0.20 11.53+0.21 16.49+0.52
Peak-time/h 13.60+0.46 17.10+0.72 26.25+0.29 45.83+1.42
Peak-height/J g 6.56+0.51 9.1740.25 15.9540.32 41.30+0.84
No/g " soil 2.30-10° 2.30-10° 2.30-10° 2.30-10°
N/g ' soil 5.30-10° 7.11-10° 14.10-10% 22.75-10°
S/mg glucose g ' soil 0.00 0.02 (0.36%) 0.13 (0.71%) 0.19(0.38%)
p/h! 0.062+0.003 0.06620.001 0.069+0.002 0.05040.002

Table 6 Main characteristic microcalorimetric parameters for different forest formations in autumn: 1 — Eucalyptus globulus
Labill (eucalyptus), 2 — Pinus pinaster Aiton (maritime pine), 3 — Pinus sylvestris L. (wild pine), and
4 — Atlantic-humic climate forest (oaks, maple trees, alders, birchs and willows) [2, 23, 24]

1 3 4

P 175.75+1.77 19.62+0.32 10.75+2.25 20.27+0.24
¢ (1.01%) (1.64%) (0.65%) (1.18%)

PULW 21.09+0.92 144.03£1.10 71.65+0.52 0.91+0.01
wht (4.35%) (0.76%) (0.73%) (1.31%)

o g 6.32+0.21 885.02+1.88 345.05+2.25 1.7340.05
I8 (3.26%) (0.21%) (0.65%) (2.74%)
= 0.00120:£0.00001 0.0936+0.0020 0.0106+0.0004 0.0309:0.0010

M (1.09%) (2.15%) (3.57%) (3.38%)

Peak time, fyax Py (h) — is the time to reach the maximum of the peak, peak height, P, (WW) — is the power at the maximum of the
peak, Oy (J g’l) — is the total heat evolved up to the maximum of the power—time curve and p (h’l) — is the microbial growth rate

constant

bial activity opposite to the no cultivated soils.
The cultivated soils kept their properties nearly con-
stant in values considered as optimal to assure ade-
quate soil behaviour, both from physico-chemical and
biological points of view. Because of this, a rational
exploitation of soils allows a sustainable and stable
microbial population, thus indicating the maintenance
of soil productivity.

Following this research line, the investigations
were focussed on different forest species in particular
studies. In 2005 and 2006, new papers appeared ana-
lysing the influence of agricultural exploitation on the
control of the productive capacity of soils [2, 22-24].
In particular, this study analysed the influence of two
forest species, a pine and a fast growing species such
as eucalyptus [2, 23, 24], on a typical soil of the zone,
a humic Cambisol, which is usually covered by an At-
lantic-humid climate forest. Both papers were pio-
neering and examples of combined studies, where
thermal, environmental, physico-chemical, and bio-
logical parameters had the same importance [23, 24].
The most important characteristic microcalorimetric
parameters are depicted in Table 6. Moreover, an es-
sential improvement of the sampling procedure was

18

described [23, 24]. Analyses of the power-time curves
lead to a deeper understanding of microbial activity in
similar soils [2, 14-15, 20-24]. Today, the experi-
mental procedure is improved by the determination
and classification of different microbial communities
found in soil. The main objective of these improve-
ments is to introduce new techniques to assay the ob-
tained results, to analyse the CO, generated in soils,
and other questions.

Conclusions

The data presented here, are a summary of the conclu-
sions obtained in the eight most important of our sci-
entific papers. This study demonstrated definitely that
the microbial activity, and of course soil behaviour,
greatly depend on the environmental conditions and
on the forest cover. The combined study of calorimet-
ric, physical, chemical, biological and environmental
features provides rapid and suitable information
about microbial activities and soils’ health state. This
experimental procedure proposed and developed by
Prof. Nufiez and TERBIPROMAT has been success-
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fully checked during more than 16 years using differ-
ent kinds of soils, both in their natural status and in
use, situated in various zones of Galicia. In our opin-
ion, this experimental procedure could be used to
study any type of soil.

A further important aim was to probe the advan-
tage of microcalorimetry over the other techniques,
based on the continuous monitoring of soil microbial
activity. Microcalorimetry provides ‘real informa-
tion’ leading to the determination of the productivity
potential. Results obtained after a comparative study
of similar soils subjected to different human activities
could be the basis for campaigns designed to recover
degraded soils or to avoid soil degradation. When this
study is finished, it should be helpful to create a data
basis to quantify and control soil potentiality for a
rational and sustainable exploitation of the resources.
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