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Recurring dry-wet cycles of soils, such as in rice paddies and on floodplains, have a
dramatic impact on biogeochemical processes. The rates and trajectories of microbial
metabolic functions during transition periods from drained to flooded conditions affect
the transformation rates and phase partitioning of carbon, nutrients, and contaminants.
However, the regulating mechanisms responsible for diverging functional metabolisms
during such transitions are poorly resolved. The chemistry of organic carbon within
the microbially available pool likely holds key information regarding carbon cycling and
redox transformation rates. In this study, we used mesocosms to examine the influence
of different carbon sources (glucose, straw, manure, char) on microbial energetics,
respiration rates, and carbon balances in rice paddy soils during the transition from
drained to flooded conditions following inundation. We found that variability in carbon
solubility (1.6–400 mg g−1 ) and chemical composition of the amendments led to
non-uniform stimulation of carbon dioxide production per unit carbon added (0.4–32.9
mmol CO2 mol−1 added C). However, there was a clear linear correlation between
energy release and net CO2 production rate (R2 = 0.85), between CO2 and initial
soluble C (R2 = 0.91, excluding glucose treatment) and between heat output and
Gibbs free energy of initial soluble C (R2 = 0.78 and 0.69, with/without glucose
respectively). Our results further indicated that the chemical composition of the soluble C
from amendments initiated divergent anaerobic respiration behavior, impacting methane
production and the partitioning of elements between soil solid phase and solution. This
study shows the benefit of monitoring energy and element mass balances for elucidating
the contribution of various microbial metabolic functions in complex systems. Further, our
results highlight the importance of organic carbon composition within the water soluble
pool as a key driver of microbially mediated redox transformations with major impacts
on greenhouse gas emissions, contaminant fate, and nutrient cycling in paddy soils and
similar ecosystems.
Keywords: soil carbon, microbial respiration, organic amendments, anaerobic metabolism, paddy soil,
calorimetry, FT-ICR-MS
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INTRODUCTION

1H > 1G) to being endothermic (1H < 0) and entropydriven (e.g., methanogenesis from acetate) (von Stockar and
Liu, 1999; Liu et al., 2001). Thus, valuable information about
differences in microbial metabolic activity can be gained through
simultaneous measurements of microbial C utilization (e.g.,
respiration and/or biomass yield) and changes in enthalpy (by
isothermal calorimetry) (Hansen et al., 2004; Herrmann et al.,
2014; Barros et al., 2015; Bölscher et al., 2016; Arcand et al., 2017),
particularly if the 1G and/or 1H of the substrate is known.
In well-aerated, moist soils, the calorespirometric ratio,
Rq /RCO2 (heat dissipation per unit CO2 produced), varies
depending on soil management and land use history (e.g.,
fertilization, deforestation, reforestation, crop rotations) (Barros
Pena et al., 2014; Herrmann and Bölscher, 2015; Barros et al.,
2016; Bölscher et al., 2016) and this has been linked to differences
in microbial community composition (Bölscher et al., 2016) and
organic matter sources (Barros et al., 2016). Such evaluations
are based on the thermodynamic relationship between heat and
respiration in aerobic systems at steady-state (i.e., no growth),
where Rq /RCO2 is dependent only on the oxidation state of the
substrate (Hansen et al., 2004):

Microbial processes within rice paddy soils have
profound impacts on crop production and the environment,
ranging from changes in nutrient (e.g., N and P) and contaminant
(e.g., As) availability to production and emission of greenhouse
gases (GHG; e.g., CO2 , CH4 ). Rice paddies consistently go
through drainage and re-flooding between cropping cycles.
Flooding of soils induce dramatic, temporary increases in
microbial respiration rates (Fierer and Schimel, 2003; Corstanje
and Reddy, 2004; Valett et al., 2005; Wilson et al., 2011), and
the microbial response is influenced by the period of drainage
and C input history (Bodelier et al., 2012; Göransson et al., 2013;
Meisner et al., 2013; Shi and Marschner, 2014). However, the
specific microbial metabolic response with flooding progression
(as the soil becomes increasingly depleted in oxygen) and with
different inputs remains unresolved. In general, anaerobic
respiration conforms to thermodynamic predictions, owing to
partial equilibrium, to proceed with progressively less favorable
2−
electron acceptors, i.e., Mn(IV)>NO−
3 >Fe(III)>SO4 >CO2
(Postma and Jakobsen, 1996; Arndt et al., 2013), but increasing
evidence shows that the available electron donors (e.g., organic
C compounds, H2 ) and high variability in local conditions (e.g.,
pH, gas pressure, diffusion rates, concentrations of reactants
and products) can off-set the metabolic transitions from this
predicted trajectory (Jin and Bethke, 2005; LaRowe and Van
Cappellen, 2011; Arndt et al., 2013; Hansel et al., 2015). The
period immediately following flooding, when the system
transitions from aerobic to anaerobic conditions, exhibits
dramatic changes in reaction rates and metabolic activity, with
a critical impact on C fate, rate of nutrient release, extent
of denitrification, iron (and sulfate) reduction, contaminant
release, and methanogenesis (Baldwin and Mitchell, 2000; Burns
and Ryder, 2001; Newman and Pietro, 2001; Corstanje and
Reddy, 2004; Wilson et al., 2011). Therefore, in order to predict
C turnover rates in paddy soils and consequential processes
impacting crop growth and environmental quality, it is necessary
to determine the variability in microbial C oxidation, and its
causes, in the response to flooding of paddy soils.
Soil organic matter serves as both C source and energy
source for microorganisms, and the distribution between
anabolic (biomass-yielding) and catabolic (energy-yielding) C
use varies between different types of microorganisms and
available substrates. Interestingly, independent of changes in
enthalpy and metabolic pathway, the Gibbs energy (1G)
dissipation per unit biomass produced exhibits little variability
(von Stockar and Liu, 1999; Roden and Jin, 2011), i.e., the
energy requirement for anabolism is relatively constant. Thus,
the large variation in energy yield from different catabolic
reactions results in a relatively proportional variation in growth,
but with important differences in how the decrease in entropy
from building biomass is handled (von Stockar and Liu, 1999).
Aerobic metabolism achieves energy balance almost entirely
through heat dissipation, i.e., the overall metabolic reaction is
exothermic with the enthalpy change, 1H, roughly equaling
1G. Anaerobic metabolism, on the other hand, can range from
being highly exothermic (methanogenesis from CO2 +H2 has
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(1)

where Rq is the heat output rate (J g−1 soil day−1 ), RCO2
is the CO2 production rate (µmol g−1 soil day−1 ), NOSC is
the nominal oxidation state of C in the substrate (ranging
from −4 to +4), and 1HO2 is Thornton’s constant or the
oxycaloric equivalent (−455±15 kJ mol−1 O2 ) (Hansen et al.,
2004). Deviations from the predicted value in fully aerated
systems with a known substrate can then be attributed to growth
(Rq /RCO2 smaller than predicted) or metabolic inefficiency due
to environmental stressors (Rq /RCO2 larger than predicted)
(Hansen et al., 2004). In systems with mixed or purely anaerobic
metabolisms, the relationship between Rq and RCO2 is more
complicated. Most commonly, anaerobic metabolism dissipates
less heat than aerobic metabolism per unit biomass formed,
due to the increase in entropy associated with fermentation
and production of gaseous metabolites from dissolved substrates
(von Stockar and Liu, 1999; Hansen et al., 2004). However,
the relationship between heat and CO2 -production is less
straightforward than the biomass yield; for example, CO2 can
be produced essentially without heat generation (e.g., through
anaerobic respiration with sulfate or nitrate and an organic
electron donor, or disproportionation of substrates) (Hansen
et al., 2004; Ozuolmez et al., 2015). Contrastingly, CO2 can be
consumed with extreme heat dissipation (methanogenesis from
CO2 and H2 ) (von Stockar and Liu, 1999), and heat can be
generated without CO2 being part of the metabolic reaction
at all (e.g., fermentation of glucose to lactate). Therefore, the
relationships between respiration rate, oxygen consumption, heat
dissipation, and microbial growth in complex systems with mixed
substrates and/or metabolisms need further evaluation in order
to be useful for assessing microbial processes.
One of the fundamental prerequisites for thermodynamic
evaluations of metabolic activities is to know the reactants and
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present on rice paddies: dried rice straw (DS), charred rice straw
(CS), and cattle manure (M). Straw amendments were collected
from two separate Cambodian rice fields where harvested straw
was deposited (DS) or piled and burned (CS). The “charred
straw”, thus, consisted of a mix of ashes (more aerated outer
portions of the pile) and charred material (from the interior
of the pile). Cattle manure was collected from grazing fields.
Paddy soils were collected from the top 10 cm of rice fields
in the Mekong delta of Vietnam (peaty paddy soil and acid
sulfate soil) and Cambodia (mineral paddy soil). All soils and
amendments were dried at room temperature for 1–2 weeks prior
to analyses and experiments. Soils were gently ground to crush
aggregates >2 mm and sieved (2 mm). Amendment material was
ground to a fine powder in a ball mill. Soils and amendments
were analyzed (in triplicate) for total C and N concentration
(weight-% of dry material) by a Carlo Erba NA 1500 elemental
analyzer. Total concentrations of other elements in soils were
determined by X-ray fluorescence (XRF) spectroscopy (Spectro
Xepos HE). Amendments were digested (in triplicate) in 70%
TM
nitric acid (trace metal grade) using a CEM MarsXpress
microwave digester (CEM, Matthews, NC, USA). The digests
were diluted 1:5 with ultrapure DI water and analyzed for total
Fe and S concentrations with inductively coupled plasma optical
emission spectroscopy (ICP-OES, iCAP6000, Thermo Scientific,
Cambridge, UK). The pH of soil and amendments (except M,
due to insufficient material) was determined in 1:5 (v/v) of
material:DI-water slurries after shaking 5 min and settling for 2–
8 h. Total enthalpy of combustion for all soils and amendments
(except M, due to insufficient material), was determined by bomb
calorimetry (6300 automatic isoperibol calorimeter, USA).

products. For incubations with single (or few) organisms and
simple substrates (e.g., glucose, acetate, propionate, ethanol,
methanol) the metabolic reactions can largely be predicted and
the enthalpy of combustion for substrates and products, as well
as their NOSC, are generally known. Thus, the thermodynamic
energy yield of such a system can be calculated and compared
to measured heat and CO2 generation to deduce which types
of metabolic pathways are active and how efficiently energy,
carbon, and nutrients are converted into biomass (Herrmann
et al., 2014; Bölscher et al., 2016). Such predictions also hold
true for mixed aerobic/anaerobic and growing systems (von
Stockar and Liu, 1999; Hansen et al., 2004; Roden and Jin,
2011). However, soils are complex heterogeneous environments,
where it is practically impossible to determine which substrate
compounds are being metabolized through a certain metabolic
pathway at any given point in time. Nevertheless, the Gibbs free
energy of complex organic matter can be estimated based on
its elemental stoichiometry (LaRowe and Van Cappellen, 2011).
Recently, we used Fourier-transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS) to estimate a 1G of water
soluble organic C from sediment extracts, and we revealed that
thermodynamic limitations for anaerobic respiration result in
preferential removal of substrates with a favorable 1G when
coupled to sulfate reduction in typical anoxic conditions (Boye
et al., 2017). Combining FT-ICR-MS determination of NOSC,
and by extension the composite 1G of soluble C, illuminates
a potential solution to overcoming the challenges associated
with quantifying metabolic pathways in systems with complex
substrates. Such an approach greatly enhances the possibilities
of constraining the thermodynamics of metabolic reactions in
soil systems, as long as the rates of production or consumption
of other participating compounds can be determined (e.g., O2 ,
2−
anaerobic electron acceptors (Mn(IV), NO−
3 , Fe(III), SO4 etc.),
methane, H2 ).
Therefore, the objectives of this study were to (1) evaluate
the relationship between heat and carbon flow in non-steadystate soil systems with complex natural organic substrates and
multiple types of active microbial metabolic strategies, and (2)
test the hypothesis that the variability in microbial response to
flooding is dependent on organic matter source and soil type
and can be explained by thermodynamic theory and relatively
easily obtained mass and energy balances. We thus determine
key drivers of microbially mediated redox transformations,
which have profound impacts on greenhouse gas emissions
and other important element cycles in paddy soils and similar
ecosystems. A better understanding of these mechanisms and
their dependence on initial properties of soil and organic matter,
will help simplify the predictions of carbon fate and other
environmental impacts from flooding.

Incubation Experiment
For each soil, 50 aliquots of 4 g dry soil were weighed into
20 ml glass vials and separated into two sets, one for calorimetry
measurements (in duplicate) and one for gas/solution analyses
(with 4 sampling points, each in duplicate). Within each set
of mesocosms, each soil was subjected to five treatments: DS,
CS, M, glucose, and control [i.e., 5 treatments × 2 duplicates
× 5 measurements (1 calorimetry + 4 gas/solution) = 50
vials]. Amendments were distributed so that 36 mg C were
added to each vial (no amendment added to control vials).
Thereafter, 15 ml TRIS buffer solution (10 mM, pH 7.03) was
added, the vials were crimp-sealed, and thoroughly shaken
to mix the amendments with the soil and ensure complete
saturation of solids. The vials were then left to settle without
further disturbance to allow anaerobiosis to gradually establish
away from the headspace, similar to the progression in a
flooded paddy field. For glucose amended vials, glucose was
dissolved in the TRIS buffer solution and added with the
solution to the vials; all other amendments were added as
powdered solids prior to adding the solution. The first set of
duplicates from each treatment and soil were placed in a TAM
Air isothermal microcalorimeter (TA Instruments, Sollentuna,
Sweden) at 25◦ C, along with reference vials filled with DI water
to match the estimated heat capacity of the soil samples. After
sample equilibration for 6.5 h, heat flow (corrected for baseline
and instrument drift, <2 µW over the incubation period) was
measured continuously for ca. 5 days, allowing the initially

MATERIALS AND METHODS
Soil and Amendment Sampling and
Characterization
In order to investigate the variability in microbial activity in
response to flooding, we used three different types of rice paddy
soils and three types of organic matter that are commonly
Frontiers in Environmental Science | www.frontiersin.org
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m/z range (100–1,100). The mass resolution was ∼350,000 at
m/z 321. All observed ions in the spectra were singly charged,
as confirmed by the 1.0034 Da spacing found between isotopic
forms of the same molecule (between 12 Cn and 12 Cn−1 −13 C1 ).
DataAnalysis software (BrukerDaltonik version 4.2) was used to
convert raw spectra to a list of peak locations applying FTMS
peak picker with the absolute intensity threshold set to the default
value of 100. To further reduce cumulative errors, all sample peak
lists within a dataset were aligned to each other prior to formula
assignment to eliminate possible mass shifts that would impact
formula assignment.
Chemical formulas were assigned using Formularity software
(Tolić et al., 2017). The following criteria were used for formula
assignments: signal to noise ratio, S/N >7, mass measurement
error <1 ppm, and C, H, N, O, S, and P were the only elements
considered. The presence of P cannot be confirmed through
isotope analogs in the same way as the other elements. Therefore,
P was only included in formulas where a single P atom was
accompanied by at least four O atoms and two P atoms by at least
seven O atoms. Additionally, we consistently picked the formula
with the lowest error and the lowest number of heteroatoms,
since molecules containing both P and S are relatively rare.
All calculated formulas were screened according to a list of
selection criteria previously applied to eliminate those unlikely
to occur in natural organic matter (Koch and Dittmar, 2006;
Kujawinski and Behn, 2006; Stubbins et al., 2010). The possibility
for other potential formula assignments within our mass error
ranges increases with increasing mass or mass to charge ratios.
Thus, peaks with large mass to charge ratios (m/z values >500)
often have multiple possible formulas. These peaks were assigned
formulas through the detection of homologous series (CH2 , O,
H2 ). Specifically, whenever an observed m/z >500 could be
assigned by adding the m/z of a group (CH2 , O, H2 ) consistent
with a homologous series to the m/z of an already putative
assignment for a smaller compound, the formula for the large
compound was assigned in this manner. If no chemical formula
matched an m/z value within the allowed error, the peak was
not included in the list of elemental formulas (i.e., the peak was
unassigned).
Organic compound composition was assigned to major
biochemical classes based on the molar H/C (y-axis) and O/C (xaxis) ratios (Kim et al., 2003; Šantl-Temkiv et al., 2013; Hodgkins
et al., 2014; Tfaily et al., 2015). Our abundance calculations
assumed equal concentrations for all compounds with an
assigned molecular formula; in other words, the intensity of the
peak was disregarded and a simple presence/absence approach
was employed to assign relative abundance. This approach
avoids biases incurred by different ionization efficiencies for
different types of compounds and potential interferences
between compounds or from complexation with metals. In
general, the ionization efficiency is determined by the ability
of different functional groups to stabilize the charge. In
negative ion mode, ESI preferentially ionizes molecules that
can carry a negative charge as a result of deprotonation. For
example, acidic functional groups, such as carboxylic acids,
are easily deprotonated and preferentially ionized relative to
alcohols or nitrogen-containing compounds. This leads to

fully aerated system (headspace and solution) to convert to
anoxic conditions; a preliminary test (with another, but very
similar, mineral paddy soil) using optical spot sensors (PreSens,
Germany) showed that O2 was depleted (<3 µmol/L) in the
solution of all amended vials after 2–3 days of incubation (data
not shown), although O2 still remained in the headspace of some
treatments. At the end-point, the solution from vials treated with
glucose was filtered (0.2 µm) and analyzed for residual glucose,
using an assay kit (Sigma-Aldrich, Stockholm, Sweden). The
second set of mesocosms was kept in an incubator at 25◦ C and
used to measure CO2 , CH4 , and O2 on a Shimadzu GC-2014 at
four time points: 0.5, 1.5, 2.5, and 5.5 days after flooding. The
total CO2 /CH4 -production and O2 -consumption were calculated
as the sum molar content of each gas in the headspace and
solution using Henry’s law (assuming equilibrium, atmospheric
pressure, and negligible chemical reactions between gases and
water). Solution samples were taken by a luer-lock needle/syringe
assembly after gas sampling at the same time points (and same
vials). Solutions were passed through a syringe filter (0.2 µm) and
immediately analyzed for pH and acidified to 2% with nitric acid
for analyses of dissolved concentrations of Fe and S by ICP-OES.
Sampled mesocosms were removed from the experiment (i.e.,
each gas/solution measurement point was performed on unique
replicate vials).

Water Soluble C Characterization
Water soluble organic C concentrations in soils and amendments
(except glucose) was determined on water extracts (1:10 soil:DIwater, w/v) by the non-purgeable organic C (NPOC) method on a
Shimadzu TOC-L analyzer with in-line acidification (phosphoric
acid) and He-purging of samples to volatilize inorganic C.
The chemical composition of water-soluble organic C was
examined using a 12 Tesla Bruker SolariX Fourier transform
ion cyclotron resonance mass spectrometer (FT-ICR-MS) within
the Environmental Molecular Sciences Laboratory (EMSL),
Richland, WA, USA. Extracts were diluted 1:2 (v/v) with LCMS grade methanol less than 30 min before analysis to minimize
potential esterification. Samples were injected directly into the
mass spectrometer at a concentration of 20 ppm. A standard
Bruker electrospray ionization (ESI) source was used to generate
negatively charged molecular ions. Samples were introduced to
the ESI source equipped with a fused silica tube (30 µm i.d.)
through an Agilent 1200 series pump (Agilent Technologies)
at a flow rate of 3.0 µL/min. Experimental settings followed
previously established optimal parameterization: needle voltage
+4.4 kV; Q1 set to 50 m/z; heated resistively coated glass capillary
operated at 180 ◦ C. All samples were run with instrument
settings optimized by tuning on the IHSS Suwannee River fulvic
acid standard. The instrument was externally calibrated weekly
with a tuning solution from Agilent, which calibrates to a mass
accuracy of <0.1 ppm and contains the following compounds:
C2 F3 O2 , C6 HF9 N3 O, C12 HF21 N3 O, C20 H18 F27 N3 O8 P3, and
C26 H18 F39 N3 O8 P3 with an m/z range of 112–1,333. Forty-four
individual scans were averaged for each sample, and they were
internally calibrated using an organic matter homologous series
separated by 14 Da (−CH2 groups). Mass measurement accuracy
was typically within 1 ppm for singly charged ions across a broad
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complete oxidation of all water soluble C to CO2 with O2
as the electron acceptor (i.e., if all soluble C was oxidized
through aerobic respiration) (Table 1). Using the measured net
O2 -consumption, net dissolution of Fe, and net consumption of
dissolved S, and the stoichiometrically proportional production
of CO2 per mol terminal electron acceptors (TEA) consumed
(Table 2), we also calculated the total Gibbs free energy that was
generated from respiration with O2 , ferrihydrite [Fe(OH)3 ], and
SO2−
4 as TEA, respectively (Table 2).

charge competition when both compound types are present in
an extract. For example, compounds that contain carboxylic
functional groups will be more readily ionized than compounds
like lignin, tannins, and sugars, which are rich in hydroxyl
functional groups. In general, compound classes ionize in the
following order: lipids > lignin > hydrophilic tannins/sugars. In
this study, all samples were run under similar condition, with
similar starting concentrations. The effect of noise peaks was
minimized by only assigning formulas to peaks with S/N >7.

Calculations and Statistical Analyses

RESULTS

All statistical analyses (ANOVA and linear regression analyses)
were performed in R Studio R Version 1.1.383 (RStudio, Inc.).
We used the FT-ICR-MS data from the water extracts of
soils and organic substrates to calculate the predicted heat
output based on Equation 1 and the Gibbs free energy of the
C oxidation reaction (1G◦ox ) for respiration. For this purpose
the stoichiometry of each assigned formula was used to calculate
the nominal oxidation state of C (NOSC) for that compound
(LaRowe and Van Cappellen, 2011):
NOSC = 4 −

4c + h − 2o − 3n − 2s + 5p − z
c

For all three soils, both heat output and respiration increased
in the order control<CS<M<DS<Gluc over a ∼5 d period,
although initially the microbial response to flooding in
the different treatments deviated slightly from this order
(Figure 1). The duplicate vials generated very similar heat signals
(Figures 1A–C) and respiration data (Figures 1D–F), which
validates the comparison of calorimetry and gas measurements
conducted on separate vials. Statistical analyses (one-way
ANOVA, all soils combined, N = 6) confirmed significant
treatment differences in heat and CO2 output (P < 0.05).
Although the calorespirometric ratios ranged from 440 to
1,110 kJ per mol CO2 (Table 3), there was a clear linear
relationship between heat dissipation and CO2 generation across
all treatments and soils (Figure 2), with a slope of 0.86 and
an intercept of −0.57 J at 0 µmol CO2 , suggesting an average
Rq /RCO2 of ∼800 kJ mol−1 CO2 for these systems (R2 = 0.77,
P < 0.001, linear regression not shown in Figure 2). However,
the mineral paddy soil exhibited a different response pattern to
the glucose treatment with substantial heat emissions compared
to all other treatments (including glucose in the two other
soils) (Figure 3), suggesting this system comprised an extreme
case. Excluding this potential outlier, the linear fit improved
(R2 = 0.85, P < 0.001) and the slope changed to 0.65 with

(2)

where the letters represent the stoichiometric numbers for the
elements with the corresponding capital symbol (C, H, O, N,
S, P) and z is the charge of the molecule. The average NOSC
for all identified compounds in the water extract was then used
to calculate the Gibbs free energy of the initial water soluble C
(LaRowe and Van Cappellen, 2011):
1G◦ox = 60.3 − 28.5 · NOSC [kJ per mol C]

(3)

We used this average multiplied by the total amount (mol-C)
of water soluble C in each vial (soil+amendment) to calculate
the maximum Gibbs free energy that would be released through

TABLE 1 | Soil and amendment properties.
Soil

Country

Texture

pH

Total C (%)

Total N (%)

Total S
(mg g−1 )

Watersoluble C
(mg g−1 )

Average
NOSC of
soluble C

1G of soluble
C (J g−1 )

1.0

Peaty Paddy Soil

Vietnam

Silty clay loam

3.9

9.4 (0.3)

0.33 (0.02)

8.5

0.21 (0.00)

−0.50

Acid Sulfate Soil

Vietnam

Silt loam

3.5

13.0 (0.1)

0.57 (0.01)

9.8

0.40 (0.01)

−0.56

2.5

Mineral Paddy Soil

Cambodia

Silty clay

5.4

1.6 (0.0)

0.17 (0.00)

0.36

0.16 (0.06)

−0.53

1.3

Amendment

Acronym

Enthalpy of
combustion
(MJ kg−1 )

pH

Total C (%)

Total N (%)

Total S
(mg g−1 )

Watersoluble C
(mg g−1 )

Average
NOSC of
soluble C

1G of soluble
C (J g−1 )

Glucose

Gluc

15.6†

n/a

40.0

0.00

400.0

0.00

1332
163

0.00
Dried rice straw

DS

14.7 (0.1)

6.3

37.3 (0.8)

0.89 (0.10)

0.19 (0.01)

24.9

−0.65

Charred rice straw

CS

6.8 (0.7)

9.1

14.6 (0.4)

0.62 (0.02)

0.42 (0.03)

1.6

−0.21

9

Cattle Manure

M

n/a

n/a

40.2 (0.6)

2.40 (0.14)

0.34 (0.01)

20.0

−0.71

134

†

Values in parentheses denote standard deviation from triplicate measurements where applicable, n/a denotes not analyzed. Value taken from Herrmann et al. (2014), Supplementary
Material.
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TABLE 2 | Half-reactions for reduction of terminal electron acceptors (TEA) considered for the respiration calculations with Gibbs free energy (kJ per mol e− ) from Arndt
et al. (2013) and stoichiometric relation to oxidized C, assuming complete oxidation to CO2 .
Reaction
O2 + 4H+ + 4e− → 2H2 O

1G◦red (kJ per mol e− )

mol CO2 produced per mol TEA consumed

−122.7

4/(4-NOSC of C substrate)

Fe(OH)3 + 3H+ + e− → Fe2+ + 3H2 O

−94.7

1/(4-NOSC of C substrate)

+
−
−
SO2−
4 + 9H + 8e → HS + 4H2 O

−24.0

8/(4-NOSC of C substrate)

this analysis is reasonable given it was added in solution and,
hence, substrate solubility would not be a limiting factor in
this system. Considering the strong correlation with soluble
C and that CO2 -production comprised <40% of this pool
(Figure 5C), we assumed that all CO2 produced during the
incubation originated from the initial soluble C pool, which
was comprised of soluble organic matter from the soil plus
the soluble portion of the amendment. Thus, we calculated
the Gibbs free energy that would have been released by
respiration, based on the fraction of total soluble C that had
been converted to CO2 , using O2 - and S-consumption and
Fe-dissolution to stoichiometrically partition CO2 production
between aerobic, Fe(III), and SO2−
4 respiration (which were the
only respiration pathways we could approximately constrain in
this study) according to values in Table 2. This generated a
strong correlation between calculated 1Gs and the heat outputs
(R2 = 0.69, P < 0.001; Figure 5B, dashed line), in spite of
evidence of other metabolic pathways, such as methanogenesis
(Table 3) and fermentation, being active to some extent in all soils
and treatments. The relationship between 1Gs and heat outputs
improved when the glucose treatment was excluded (R2 = 0.78,
P < 0.001; Figure 5B, solid line). Post-experiment analyses of
the glucose treated vials showed that no glucose remained in
solution after 5 days of incubation, although only a small fraction
of the added C (2–3% mol-C/mol-C basis, Figure 5C) had
been converted to CO2 , indicating fermentation and/or other
non-CO2 generating metabolism must have been active in this
treatment.
In contrast to soluble C, there was no correlation between
CO2 or heat production and the initial amount of total C or
combustion enthalpy of the materials (data not shown).

an intercept close to 0, suggesting an average Rq /RCO2 of
650 kJ mol−1 CO2 , which is similar to previously reported
values for saturated soils (Barros et al., 2016). Also shown in
Figure 2 is the calculated heat output from Equation (1) (open
diamond symbols, thin solid regression line), assuming (i) all
CO2 was produced from O2 consumption and (ii) that the
average NOSC of initial soluble C (Table 3) is representative of
the substrate used. However, O2 -consumption did not match
the CO2 -production (Table 3), suggesting anaerobic metabolism
accounted for 33–62% of the CO2 production. Thus, we also
calculated the heat that would be generated from no-growth
aerobic respiration using the measured O2 consumption data and
the oxycaloric equivalent (Equation 1), and plotted this against
the measured CO2 production in Figure 2 (x symbols, dashed
regression line). The deviation between this and the measured
data represents heat generating processes that do not consume
oxygen, which we interpret as anaerobic metabolic processes.
Indeed, we observed a net increase in dissolved Fe and detected
methane in all vials (Table 3), although the methane production
was limited in the peaty paddy soil. Methane production in
the mineral paddy soil was more than an order of magnitude
higher than in the other two soils. The DS treatment produced
the most methane in each soil, followed by Gluc in the peaty
paddy and acid sulfate soils and M in the mineral paddy soil.
The Fe-dissolution followed the same order as the heat and
CO2 production (control<CS<M<DS<Gluc). Net S removal,
an indicator of sulfate reduction, only occurred in the CS, M,
and DS treatments in the mineral paddy soil (Table 3). In spite
of the use of pH 7 TRIS buffer, pH was remarkably lower in the
peaty paddy and the acid sulfate soils than in the mineral paddy
soil (Table 4). In general, pH remained within ±0.5 units of the
values measured on day 1 throughout the incubation, with the
exception of the M and DS treatments in the mineral paddy soil,
which increased by 0.7 and 0.8 pH units respectively from day 1
to day 5.
In order to better understand the causes of variability in
metabolic response between the different soils and treatments,
we examined the organic matter solubility (Table 1) and chemical
composition in water extracts from soils and substrates with FTICR-MS (Figure 4, Table 5). All three soils had average NOSC
values ∼-0.5 and the amendments ranged from 0 to −0.71 in
the order Gluc>CS>DS>M, but due to the large variation in
solubility of the amendment C (Table 1), the calculated total
Gibbs free energy of the added soluble C varied immensely
(Table 1). Linear regression analyses showed that the amount
of added soluble C in complex organic matter (i.e., excluding
glucose) was clearly correlated with respiration rate, with an
R2 = 0.91 (P < 0.001) (Figure 5A). Excluding glucose from
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DISCUSSION
Our results show that there is a correlation between heat
generation and respiration even at non-steady state conditions
in heterogeneous systems with complex substrates and a
mix of metabolisms. As expected, in systems with mixed
aerobic/anaerobic metabolism, the relationship (∼650 kJ per
mol CO2 ) deviated from the 460 kJ per mol CO2 that was
predicted by Equation (1) using the oxycaloric equivalent,
the total CO2 generation, and the average NOSC of soluble
organic C (Figure 2). Given the complexity of the systems, we
cannot rule out abiotic processes that may have contributed
to offsetting either heat or CO2 production rates, but they are
likely to be minor relative to the microbial activity following
C addition and re-wetting of soils; Herrmann et al. (2014) did
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FIGURE 1 | Cumulative heat output (A–C) and respiration (D–F) for the first 5 days after flooding. Soils from top to bottom: peaty paddy soil (A,D), acid sulfate soil
(B,E), and mineral paddy soil (C,F). Colors represent treatments: Control, black; CS, gray; M, red; DS, green; Gluc, blue. Duplicate vials are depicted by thick and thin
lines. The dashed and dotted lines in the respiration figures (D–F) are only intended as guides for the eye as sampling was made on separate vials for each time point
(i.e., there is no direct connection between the vials plotted within the same series other than that they belong to the same treatment). Data points marked with X
denote gas samples where the GC measurements failed. Vertical dotted lines in the heat figures (A–C) indicate sampling times for the respiration measurements.
Arrows denote intervals (1–3) used for calculating rates between sampling points.

those predicted by Equation (1) and the average NOSC in
the initial soluble C pool (Figure 6). This revealed that the
measured Rq /RCO2 in the initial phase in most cases was close
to or lower than that predicted from Equation (1), which
indicates growth (i.e., endothermic anabolism) and dominance
of aerobic catabolism, although minor contributions from early
anaerobiosis cannot be ruled out. After 1.5 days, the measured
Rq /RCO2 values were always higher (and often much higher)
than those predicted from Equation (1) (Figure 6). Thus, in this
experiment, increasing contribution from anaerobic metabolism
resulted in increasing Rq /RCO2 values, which is in contradiction
to predictions based on heat dissipation relative to biomass
yield (von Stockar and Liu, 1999) and expectations from
thermodynamic calculations of CO2 -yielding fermentation and
anaerobic respiration reactions (Hansen et al., 2004). However,
an Rq /RCO2 higher than predicted by Equation (1), can be
explained in several ways:

not observe any abiotic heat dissipation in gamma-irradiated
sterilized soils amended with glucose. Thus, the deviation from
predicted values must be attributed to anaerobic metabolism,
as the Rq values calculated from O2 -consumption were even
lower than those predicted by Equation (1) (Figure 2). Given
the generally lower enthalpy dissipation per unit biomass
formed for fermentation and anaerobic respiration compared
to aerobic respiration (von Stockar and Liu, 1999), this may
seem surprising. However, it is important to distinguish between
the relationship of heat to anabolic reactions, as examined
in von Stockar and Liu (1999), and that of heat to catabolic
reactions, as examined here and in other calorespirometry studies
(Hansen et al., 2004). Therefore, to elucidate the influence of
anaerobiosis on the calorespirometric ratios, we divided the
incubation period into an initial, aerobic phase (sampling points
0.5–1.5 days) and a mixed aerobic/anaerobic phase (1.5–5.5
days) and calculated the deviation of measured Rq /RCO2 from
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TABLE 3 | Net change in dissolved Fe and S concentrations, total methane production, total O2 -consumption, and calorespirometric ratios for the 5 days of incubation.
Soil

Treatment

1Fe
(µmol g−1 soil)

1S
(µmol g−1 soil)

CH4
(nmol g−1 soil)

−1O2
(µmol g−1 soil)

1CO2
(µmol g−1 soil)

Rq /RCO2
(kJ mol−1 CO2 )

Peaty paddy soil

Control

1.4

1.1

0.7

5.8

7.7

443

CS

2.0

0.4

6.5

4.7

8.0

607

M

4.3

1.4

6.1

6.4

13.6

469

6.2

1.6

19.9

11.6

21.6

468

12.6

2.5

19.5

12.6

27.0

567

DS
Gluc
Acid sulfate soil

Mineral paddy soil

Control

6.5

0.7

12.0

5.8

9.4

536

CS

6.2

2.8

23.1

6.9

10.3

669

M

10.4

5.0

35.5

7.4

16.6

579

DS

15.8

8.0

89.3

11.4

22.7

771

Gluc

26.3

5.7

54.0

15.1

29.4

725
770

Control

0.6

0.5

0.2

3.0

6.3

CS

0.9

−0.7

34.4

4.5

8.4

828

M

5.9

−1.4

1080

12.1

14.7

795

DS

17.4

−1.4

3300

14.1

20.1

623

Gluc

44.0

0.3

149

13.9

30.9

1103

Reported values are differences between averages of duplicate measurements on day 5.5 and averages of duplicate measurements on day 0.5 of the incubation (different vials at days
0.5 and 5.5).

environment, where CO2 is simultaneously produced by
heterotrophs and consumed by autotrophs, the net effect will
be seen as an increase in Rq /RCO2 relative to a system with
only heterotrophic metabolic processes (as that considered in
Equation 1).
• Other “hidden” metabolic cycles & recycling of
metabolites. In addition to fermentation and autotrophy,
chemolithoheterotrophic strategies (inorganic energy source,
organic biomass source) also deviate from Rq /RCO2 values
predicted by Equation (1), as they generate (some) heat
without producing CO2 or consuming O2 .
• Utilization of more reduced compounds than the average
available substrate. This is technically not an exception from
the rule represented in Equation (1), but a matter of knowing
which substrate was used for the metabolic reaction, which
is difficult in complex systems. Because Rq /RCO2 depends
on the oxidation state of the substrate, deviations from the
predicted value in a fully aerobic system can be interpreted as
an indication that a more reduced (higher Rq /RCO2 ) or more
oxidized (lower Rq /RCO2 ) substrate than predicted was used
(Barros et al., 2016).

• Incomplete metabolic oxidation of organic substrates to CO2 .
This is the case for fermentation, which is accomplished
through disproportionation of a substrate into smaller
molecules, with variable thermodynamic implications. For
example, glucose fermented to lactate leads to a standard
enthalpy change of −120 kJ per mol glucose (i.e., 20 kJ of
dissipated heat per mol C fermented), with no simultaneous
CO2 -production. Hence, Rq /RCO2 is infinitely large for this
process. In contrast, fermentation of glucose to ethanol
produces 2 mol CO2 per mol glucose plus H2 and ethanol,
a process that at standard state releases 37.2 kJ heat per
mol CO2 . This is an order of magnitude less than the
468 kJ per mol CO2 released for glucose oxidation with
O2 . However, the subsequent use of H2 (and/or CO2 ) in
anoxic systems, for example by autotrophic methanogens,
can be highly exothermic (von Stockar and Liu, 1999). Thus,
although fermentation is a low-enthalpy metabolic process
in terms of heat dissipation per unit biomass formed, the
heat per unit CO2 can still be higher than for aerobic
respiration. The relationship between the two is dependent
on the fermentation pathway and the subsequent fate of
the metabolites. Incomplete oxidation of substrates is also
common for anaerobic respiration (Coates et al., 1999;
Detmers et al., 2001; Heidelberg et al., 2004), again potentially
resulting in higher heat dissipation per unit CO2 even if the
heat dissipation per unit biomass yield is lower.
• Autotrophic metabolism. Microorganisms that use CO2 for
synthesizing biomass still need to dissipate heat from their
catabolic processes, which can be highly exothermic (e.g.,
methanogenic autotrophy) (von Stockar and Liu, 1999). Thus,
chemoautotrophic metabolism by itself would yield a negative
calorespirometric ratio. However, in a mixed metabolic
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With the experimental approach used here, we cannot fully
decipher which of these processes led to the high Rq /RCO2
values, but all could have contributed to some extent. In
the glucose treatment, fermentation and/or respiration with
incomplete oxidation must have occurred as the CO2 production
only accounted for 2–3% of the removed glucose (mol-C/molC basis). It is likely that fermentation was also active in the
other treatments, although we cannot confirm this without postexperimental analyses of the soluble C fraction. The dissolution
of Fe (all soils and treatments) and disappearance of S (some soils
and treatments) from solution, strongly suggests that one or more

8

May 2018 | Volume 6 | Article 15

Boye et al.

Energy Balances of Redox Processes

FIGURE 2 | Average respiration rate (µmol CO2 per g soil per day) during 5
days of incubation, plotted against the average heat output rate (J per g soil
per day) for the same period. Soils are represented by different symbols and
shades (light  = mineral paddy soil, medium 1 = acid sulfate soil, dark
◦ = peaty paddy soil) and the colors correspond to treatments: Control, black;
CS, gray; M, red; DS, green; Gluc, blue. Error bars denote standard error of the
mean of the duplicates. Open diamonds show the predicted heat dissipation
(Equation 1) if all CO2 had been produced from aerobic respiration (assuming
no-growth). Crosses show predicted heat output from aerobic respiration
based on O2 -consumption and the oxycaloric equivalent (455 kJ mol−1 O2 )
plotted against measured CO2 -production. Lines indicate regression fits (with
equations and R2 -values given in the figure) for calculated aerobic respiration
heat output (thin solid line and dashed line for CO2 -based and O2 -based
calculations, respectively) and measured respiration and heat output (thick
solid line), excluding the glucose treatment in the mineral paddy soil.

anaerobic respiration pathways were active and contributed to
heat release without proportional CO2 production (predicted by
Equation 1), if the substrate was not completely oxidized. Both Fe
and sulfate reduction are further subject to recycling of reaction
intermediates and products (Weber et al., 2006; Canfield et al.,
2010; Holler et al., 2011; Pester et al., 2012; Friedrich and Finster,
2014; Hansel et al., 2015; Berg et al., 2016), which constitute
“hidden” or “cryptic” cycles when net measurements of total
concentrations are used. Similarly, the detection of methane in
all vials suggests that recycling of CO2 to methane may have
contributed to lowering the net CO2 production, while emitting
more heat than that expected from heterotrophic metabolism.
However, we cannot partition between methane produced from
acetate (or other organic compounds) and that produced from
CO2 with the simplified approach used here and, thus, cannot
reliably estimate heat generation from methanogenesis.
In complex systems, such as those examined here, it is
impossible to determine exactly what substrate(s) were used at
what time. However, the correlation between CO2 production
and the initially available soluble C, as well as that between
produced heat and the calculated 1G released by aerobic
and anaerobic (Fe(III), SO2−
4 ) respiration of C from this pool
(Figure 5), strongly suggests that the utilized substrates were in
the soluble C pool. Even so, it is likely that the substrate used
in the metabolic reactions (both aerobic and anaerobic) differed
in NOSC from the average NOSC of the water-soluble C, as
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FIGURE 3 | Heat flow (µW per g soil) over the course of the 5-day incubation.
Colors represent treatments: Control, black; CS, gray; M, red; DS, green;
Gluc, blue. Duplicate vials are depicted by thick and thin lines. Vertical dotted
lines indicate sampling times for the respiration measurements.

some compounds are more suitable for direct metabolism than
others. Linear correlation analyses of produced CO2 relative to
the estimated amount of different types of compounds that were
present in the initial soluble C pool, provided strongest fits for
the carbohydrate- and aminosugar-like groups (Table 5). These
groups contain compounds that are commonly used substrates
and that on average have NOSC values similar to the overall
average for the soluble C. However, protein-like and (although
less strongly) lipid-like and unsaturated hydrocarbon types of
compounds also correlated with CO2 , suggesting substrates
with a considerably lower NOSC than the overall average were
also metabolized. This explains, in part, the higher Rq /RCO2
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variabilities in the microbial community composition among the
soils. Given the overall higher metabolic activity (respiration and
heat production) in glucose-amended vials, which is consistent
with its thermodynamic and kinetic favorability for metabolic
reactions, it is intriguing that both the dried straw and manure
treatments generated a higher methane-production than the
glucose treatment (Table 3). It is possible that the lower pH
in the glucose treatment (Table 4) contributed to this effect, as
methanogens are most active at circumneutral pH (Oh et al.,
2003; Liu et al., 2008). It is also possible that the first pulse
of aerobic respiration depleted the smaller pool of soluble and
favorable organic substrates available in the dried straw and
manure treatments, while generating enough CO2 to allow
autotrophic methanogens to compete with heterotrophs (for
H2 ); the first respiration pulse occurred earlier in these two
treatments than in the glucose treatment (Figure 3). More
surprising, perhaps, is that we only observed indications of
sulfate reduction in the charred straw, dried straw, and manure
treatments of the mineral paddy soil, which had the lowest initial
sulfur concentration (Table 1) and the highest pH (Table 4).
Further, the estimated proportion of anaerobically generated
CO2 produced by sulfate reduction (0.27, 0.56, and 0.56 µmol
CO2 per g soil and day for CS, M, and DS, respectively) was
larger than that of iron reduction (0.04, 0.25, and 0.40 µmol CO2
per g soil and day) in all three treatments in this soil. It is likely
that the gross rates of iron and sulfate reduction were higher
than those measured by net changes in total dissolved Fe and S
concentrations, as considerable recycling of Fe(II) and S redox
intermediates is known to occur (Weber et al., 2006; Canfield
et al., 2010; Holler et al., 2011; Pester et al., 2012; Friedrich and
Finster, 2014; Hansel et al., 2015; Berg et al., 2016). Therefore,
future work that includes more detailed measurements of Fe and
S speciation [e.g., Fe(III) mineralogy, soluble Fe2+ , HS− , and
SO2−
4 concentrations], would elucidate whether the unexpected
absence of sulfate reduction in the peaty paddy and acid sulfate
soils is real or hidden due to the recycling of sulfur. Likewise,
such measurements would help resolve the reasons for the
high methanogen-activity and apparent dominance of sulfate
reduction over Fe-reduction after amendment with organic
substrates in the mineral paddy soil.
In summary, this experiment showed that the microbial
activity in soils (heat release and respiration) is strongly
correlated with the availability and oxidation state of soluble
organic C, indicating that the substrates used for metabolic
reactions are found in this pool. This enhances the possibilities
to use thermodynamic calculations to predict and evaluate
metabolic processes in environments with complex organic
matter, as long as the stoichiometric composition of the soluble
organic C pool can be determined (e.g., by FT-ICR-MS). Our
results further indicated that the chemical composition of
the soluble C added with the amendments initiated divergent
anaerobic respiration behavior, impacting methane production
and the partitioning of elements between soil solid phase and
solution. This variability led to non-uniform stimulation of
carbon dioxide production per unit carbon added and off-set
the calorespirometric ratios (Rq /RCO2 ) from predicted values
for aerobic respiration; but there was still a strong linear

TABLE 4 | pH (average of duplicate vials ± standard deviation) in solution after
1.5 and 5.5 days of incubation, respectively.
Soil

Treatment

Peaty paddy soil

Control

4.1 ± 0.1

4.1†

CS

5.2 ± 0.2

5.0 ± 0.0

M

4.3 ± 0.1

4.8 ± 0.0

DS

4.5†

4.8 ± 0.0

Gluc

4.1†

4.0 ± 0.0

Control

3.5 ± 0.0

4.0 ± 0.0

CS

4.8 ± 0.2

4.7 ± 0.0

M

4.4 ± 0.3

4.7 ± 0.1

DS

n/a

5.0 ± 0.4

Gluc

4.3†

4.4 ± 0.0

Control

5.9 ± 0.3

6.2 ± 0.3

CS

7.0 ± 0.0

6.9 ± 0.1

M

6.3†

7.0 ± 0.0

DS

6.1 ± 0.1

6.9 ± 0.1

Gluc

5.5 ± 0.3

5.2 ± 0.1

Acid sulfate soil

Mineral paddy soil

pH (0.5 days)

pH (5.5 days)

†

n/a = not analyzed. Only one measurement taken.

ratios observed than predicted in this experiment. Indeed, using
Equation (1) we can calculate the NOSC that would be required
to generate the measured Rq /RCO2 values with purely aerobic
respiration, and arrive at values ranging from 0.1 to −3.3
(excluding the glucose treatment in the mineral paddy soil),
with most values falling below −1. However, there were no
molecules identified in any of the soil or amendment water
extracts with a NOSC below −1.83 (minimum NOSC ranged
from −1.7 to −1.83), which corresponds to a Rq /RCO2 ratio
of 663 kJ per mol CO2 i.e., almost identical to the 650 kJ per
mol CO2 we arrived at with the linear regression of measured
values (Figure 2). Therefore, we can conclude that anaerobic
metabolism must have contributed to off-setting the Rq /RCO2
from the prediction, as shown above, as it is unlikely that only
the most reduced substrates were used. Except for the glucose
treatment in the mineral paddy soil, the calorespirometric ratios
obtained in our study are reasonable and within range of what
can be expected even in purely aerobic systems with the identified
soluble substrates. The extreme Rq /RCO2 value obtained for the
glucose treatment in the mineral paddy soil would have required
a substrate with a NOSC < −4 if only aerobic respiration
was active. Thus, low CO2 -yielding anaerobic metabolism, such
as fermentation and methanogenesis from CO2 , must have
occurred in this treatment.
We conclude that much of the variability between soils
and treatments in overall microbial response to flooding can
be explained by organic substrate solubility and the oxidation
state of water soluble C (a corollary to thermodynamic yield
and viability of microbial C oxidation). However, at a more
detailed level, we observed highly variable responses in the types
of metabolic processes that were stimulated by the different
amendments, particularly in the mineral paddy soil. This could
potentially be attributed to the differences in pH (Table 4) or
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FIGURE 4 | Initial total water soluble C (µmol per g soil) in soils and added substrate materials (bars). Pie charts and bar colors show the relative distribution of
compound classes determined from H/C and O/C ratios in molecule formulas identified by FT-ICR-MS.

TABLE 5 | Initially available substrates (µmol C g−1 soil) in solutions, estimated from relative distribution among different compound classes, based on H/C and O/C
ratios (Kim et al., 2003; Šantl-Temkiv et al., 2013; Hodgkins et al., 2014; Tfaily et al., 2015) in molecular formulas identified with FT-ICR-MS, in water extracts and the total
amount of water soluble C per g of soil.
Soil

Treatment

Tannin

Condensed
hydrocarbon

Carbohydrate

Lignin

Aminosugar

Unsaturated
hydrocarbon

Protein

Lipid

Unknown

Peaty paddy
soil

Control

1.6

1.3

1.1

6.0

1.2

0.1

3.0

2.3

0.5

CS

1.9

5.1

1.9

7.7

1.5

0.1

3.5

2.9

0.8

M

3.0

3.3

4.1

19.5

3.6

0.6

10.5

9.0

1.3

DS

2.8

4.1

6.5

13.9

5.7

4.1

14.6

9.5

7.8

Control

2.6

2.0

2.7

12.6

2.1

0.4

7.0

2.6

1.5

CS

2.9

5.7

3.4

14.2

2.4

0.4

7.5

3.1

1.8

M

4.0

4.0

5.6

26.0

4.5

0.8

14.5

9.2

2.2

DS

3.8

4.7

8.0

20.5

6.6

4.4

18.7

9.7

8.8

Control

0.6

1.3

1.1

4.7

0.9

0.1

2.2

2.0

0.5

CS

0.9

5.1

1.9

6.4

1.1

0.1

2.8

2.5

0.9

M

2.0

3.3

4.1

18.1

3.3

0.6

9.8

8.6

1.3

DS

1.8

4.1

6.5

12.6

5.4

4.1

13.9

9.1

7.8

R2 (CO2 )

0.33

ns

0.96

0.39

0.98

0.80

0.93

0.82

n/a

NOSC

0.09

0.41

−0.42

−0.44

−0.64

−0.62

−0.97

−1.37

n/a

Acid sulfate
soil

Mineral
paddy soil

Also noted are the R2 -values for significant linear regressions of the substrate amount with total net CO2 production (µmol C g−1 soil) for the 5 day incubation period. R2 values in bold
have P < 0.001, otherwise P < 0.05, and ns denotes non-significant correlations. Note that the glucose treatment was excluded from these regression analyses.
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FIGURE 5 | Relationship between (A) initial amount of water soluble C and total respiration (µmol per g soil), excluding glucose treatment, and (B) total heat
dissipation during the incubation (J per g soil) and the calculated Gibbs free energy of respired C, calculated from average NOSC of initial water soluble C and the
fraction of this C that was respired with O2 , Fe(III), and SO2−
4 (assuming NOSC-unbiased utilization and complete oxidation to CO2 , using stoichiometric balances and
values from Table 1). In both (A,B) soils are represented by different symbols and shades (light  = mineral paddy soil, medium 1 = acid sulfate soil, dark ◦ = peaty
paddy soil) and the colors correspond to treatments: Control, black; CS, gray; M, red; DS, green; Gluc, blue. Linear regression fits and R2 -values are shown in solid
and bold for fits excluding glucose and dashed, normal font (B) for fit including glucose. (C) shows total amendment induced output of CO2 (solid) and CH4 (light,
shaded) as % of added water soluble C.

FIGURE 6 | Deviations of measured Rq /RCO2 , from those calculated by Equation (1) using NOSC of initial soluble C in soils and amendments, during the first day of
incubation (Left) and the subsequent 4 days (Right). Negative values indicate the measured Rq /RCO2 was lower than the predicted value.
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correlation between energy release and respiration rate. We
conclude that measurements which allow for energy and major
elemental mass balances to be established can provide insights
into the partitioning between main metabolic functions that
govern C, nutrient, and contaminant fate in highly complex
and transitory systems, such as paddy soils after flooding.
Continued investigations to this end would be useful in order
to further enlighten the mechanisms behind the observed
variability. A deepened understanding of these mechanisms and
their dependence on initial soil and organic matter properties will
facilitate the development of simplified models for predicting the
environmental outcomes of flooding.
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