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Featured Application: Energy rules life. All living systems keep themselves alive by balancing
the energy input and output by universal thermodynamic principles. Soils are not an exception to
this; however, their extraordinary complexity makes them poorly described as a thermodynamic
system. This review shows how thermodynamics can be applied to study the role of the microbial
community to keep the soil alive.

Abstract: The thermodynamic characterization of soils would help to study and to understand their
strategies for survival, as well as defining their evolutionary state. It is still a challenging goal due to
difficulties in calculating the thermodynamic state variables (enthalpy, Gibbs energy, and entropy)
of the reactions taking place in, and by, soils. Advances in instrumentation and methodologies are
bringing options for those calculations, boosting the interest in this subject. The thermodynamic state
variables involve considering the soil microbial functions as key channels controlling the interchange
of matter and energy between soil and the environment, through the concept of microbial energy
use efficiency. The role of microbial diversity using the energy from the soil organic substrates, and,
therefore, the who, where, with whom, and why of managing that energy is still unexplored. It could
be achieved by unraveling the nature of the soil organic substrates and by monitoring the energy
released by the soil microbial metabolism when decomposing and assimilating those substrates. This
review shows the state of the art of these concepts and the future impact of thermodynamics on soil
science and on soil ecology.

Keywords: thermodynamics; soil; microbial metabolism; microbial diversity

1. Introduction

Soil is one of the main primary resources on earth, together with water. Both act
together, playing an essential role in our survival. Soil is the main source of nutrients for
living systems, and acts as a platform supporting structures for those living systems, at
macro- and micro-scale, from humans to microorganisms. Soil science has been closely
attached to human activity for those reasons. From the introduction of agriculture in the
Neolithic to our days, the requirement for knowledge about soil has been constant.

Nowadays, soil research continues to be a vast multidisciplinary research area. In
our era, our coexistence with a global climate change process has shown the scarcity of
knowledge about the impact of temperature on soil fertility and soil structure. Temperature
is one of the variables affecting thermodynamic state functions. When the interest in
temperature on soil arises, the immediate addition of the term “thermodynamics” is
unavoidable to discover next that soil is still not characterized as such. The fact that
thermodynamics of soil systems is a vastly unexplored area is boosting the interest in the
subject, because of important applications, such as controlling the role of temperature
on soil fertility, characterizing the maturity state of soil ecosystems, or predicting their
evolution [1,2]. The role of thermodynamics in ecology is not new and has been a matter of
concern and development since the beginning of the last century, yielding not only relevant
and high-impact, but also controversial, publications [3,4].

Appl. Sci. 2021, 11, 4962. https:/ /doi.org/10.3390/app11114962

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6658-3814
https://www.mdpi.com/article/10.3390/app11114962?type=check_update&version=1
https://doi.org/10.3390/app11114962
https://doi.org/10.3390/app11114962
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11114962
https://www.mdpi.com/journal/applsci

Appl. Sci. 2021, 11, 4962

20f 17

What is new now is that technology and the development of different methodologies
make it possible to go beyond the existing thermodynamic theoretical approaches to soil
ecology by calculating the missing thermodynamic state variables for soil reactions until
recently: enthalpy, Gibbs energy, and entropy changes. This opens the possibility to apply
them for all the biotic and abiotic reactions taking place in soils to achieve thermodynamic
soil characterization. The task is large. Therefore, it can be useful for future work to center
the current situation about soil thermodynamics and to focus on what we need, what we
have, and how to do it.

Soil is an extraordinary complex media, thermodynamically considered as an open
system interchanging matter and energy with the environment. The interchange of the mat-
ter is responsible for nutrient cycling and has been investigated since the 19th century [5].
Most of the soil chemical and biochemical studies focus on the elemental composition,
such as carbon content, C; nitrogen, N, and other mass products from its decomposition,
such as CO,. C and CO; have been widely used for settling soil as a carbon sink and
as a source of CO; to the atmosphere by different mass balances [6]. The interchange of
matter takes place by different abiotic and biotic reactions. The biotic part involves a high
number of different microorganisms, such as bacteria, fungi, and yeast, working as drivers
in the interchange of different nutrients through microbial metabolic reactions. Without
microorganisms, soil becomes an inorganic substrate incapable of sustaining life on Earth.

Soil microbiomes need different substrates feeding their metabolisms. On a mass
basis, those soil substrates act as suppliers of single chemical elements through complex
molecules constituting the soil organic matter, SOM. The chemical characterization of
SOM is a challenge facing both technological and methodological limitations linked to the
high chemical and physical complexity of SOM, and the lack of knowledge about SOM
chemical and biochemical transformations. This is because most of the existing knowledge
is published and spread across different areas of knowledge with poor contact among
them [7-9].

Along the last century, soil began to be considered as a source of energy, too, and
the soil microbial metabolism (SMM) began to be monitored on heat basis [10,11]. The
development of highly sensitive isothermal calorimeters makes it possible to quantify the
heat released by SMM [12] and to consider soil as a thermodynamic system where SOM is
the reservoir of energy fueling the soil microbial community. Therefore, we have the two
main ingredients to develop soil thermodynamics: mass and energy. We also have all the
bioenergetics developed for microbial metabolism along the end of the 19th century and
throughout the entire 20th century until now [13-15].

What we need for the thermodynamic characterization of soil is to connect the SOM
energy budget to the dissipation of that energy by SMM through the thermodynamic
state variables. It is essential to be able to calculate them for the SOM and for the SMM
responsible for SOM decomposition. It is challenging, but not impossible now.

2. Materials and Methods
2.1. Thermodynamic Characterization of SOM

This involves determining the enthalpies of formation and combustion of SOM,
AfHsom and AcHsoy, the Gibbs energy change of formation and combustion of SOM
as well, AiGgom and A.Gsopm, and their respective entropy changes, AS. Their calculation
involves writing the reactions for SOM formation and/or SOM combustion. There are two
different options for this: the stoichiometric methods and the enthalpy models linking the
energy of a substrate with its degree of reduction and/or degree of oxidation.

The stoichiometric models implicate the chemical formulation of substrates and reac-
tants. There are some attempts towards SOM chemical formulation, but it is a complex and
still challenging objective [16,17], especially when it involves the characterization of all the
reactions that take place in the soil. The latter is interesting and necessary from a chemical
perspective but may not give answers and understanding to important questions for soil
and ecology research, such as the measurement of SOM recalcitrance [18], assessment about
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the evolution of soil ecosystems based on how energy and exergy is managed [19], the state
of soil fertility, and the connection with soil microbial diversity [1]. These goals involve
studying the thermodynamic variables from a more global perspective than analyzing
individual soil chemical reactions. Additional methodological alternatives providing more
data and global perspectives for interpreting the thermodynamics of soil biogeochemical
reactions should be welcomed [20].

Some additional options could include the direct quantification of the energy bud-
get of SOM, and the heat released by the microbial decomposition of that SOM. There
is technology to measure the energy of organic substrates and thermodynamic models
connecting this energy to their chemical composition by the degree of reduction and/or
oxidation. That is, both SOM chemical formulation [16] and SOM energy content lead to
the redox state of SOM [20,21]. The energy can be measured by bomb calorimetry and
thermal analysis. Both methods yield the heat of combustion of organic substrates. Bomb
calorimetry is considered as the standard methodology to obtain the heat capacity and
enthalpy of combustion of organic substrates [22], but it is not efficient when applied to
mineral soil samples for different reasons, such as incomplete combustion [22,23].

The other option is the simultaneous application of thermogravimetry (TG) and
differential scanning calorimetry (DSC). Both methods have been applied in different soil
studies, but not for yielding enthalpies of combustion until recently. Reasons are complex
and linked to the design and evolution of thermal analysis. Until recently, most DSC devices
were not designed for working with samples with high energy content. DSC experiments
missed most of the energy from the organic substrates. The evolution of these devices
towards simultaneous TG and DSC experiments with soils and organic samples are giving
heat of combustion data close to those accepted for organic substrates [24]. Nevertheless, it
is still necessary to settle a procedure for accurate measurements of the heat of combustion
of soils by simultaneous TG-DSC. It would be desirable to make comparisons of the heat
of combustion values with proximate analysis, as reported recently [25]. These procedures
are in the process of development, turning approaches to the heat of combustion of SOM
into a realistic goal.

By now, TG-DSC has allowed linking of the energy from SOM combusted by airflow
in the DSC to the soil mass lost during the combustion. These experimental phases are
properly explained by the literature giving that heat in k] g~! OM. Software in the TG-DSC
is not well-designed yet for this purpose, and to measure the heat of combustion of SOM is
necessary to export TG-DSC data to external auxiliary software to perform integrations,
derivatives, and adjustments of baselines manually.

For comparisons and applications of thermodynamic models, it is necessary to normal-
ize the energy obtained in k] g~! OM to the C content of the soil in C mole. That involves
performing elemental analysis of the soil samples to relate the OM content obtained by
the TG to the total C and/or organic C given by the elemental analysis [26]. To settle the
correlation between C and SOM is essential for accurate normalizations since the existence
of clay and/or carbonates may overlap with the OM content given by the TG measure-
ments. That single correlation may optimize the most adequate value relating C to SOM in
our samples to be used as the unit conversion factor. The high variety of soil properties
could make this previous step essential for every soil, and it may be difficult to provide
a general conversion factor. An example with some soils is shown in the results section
of this paper. The soil samples were collected from the soil surface and at 5 cm of depth,
representing Eutric vertisols and Podzols under oak mature forests collected in Ireland [26]
and in the UK.

Calculation of the enthalpy of combustion of SOM is possible for the reaction taking
place in the DSC (and also in a bomb calorimeter), summarized as follows:

SOM(s) + xO5(g) = yCO1(g) + HoO(g) — AcHsom 1)
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The TG-DSC analysis must be done under a flow of dry air, as reported [25]. AcHsowm is
directly related to the degree of reduction of organic substrates by well-known
relations [27,28] involving the oxycaloric quotient, Qp, by the following general equation:

AH = Qv )

AcH? is the enthalpy of combustion of any organic substrate at standard conditions; Qy is
the oxycaloric quotient representing the ratio between the enthalpy of combustion and the
degree of reduction of C, yc, from organic substrates.

Qo values vary in literature from —104 to —118 k] mol ! degree of reduction!; all
of them assigned to various authors [21]. They were determined for different organic
substrates first and for microbial biomass later, yielding slopes in a similar range [21]. The
reason for those differences comprises the structure of molecules which were considered in
the latest corrections reported [28]. Recent works implementing these concepts [26] used
the Sandler and Orbey value of —109 k] /C mol~! degree of reduction—! [28], but the reality
is that the different values exhibited by the literature have not been applied for soils to
compare results obtained by the different Q) values reported.

Roels, and Sandler and Orbey’s correlations [27,28] give the Gibbs energy change
for Equation (1), AcGsom. It would be interesting to apply both models to analyze and
compare the resulting values for soil samples.

The entropy change of Equation (1) is an interesting goal too, because of its involve-
ment in the evolution of soil ecosystems [29]. It can be determined by models such as
the one proposed by Battley in 1999 [30]. It focuses on the application of the Hess law to
microbial growth reactions where reactants and products are well-known. It is difficult to
apply it when considering SOM as a reactant because we do not know the products for
SOM biodecomposition in many cases. They can be assumed and summarized through
different general concepts [31], but the reality is that we only can approach the formulation
as done by the correlations between energy and the degree of reduction.

Another alternative for approaching entropy changes is the equation for the Gibbs
energy for irreversible reactions, adapted to Equation (1):

AcGsom = AcHsom — TASsom 3)

In this paper it is shown, as an example, the complete thermodynamic characterization
of SOM for the set of soil samples collected from different depths mentioned before.

2.2. Thermodynamics of the Soil Microbial Metabolism (SMM)

Microorganisms decompose SOM by different biochemical paths and different electron
acceptors [31]. Nevertheless, most of the studies focusing on SMM bioenergetics apply
to the aerobic decomposition of SOM, where O, is the electron acceptor. The interest in
characterizing SMM from a thermodynamic perspective is linked to the development of
calorimeters that measure the heat released by SMM [32]. As the aerobic decomposition
of SOM releases CO, too, calorimeters have been adapted to monitor the heat and CO,
from SMM by different calorespirometric procedures [33]. These studies for soils started
at the beginning of this century, involving very recent findings [34,35]. The concomitant
measurements of heat and CO, have the advantage to yield the calorespirometric ratio
(CR) of SMM, a metabolic indicator providing additional information about the nature of
substrates from SOM being decomposed during the calorespirometric measurement [31,36].
CR is a measure of the enthalpy of those substrates [26] and the microbial metabolic C-use
efficiency, CUE [37].

For the thermodynamic characterization of SMM, it is essential to link CR values to
the enthalpy of the substrates [26,31]. Assuming CR represents the enthalpy for substrates
being metabolically decomposed, A;Hgsom, it would be possible to yield the Gibbs energy
change for microbial decomposition of SOM, AGsowm, by the models developed for micro-
bial metabolism [20,27,28]. Comparing A;Gsom values with those from SOM combustion
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in Equation (1), AcGsom, can shed light on microbial strategies to keep soil ecosystems far
from equilibrium, an unexplored field. It is also not known how the A.Hsom and Ac.Gsom
values may influence the soil microbial functions and soil microbial diversity. It would be
possible to localize soils with SOM at more, or less, degree of reduction by their AcHsom
and A.Ggowm values, to relate them to the complexity of the SOM macromolecule and to
the properties of the soil microbial community on those locations in terms of soil microbial
diversity and soil microbial metabolic diversity. There is no previous work to this respect
and there is an example of it in the results section.

The set of soil samples from different depths collected in oak mature forests were
calorespirometrically characterized for aerobic decomposition of SOM by a microbial
community at steady-state metabolism.

The reaction for SOM biodecomposition in this case is summarized as follows:

SOM(s) + Oy(g) = Products(s) + H,O(I) + CO»(g) — A:Hsom 4)

where A;Hgop is directly determined by calorespirometry as the CR. The experimental
procedure is well-explained by the literature [38]. AHsowm gives the degree of reduction,
Yr, of the substrates being metabolically decomposed [26]:

CR ~AHsonm = yr/4 (—455) kJmol 1O, (5)

The Gibbs energy change for Equation (4), A;Gsow, is given by the relations reported
by Roels, and Sandler and Orbey.

The entropy change is determined by adaptation of Equation (3) to Equation (4) at the
temperature of the calorespirometric measurement (298 K).

3. Results
3.1. Thermodynamic Characterization of SOM

Table 1 shows the elemental composition, C, H, N, of the soil samples collected for
this study. LF represents samples from the soil surface, while M corresponds to the mineral
soils collected at 5 cm depth from the soil surface. SOM is the percentage determined by
TG. The C content of samples, as well as SOM, depletes from the soil surface to the mineral
samples. Moreover, there are some differences among sampling sites, despite all of them
representing mature oaks ecosystems at similar environmental conditions.

Table 1. Elemental composition of soil samples selected for this review. SOM percentages are
determined by thermogravimetry (TG). LF indicates samples from the soil surface representing
organic matter at a low degree of decomposition. M represents mineral soil samples taken in the
same places as LF but at 5 cm depth from surface, where SOM is more transformed than LF layers.
Samples ROG, BW, and NF come from the Alice Holt Research Station in the southeast of the UK.
Samples DC, G, and K are from the southwest of Ireland and were used in previous work [26]. All of
them represent mature forest oak ecosystems.

Samples Ciot (%) Corg (%) H (%) N (%) SOM (%)
ROG LF 39 34 5.0 1.6 73
BW LF 46 41 6.5 25 81
NF LF 44 42 6.5 2.0 80
DCLF 50 42 55 1.4 95
GLF 51 46 53 1.7 97
KLF 51 40 6.4 1.7 96
ROGM 5 5 0.3 0.3 10
BWM 11 9 1.0 0.6 23
NEM 12 8 1.4 0.5 16
DCM 6 4 0.7 0.3 7
GM 5 4 0.5 0.2 9

KM 10 10 1.4 0.5 21
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Correlations among these components can yield information about the SOM com-
position, indicating the percentages of N and H attached to C and SOM to weigh the
contribution of inorganic material. In this particular case, the interest relies on the corre-
lation between C and SOM to obtain the conversion factor from grams of SOM to carbon
mole to be compared to the individual C/SOM relation for each sample.

Correlation among Ciot, Corg, and SOM gives r values of 0.98 at p < 0.001 in all cases
and equations Ciot = 0.530SOM + 0.646 and Corg = 0.46250M + 0.172, respectively. It will
be used the conversion factor of 0.462 g C g~! SOM.

The soil thermal properties are shown in Table 2. The heat of combustion, Qsopy, is
obtained directly by DSC in kJg~! OM, and corrected to yield the enthalpy of combustion
of SOM, AcHsom, in k] mol ™! C, as shown in Figure 1.

Table 2. Thermodynamic data of samples obtained directly from DSC curves, Qsonm and AcHgsom,
and the degree of reduction of samples, yson determined by Roels, ysomR, and Sandler and Orbey,
YsomS&O, correlations for the LF soil layer and mineral soil samples, M. Samples ROG, BW, and
NF are from the southeast of the UK. Samples DC, G, and K are from the southwest of Ireland. The
reproducibility of measurements by DSC-TG is 5%. The uncertainty averaged for the degree of
reduction is £0.2 based on the standard errors reported for both models [27,28].

—Qsom —Qsom —AHsom —AHsom
Samples k] g~ 1SOM kJ g~ 1SOM kJ] mol—1C kJ mol—-1C
LF M LF M
ROG 154 21.9 449 617
BW 15.1 20.7 441 586
NF 15.1 22.2 440 624
DC 15.0 26.4 437 734
G 16.4 25.0 475 697
K 15.9 21.3 461 602
YsomR YsomS&O YsomR YsomS&O
Samples LF LF M M
ROG 3.90 411 5.36 5.66
BW 3.83 4.05 5.10 5.39
NF 3.83 4.04 5.43 5.72
DC 3.80 4.01 6.38 6.73
G 4.13 4.36 6.06 6.39
K 4.01 4.23 5.23 5.22

~ It needs base line adjustment

. o
0
T = 5
~ 50 Normalization % EXo
5 Exo to OM content o -10
% 100 given by TG =
s — 15
-150
81 % of SOM -204
| 0 1000 2000 3000
0 1000” ] 2000 3000 t[s]
S

DSC plot after manual base line adjustment
to zero and data normalized to the quantity
of organic matter given by the TG trace.

DSC raw plot of the energy
dissipated by 12.40 mg of
ww sample during combustion

from 50 to 600 C given in
mW per mg of sample in the
DsC.

The area gives

Qson=-1514 ki g'OM [

Normalization to soil
C mol. Conversion factor: 4,0.462 g C/g OM

Qqop=[-15.14 +(- 1.839 kJ g2OM)]/0.462 = -36.75 ki g''C

Normalization to mol C: 4 Hy,,, = -441 kl mol-*C

Figure 1. A summary of the procedure followed to approach the enthalpy of combustion of SOM,

AcHgsowm, by simultaneous DSC-TG.
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The Gibbs energy change is determined by the Roels and Sander and Orbey correla-
tions, and the entropy change is from Equation (3).

Qsom and AcHgom values in Table 2 show higher values in mineral samples than
in LF samples, indicating SOM at a higher degree of reduction as soil depth increases.
This involves a change in SOM nature, and it is expected that it affects the soil microbial
population, too.

The degree of reduction values yields the Gibbs energy change of SOM combustion,
A.Gsom, and, indirectly, the entropy change, A:Ssom, for Equation (1). Results are shown
in Table 3. The Gibbs energy becomes more negative in mineral samples than LF samples,
independently of the models used. Although, apparently, these models yield similar
values for Gibbs energy, incongruences between them appear when calculating the entropy
changes. By comparing results using the Sandler and Orbey model alone [28], it is observed
that a higher degree of reduction of SOM could yield a relative increment in the entropy
change, compatible with the higher structural complexity of SOM and/or higher stable
material in M samples than in LF samples. Little variability of the entropy change is also
obtained among the different locations.

Table 3. Values of the Gibbs energy change of reaction (Equation (1)) obtained by applying the Roels
correlation, —A:.GgomR, and Sandler and Orbey correlation, —A.GgomS&O, for LF and mineral, M,
samples, together with their respective entropy changes for Reaction (1). The residual standard error
for calculation of —A.GgopmR data is that reported by Roels, 18 k] mol 1, and that for estimation of
—AcGsomS&O is 21.5 kJmol ~! [26,27]. Samples ROG, BW, and NF are from the southeast of the UK.
Samples DC, G, and K are from the southwest of Ireland.

—AGsomR —AGsomS&O —AGsomR —AGsomS&O
Samples kJ mol-1C kJ mol—1C kJ mol-1C kJ mol-1C
LF LF M M
ROG 455 454 594 624
BW 448 446 568 593
NF 448 445 599 631
DC 445 442 689 742
G 477 481 659 705
K 465 466 581 609
ASsomR A:SsomS&O AcSsomR ASsomS&O
Samples JK'mol~'C J K 'mol~'C JK'mol~'C JK'mol~'C
LF LF M M
ROG 20.1 16.8 —-79.3 235
BW 23.5 16.8 —60.4 23.5
NF 26.8 16.8 —83.9 23.5
DC 26.9 16.8 —151.0 26.9
G 6.7 20.1 —127.5 26.9
K 134 16.8 —70.5 23.5

3.2. Thermodynamics of SOM Microbial Decomposition

Different calorimetric procedures address the bioenergetics of SOM decomposition.
Some of the main goals are the thermodynamic characterization of the biochemical reac-
tions involved in SMM [26,31], quantification of microbial metabolic efficiency [38-40],
monitoring the biodegradation of external organic sources by different microbial metabolic
paths [41], and its connection with microbial diversity [42].

Microbial diversity involves characterizing the composition of the microbial commu-
nity and studies about microbial metabolic diversity. Although both are interesting for
better characterization of soil biological properties, focusing on metabolic diversity could
be more useful if the goal is SOM biodegradation. This is because biodecomposition is
mainly ruled by enzyme diversity that has not necessarily been linked to higher microbial
composition diversity. Diverse microorganisms contain the same enzymatic machinery.
For this reason, higher diversity in microbial populations may not be reflected in biode-
composition rates. In most cases, these studies are still under development and there
is little information about the role of microbial diversity on thermodynamics, metabolic
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efficiency, and biodegradability. This review addresses some of the existing results covering
these topics.

3.2.1. Thermodynamic State Variables and Soil Microbial Diversity

The study of SOM biodecomposition by thermodynamic state variables determined
experimentally remains a distinct goal [26,43,44]. This subject has been discussed typically
on a theoretical basis [2,45] due to difficulties in calculating the thermodynamic state
variables for SMM.

Differences in soil properties and soil chemical and thermal composition yield distinct
microbial structures affecting the metabolic heat rate and the kinetics of decomposition
of external C sources. This is reflected in the profiles of the calorimetric plots [41,43] that
can be related to the decomposition of distinct substrates, but not to the genetic microbial
structure in soils. It is demonstrated by calorimetry that different microbial structures may
yield different metabolic efficiencies and that the CR may be sensitive to changes in the
soil microbial composition linked to a certain soil management [39]. Some results also
indicate how microbial diversity is involved in the sensitivity of the soils to temperature by
calorimetry [46,47], but there are difficulties in relating all of them to a certain microbial
structure because heat rates largely depend more on the enzymatic microbial diversity than
on the microbial composition. That is, diverse microorganisms contributing to microbial
genetic diversity can synthesize the same enzymes and run the same metabolic paths by
similar metabolic heat rates. In this sense, calorimetry would be more useful for studying
soil microbial metabolic diversity because it detects soil microbial biodegradation and
assimilation of different substrates constituting a method for quantitative assessment of
soil microbial metabolic diversity [41,43].

Nevertheless, none of those applications connects soil microbial diversity with ther-
modynamic functions.

This subsection provides some initial results connecting the thermodynamic character-
ization of SMM with the SOM thermodynamic properties shown in Tables 2 and 3. There
are some additional samples to reveal the possible connection between the thermodynamic
properties and the soil microbial metabolic diversity in mineral soil samples.

The enthalpy change of the microbial reaction taking place in a calorimeter can be
directly determined by calorespirometry and the CR which gives the thermodynamic state
variables for Equation (4). Table 4 shows the results obtained for the soil samples handled
in this review. In this case, only Sandler and Orbey’s model is applied to obtain Gibbs
energy. The reason is to avoid incongruences with the entropy change, as happened with
the characterization of SOM.

Table 4. Values for the calorespirometric ratio, CR, for the LF and M samples from the UK (ROG, BW, and NF) and
Ireland (DC, G, and K); the degree of reduction of substrates being metabolized, v, is obtained By Equation (5). Assuming

CR represents the enthalpy change of Reaction (4), A{Hsowz; Gibbs energy change for Reaction (4) is also obtained by

Sandler and Orbey’s correlation, A;Ggopy, as well as entropy change for Reaction (4), obtained by Equation (3), ArSsowm.-

Uncertainties for the degree of reduction and Gibbs energy change estimated from Sandler and Orbey’s correlation are the

same as reported in Tables 2 and 3. Standard deviation in CR samples is determined from two replicates of each sample.

—CR —CR —A:Gsom  —A:Gsom ArSsom AySsom
Samples  kJ mol-1C0O,-C  kJ mol~1CO,-C LYF 12’4 KJmol-1C  Kmol-1C JK mol-1C JK-1mol-1C
LF M LF M LF M
ROG 423 + 30 280 + 7 388 257 427 283 16.0 10.6
BW 507 + 19 276 +9 465 253 513 279 19.2 10.5
NE 312 + 10 253 + 12 286 2.32 316 256 11.8 9.6
DC 310 + 44 400 + 68 285  3.67 315 405 11.8 15.2
G 327 + 41 48549 3.00 445 332 490 12.4 18.4
K 355 + 51 421 +17 326  3.87 359 427 13.4 16.0
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PC2 37.14%

Results in Table 4 show changes in the CR from LF to M samples and among samples
from different sites. Those differences can be explained by, or assumed as, changes in
microbial metabolism. LF samples from the same site in the UK (ROG, BW, and NF)
show decomposition of substrates at higher, the same, and lower degree of reduction than
carbohydrates. All LF samples from separate sites in Ireland have similar CR values in the
range reported for carbohydrate catabolism. Mineral samples from the UK show lower and
more stable CR values than LF samples, suggesting a change in the microbial metabolism,
characterized now by biodecomposition of substrates more oxidized than carbohydrates or
by a higher component of anaerobic metabolism as depth increases. Mineral samples from
Ireland show higher CR values than the LF ones, but in the carbohydrate range in all cases.

Gibbs energy follows the same trend as that of CR since the entropy change contributes
little to Gibbs energy at 25 °C (Table 4). Therefore, aerobic SOM biodecomposition is ruled
mainly by the enthalpy of the reactions. Consequently, values for Gibbs energy change
in M samples from the UK are less negative than those from Ireland, and the entropy
change is lower, suggesting that substrates being catabolized in mineral UK samples are
less structurally complex than the rest of samples. These features suggest SOM at different
degree of decomposition in all samples.

How these thermodynamic state variables contribute to the variance among samples
can be studied by PCA analysis, as shown in Figure 2 and by clustering in Figure 3.

Component 2
o
o

20
Swir
15
GM
10
SRooLr
05 KM
DCM
-15 10 KF o s 05 10 15 20
NF ir
DULED 05
,1.0,
BWM ROGM
15 NFM
2.0

Component 1

PC1 62.86%

Figure 2. PCA plot showing the distribution of soil samples along with the two principal components. Samples ROGLF,
BWLE and NFLF are from the UK. Samples DCLE, GLF, and KLF come from Ireland. All of them represent the soil LF layer
and scatter on the left side of the plot. Mineral samples from the UK (ROGM, BWM, and NFM) appear concentrated in the
quadrant limited by the positive x and negative y-axis. Mineral samples from Ireland (DCM, GM, and KM) scatter along the
positive x and y-axis quadrant.
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Figure 3. Clusters of the soil samples based on their thermodynamic properties. LF samples from
the UK (ROGLF, BWLE, and KLF) and Ireland (DCLF, GLF, and KLF) form a cluster separated from
two clusters of mineral samples from the UK (ROGM, BWM, and NFM) and Ireland (DCM, GM,
and KM).

PCA shows that 99% of the variance can be explained by two principal components,
principal component 1 (PC1; 62.86%) and principal component 2 (PC2; 37.14%). The
thermodynamic state variables for Reaction (1), representing the SOM thermodynamic
properties, are the ones with higher contribution to component 1, while the thermodynamic
state variables determined for Reaction (4), representing SOM microbial catabolism, are
the ones with higher contribution to component 2. The distribution of samples in the PCA
plot in Figure 2 suggests spatial variation in their thermodynamic properties that can be
attributed to spatial changes in the composition of soil organic substrates.

Clusters by the thermodynamic state variables can be observed in Figure 3. There is a
clear differentiation between the LF layers and the mineral samples. Soil thermodynamic
properties vary with soil depth and denote different states of SOM transformation. Mineral
samples from the UK and Ireland form two different clusters, while the LF samples are
more overlapped.

All these samples come from the same forest ecosystem, oak. Although SOM decompo-
sition originates from oak leaves in all cases, the thermodynamic properties suggest diverse
products from the decomposition. This is in agreement with the ecological hypothesis for
coexisting microbial species on the same substrate by yielding different end products fol-
lowing thermodynamic constraints. Recent literature reveals how thermodynamics asserts
coexistence of various species by the Gibbs energy change available from the metabolic
conversions [44]. Results suggest that microbial coexistence, essential to keep microbial
diversity, is based on supporting reactions with low Gibbs energy change when using the
same substrate. Environments supporting reactions with low Gibbs energy change (more
negative) would allow more metabolic diversity than environments allowing reactions at
high Gibbs energy change (less negative). When microorganisms start to yield products
at similar Gibbs energy as reactants (higher Gibbs energy change), the system would be
evolving towards thermodynamic inhibition. Microorganisms overcome this limitation by
yielding different products at low concentrations in the environment. Under that theory,
mineral soils from the UK would be supporting lower microbial diversity and would be
closer to the thermodynamic inhibition (Gibbs energy change closer to zero) than those
from Ireland.
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The expected natural trend for survival would be by favoring the coexistence of a high
number of different metabolic conversions in the environment. The end products of these
metabolic conversions are reutilized as an energy source by the existing and/or by the new
microbial population, creating a niche for future microbial diversity through adaptation.
At the thermodynamic equilibrium (AG = 0), two species could not coexist in the same
niche, as stated by the competitive exclusion principle [48].

Recent additional work connecting Gibbs energy of dissolved organic matter, DOM,
with the microbial diversity [43] also links lower Gibbs energy values to higher microbial
diversity.

Microbial biodiversity is given by the number of OTUS of bacteria and fungi (Taxa_S)
and by the Shannon index of diversity for four additional mineral soil samples. The mineral
soil samples are Leonardite, a recalcitrant material without carbohydrates, a peat sample,
and two Cambisols under different management (pine forest and pasture) collected in
paired plots in the same location. These samples were surveyed and characterized in a
previous paper [47]. Results are reported in Table 5.

Table 5. Biological and thermodynamic properties determined for four different mineral soil samples. Microbial diversity
was determined by ARISA and is given by the Taxa_S and Shannon_H diversity indices for soil bacteria and fungi.
Reproducibility for —A:Hgop is 5%. The residual standard error is 21.5 k] mol~!. CR values are the average of duplicates
with their standard deviation.

Samples Taxa_'S Taxa_'S Shannfm Shannfm —AHsom —A.Gsom —CR —A:Gsom
Bacteria Fungi Bacteria Fungi kJmol-1C kJmol-1C kJmol—1CO,-C kJmol—1C
Leonardite 7 21 1.92 2.07 538 554 273 £ 14 276
Pahokee peat 8 15 1.93 2.19 545 551 463 £+ 20 468
Cambisol pasture 28 11 3.07 2.20 489 495 495 £ 21 500
Cambisol pine 6 21 1.67 2.90 539 544 239 £18 242

Leonardite, Pahokee peat, and Cambisol under pine have SOM with AcHsopm higher
than carbohydrates, indicating more reduced substrates. Cambisol under pasture has a
lower AcHsowm (absolute values) than the other samples. Leonardite and Cambisol under
pine have less negative A.Ggopm values and their CR values indicate that they are decom-
posing substrates more oxidized than carbohydrates, representing partial decomposition
of substrates or higher component of anaerobic metabolism [31,36]. Their A;Ggom values
indicate microorganisms degrading substrates from SOM at similar free energy to the
products. Leonardite contains no carbohydrates in its composition, Cambisol under pine,
yes, but shows a CR value similar to the sample without them. A possible explanation
could be that carbohydrates are physically protected in the Cambisol under pine, being
less available to microorganisms for that reason. Pahokee peat and Cambisol pasture have
CR values closer to their AcHgonm values suggesting degradation of carbohydrates and /or
humic material [36]. Peats have a weak mineral matrix and therefore carbohydrates are
more available to microorganisms than in Cambisol under pine. That yields lower A:Gsom
(more negative) than the other samples.

Samples with the lowest A.Ggom are those with SOM more reduced than carbohy-
drates, with just one exception. Those samples remain the ones with the lowest bacteria
diversity (lower Taxa_S values). The Cambisol sample under pasture with AcHgowm closer
to that of carbohydrates is the sample with the highest bacterial diversity, in both TAXA_S
and Shannon_H index. The Taxa_S of fungi is lower in the Cambisol sample under pasture
than those in the samples with more reduced substrates.

Leonardite and Cambisol pine, with similar CR values and the highest A Ggowm, both
have a similar microbiological composition characterized by higher Taxa_S of fungi than
that of bacteria. Pahokee peat and Cambisol under pasture have the lowest AGgom.
Pahokee peat presents a little higher microbial diversity than Leonardite (based on the
Shannon_H index) and higher bacteria diversity than Cambisol pine. Although the Cam-
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bisol under pasture have the highest bacteria diversity, the low Gibbs energy change of this
sample is not reflected in the fungi diversity data.

Figure 4 shows that there are two clear different groups based on the thermodynamic
state variables (Figure 4a): the peat and CambisolP1 under pasture also form a different
group from those of CambisolPil under Pine and Leonardite based on the microbial
diversity (Figure 4b).
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Figure 4. The clusters of four mineral soils with differing chemical composition are shown as a
function of the thermodynamics state variables (a) and as a function of the microbial diversity data
in Table 5 (b).

Although the set of samples is too low for showing robust results, there is evidence
of the possible connection between these thermodynamic variables and the soil microbial
composition.

3.2.2. Microbial Diversity and Metabolic Carbon Use Efficiency

The measurement of the amount of soil C released to the atmosphere and the amount
kept by the soil system represents a way to predict how soil management can contribute
to global warming. The scarcity of methodologies to develop these measurements at
the microbiological level is responsible for creative alternatives to assess soil microbial
metabolic efficiency, defined as the capacity of the soil microbial population to keep C
as microbial biomass and that to release it as CO,. Calorimetry is one of the options for
that goal. It is considered currently as a method for measuring both metabolic carbon
use efficiency, CUE, and metabolic energy use efficiency, EUE, based on previous research
showing up applications for soils by calorimetry [39,49] and by calorespirometry [37].
Barros and Feijoo [39] developed a mass and energy balance to assess soil microbial
metabolic efficiency for glucose assimilation and compared it with the calorespirometric
models [50] to extend the quantification of metabolic CUE to other substrates than glucose.
Both models yielded similar values for microbial metabolic efficiency when glucose was
used as an external C source [50]. The problem with the calorespirometric models is the
limitation to substrates at a lesser degree of reduction than carbohydrates and microbial
biomass. This leads to attempts to improve the present thermodynamic models [39] as
well as comparisons with other methods [20,40] with satisfactory results for calorimetry.
Thermodynamic models for soil CUE and EUE assessment remain a subject that continues
evolving at the moment. The existing results provide knowledge about CUE sensitivity to
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soil management and microbial composition [39,46], the use of inorganic fertilizers [51],
or distinct metabolic paths [31]. The role of the soil microbial structure on the metabolic
efficiency is explained by studies conducting comparisons between general bacteria and
fungi population, demonstrating the importance of the fungi to bacteria ratio on CUE [52],
but there is not much information about the metabolic efficiency of numerous substrates
taking part in the soil microbial metabolic diversity [42] where calorespirometric procedures
could play a valuable role.

4. Discussion

The thermodynamic characterization of the soil system will play an interesting role in
assessing soil evolution and soil ecology; however, before starting these applications, there
is already some tasks with optimization of best procedures to yield the thermodynamic
state variables, as well as with the interpretation of them [16,20,26].

The existing methods for giving the redox state of SOM cause debate between the SOM
chemical formulation and the direct measurement of the SOM energy content [20,25,53].
Although both of them have pros and cons, they are the best options that we have by now
and are a good way to approach the degree of reduction of SOM or the oxidation state (one
directly yields the other) to apply them to different soil ecosystems.

The degree of reduction/oxidation of SOM is an option to give a number to the
concept of soil recalcitrance (an important goal for soil scientists as one of the procedures to
mitigate global warming [18]) and a way to link it to all aspects of soil microbial diversity.
It will directly inform us about changes in SOM chemical nature. This paper shows an
example of how the degree of reduction indicates the evolution of SOM towards a more
reduced state from the soil surface to 5 cm depth and how thermodynamic properties vary
among samples from different locations despite sustaining the same forest ecosystem.

The enthalpy of combustion and degree of reduction of SOM give us an idea of the
SOM nature through comparisons to well-known organic substrates common in soils such
as cellulose, lignin, proteins, and so on. For instance, M samples in Table 2 have SOM
more reduced than carbohydrates with values close to those reported for substrates such
as lignin, some amino acids, and organic acids [21,53]. This could be explained by the
influence on SOM from root exudates at that depth, but also by the SOM natural evolution
to a more aromatic state, as reported for original organic matter from oaks [54]. Therefore,
an increase in the degree of reduction of SOM with soil depth can be a consequence of a
higher degree of SOM transformation or degradation compared to that on the soil surface.
SOM in the LF layers has a degree of reduction/oxidation values close to those reported
for cellulose, lignocellulosic material, and tree leaves [21,53], compatible with a low degree
of SOM decomposition.

Measurement of SOM decomposition by calorespirometry yields the CR of the soil
microbial metabolism and the degree of reduction/oxidation of the substrates from SOM
being metabolized. By comparing the enthalpies of combustion of SOM to the CR, infor-
mation about SOM decomposition patterns is obtained. Results show some soils degrade
substrates from SOM at a similar degree of reduction as that measured for the entire SOM,
while others degrade substrates that can be more, or less, reduced than those of SOM. The
possible role of CR to discern metabolic patterns of SOM decomposition is still under devel-
opment [31]; it could help to support some of the existing theories for SOM decomposition
and evolution such as the SOM continuum model [26,55] and to assess other well-known
ecological theories such as the maximum power principle [19,21].

The redox state of SOM is the key part of the Gibbs energy change (AG) calculation.
The role of this thermodynamic variable for soils is still unknown, making it an attractive
option to inquire into. For future interpretations, it is essential to consider soil as an open
thermodynamic system holding irreversible metabolic microbial reactions. Thus, AG calcu-
lations should fix with these premises since the existing equations differentiate between
reversible and irreversible processes. Essential, also, is the calorimetric monitoring of the
soil microbial reactions because calorimeters are the sole option to detect the exothermic
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or endothermic nature of those reactions. The heat measured from the soil microbial res-
piration, the microbial growth reactions, and microbial maintenance are exothermic. The
combustion of SOM in the DSC is exothermic, too. Therefore, the enthalpy of combustion
and the CR are negative values. AG for any reaction can be positive or negative depending
on whether a reaction is, or is not, spontaneous. A negative AG is always expected for
spontaneous reactions. The use of the nominative degree of oxidation of SOM or NOSC,
to calculate AG involves positive and negative values, too. For this reason, the existing
equation to calculate AG from NOSC [16,20] can yield positive AG data. This could be
troublesome to interpret. On the contrary, thermodynamic models exerting the degree of
reduction of SOM always yield negative AG data. Most of the present models connecting
energy and degree of reduction or oxidation include limitations for the metabolism of
substrates more reduced than carbohydrates that remain unsolved.

Concerning the role of soil microbial diversity, thermodynamics may play a role in
determining the who, where, with whom, and why by the degree of reduction/oxidation
of SOM and Gibbs energy. When exploring the microbial structure of the soil samples in
this paper, differing degree of reduction of SOM involved changes in microbial diversity.
The soil sample at a degree of reduction closer to carbohydrates presented the highest
bacterial diversity (Shannon_H index and Tasa_S). Samples with SOM at a higher degree of
reduction than carbohydrates showed higher fungi diversity than bacteria, as reported [52].
It seems that bacteria would prefer carbohydrates, while fungi would select SOM at a
more substantial degree of decomposition or substrates more reduced than carbohydrates,
such as lignin. The varying degree of SOM decomposition would be responsible for the
spatial variation of the SOM redox state and the different Gibbs energy values. The reason
for this variability is attached to microbial diversity by a type of paper connecting Gibbs
energy and microbial diversity to dissolved organic matter, DOM, which solely represents
the labile SOM fraction. In this work, Gibbs energy is determined for the entire SOM
macromolecule. The preliminary results evidence that Gibbs energy could be sensitive
to the soil microbial composition, as reported for DOM. Results in this review suggest,
also, that different Gibbs energy values may not accompany greater or lower microbial
diversity (structurally and metabolically), but rather changes in the bacterial diversity to
fungi diversity relations [52].

This paper also evidences that the same soil type under different management (Cam-
bisol under pine and pasture from paired plots in the same location) yields varied microbial
structure and thermodynamic properties. Pasture holds SOM with an enthalpy of com-
bustion close to carbohydrates and lignocellulosic material [31,36], while pine has more
reduced SOM than carbohydrates. In this particular case, higher Gibbs energy change of
SOM microbial decomposition in pine is attached to higher fungi diversity, while lower
Gibbs energy change is obtained for higher bacterial diversity in the pasture. Cambisol
under pasture catabolized substrates at a degree of reduction close to that of the entire
SOM with metabolic AG values close to those from SOM combustion. Cambisol under pine
degrades substrates more oxidized than SOM, yielding higher (less negative) AG values.
This could be explained by the different microbial structure, too. Both samples are yielding
diverse products from SOM biodecomposition as a consequence of their metabolism and,
therefore, building SOM with different thermodynamic properties. This explains the spatial
variability of SOM properties [26,44] and supports ecological theories of coexistence based
on biodiversity and competitive exclusion principles [48].

5. Conclusions

Soil thermodynamic properties appear to be sensitive to soil chemical and biological
nature and could be acting as the drivers of the soil properties, defining the shape of the
microbial community and their functions. Those functions would evolve by adapting to
thermodynamic constraints based on the SOM redox state and the available Gibbs energy.
Therefore, to gain accuracy in determining and interpreting the thermodynamic state
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variables, will be essential to discern strategies for soil survival and soil evolution. The
way towards that goal has started.
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