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A B S T R A C T

Microbial carbon use efficiency (CUE) measures the partitioning between anabolic and catabolic processes.
While most work on CUE has been based on carbon (C) mass flows, the roles of organic C energy contents and
microbial energy demand on CUE have been rarely considered. Thus, a bioenergetics perspective could provide
new insights on how microorganisms utilize C and ultimately allow evaluating their role in C stabilization in
soils. Recently, the calorespirometric ratio (CR)—the ratio of heat dissipation and respiration—has been used to
characterize the efficiency of microbial growth in soils. Here, we formulate a coupled mass and energy balance
model for microbial growth and provide a generalized relationship between CUE and CR. In the model, we
consider two types of organic C in soils: an added substrate (e.g., glucose) and the native soil organic matter
(SOM), to also account for priming effects. Furthermore, we consider both aerobic and fermentation metabolic
pathways. We use this model as a framework to generalize previous formulations and generate hypotheses
on the expected variations in CR as a function of substrate quality, metabolic pathways, and microbial traits
(specifically CUE). In turn, the same equations can be used to estimate CUE from measured CR.

Our results confirm previous findings on CR and show that without microbial growth, CR depends only on
the rates of the different metabolic pathways, while CR is also a function of the growth yields for these
metabolic pathways when microbial growth occurs. Under strictly aerobic conditions, CUE increases with
increasing CR for substrates with a higher degree of reduction than that of the microbial biomass, while
CUE decreases with increasing CR for substrates with a lower degree of reduction than the microbial biomass.
When aerobic reactions and fermentation occur simultaneously, the relation between CUE and CR is mediated
by (i) the degree of reduction of the substrates, (ii) the rates and growth yields of all metabolic pathways, and
(iii) the contribution of SOM priming to microbial growth. Using the proposed framework, calorespirometry
can be used to evaluate CUE and the role of different metabolic pathways in soil systems.
. Introduction

Soil organic matter (SOM) provides both energy (catabolism) and
aterials for biosynthesis (anabolism) to soil microorganisms. The
artitioning of C between these two processes affects the ultimate fate
f C—either removed from the soil as CO2 or retained and stabilized
n SOM. Microbial carbon use efficiency (CUE)—the ratio of C used
or biosynthesis over C consumed—measures how much of the C used
y microbes is routed to anabolic reactions, and thus remains in the
oil (Cotrufo et al., 2013; Manzoni et al., 2018). This efficiency concept
s not new, as its origin can be traced back to studies on microbial
rowth in the late 1940s (Monod, 1949). However, only recently and
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thanks to methodological advances, CUE has become a frequently
measured parameter in soil C cycling studies. CUE varies across spatial
scales from microbial cell to ecosystem scale (Geyer et al., 2016; Man-
zoni et al., 2018) and is affected by soil physio-chemical environment,
climatic conditions, and soil microbial community composition and
their activity (Manzoni et al., 2012; Bölscher et al., 2020). Because the
drivers and variability of CUE are still not fully understood, finding
methods to quantify CUE reliably across systems and experimental
setups is particularly important.

While most work on C cycling has focused on CUE in terms of C
mass flows through microbial biomass, the partitioning of C to anabolic
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Fig. 1. Schematic of mass and energy flows: The interactions of substrate and SOM with soil matrix (abiotic) and microorganisms (biotic) are mass and energy dissipation processes
that result in the production of CO2 and heat. Abiotic processes are the reactions of organic C with soil minerals, and the biotic processes are the microbial growth reactions.
Microbial growth reactions are redox reactions in which organic C generally acts as electron donors and the source of C, and the inorganic compounds (such as O2, NO−

3 , SO2−
4

tc.) as electron acceptors. In this work, two sources of organic C are considered: an added substrate (e.g., glucose) and native soil organic matter C. Both biotic (at rate ∑

𝑈Biotic
𝑖 )

and abiotic processes (at rate ∑

𝐷Abiotic
𝑗 ) are considered for the degradation of the added substrate, whereas only biotic processes are considered for the native SOM (𝑈𝑆𝑂𝑀 ). If

the abiotic processes are endothermic reactions, then the yellow arrows would be directed towards the system.
and catabolic pathways (and thus CUE) can only be understood by con-
sidering the coupled C mass and energy flows (Roels, 1980a; Gommers
et al., 1988; Minkevich and Eroshin, 1973). Microorganisms that feed
on low energy (more oxidized) substrates are energy limited; therefore,
they cannot have high CUE and release more C per unit substrate
than C-limited microbes that feed on high energy (more reduced)
substrates. Thus, a bioenergetics perspective on CUE could leverage
the additional information that heat exchanges provide by combining
C and heat exchange measurements. This approach is referred to as
calorespirometry (Hansen et al., 2004).

Over the past two decades, measurements of heat produced during
organic matter decomposition have been increasingly used to quantify
microbial activity in soils; however, the application of these methods
is still in its early stage (Barros et al., 2016b; Arnholdt-Schmitt et al.,
2016; Arnholdt-Schmitt, 2017; Geyer et al., 2019; Colombi et al.,
2019; Maskow et al., 2019). One of the earliest examples of using
heat as a proxy for microbial activity was to assess the effect of pH
and substrate addition on heat dissipated in soils (Ljungholm et al.,
1979). Since then, calorimetry has emerged as a useful tool in soil
science because of its nondestructive measurement capabilities (Barja
and Núñez, 1999; Barros et al., 2011; Chaires et al., 2015; Herrmann
and Bölscher, 2015; Bölscher et al., 2017; Herrmann and Colombi,
2019). While C fluxes provide information only on decomposition
rates, calorespirometry—by combining heat production and respiration
rates—can provide insights into the chemical nature of substrates and
the metabolic pathways supplying microbial growth (Hansen et al.,
2004). Several authors have shown the potential of using the ratio of
heat production rate and respiration rate to characterize the oxidative
state of organic compounds and microbial growth yield (Roels, 1980a;
von Stockar and Marison, 1989; Hansen et al., 2004). This ratio is re-
ferred to as calorespirometric ratio (CR). The CR is typically expressed
in kJ C-mol−1 CO2 when the heat production rate is in kJ g−1 soil
h−1 and the CO2 production rate is in C-mol CO2 g−1 soil h−1. In
soils, Sparling (1983) was the first to report the observed value of the
CR and relate it to microbial growth. Building on these applications,
CR can be used to estimate CUE (Hansen et al., 2004). Recently, Geyer
et al. (2019) compared CUE estimates from CR to those from other
methods, showing that the CR-based method can be useful only when
considering multiple metabolic pathways in the calculations, which is
2

rarely done.
In this article, we explore the potential of calorespirometry to
evaluate soil microbial metabolism on simple substrates and SOM via
priming. Several approaches from the biotechnology and thermody-
namics literature have been proposed to relate carbon and heat fluxes
associated with microbial processes (Minkevich and Eroshin, 1973;
Nagai, 1979; Roels, 1980a; Birou et al., 1987; von Stockar and Birou,
1989; Gnaiger and Kemp, 1990; von Stockar and Liu, 1999; Matheson
et al., 2004; Kleerebezem and Van Loosdrecht, 2010; Battley, 2013).
However, a comprehensive synthesis relevant to soil science, including
both metabolism on simple substrates and SOM via priming, is missing
and motivates the development of a general theoretical framework for
soil bioenergetics.

The heat and CO2 production rates measured in calorespirometric
experiments are the average responses of a multitude of metabolic
reactions; e.g., aerobic and anaerobic respiration, fermentation, and
biosynthesis. This makes interpretation of CR data challenging. Cur-
rently, models used to link CUE and CR are mostly based on aerobic
conditions (Maskow and Paufler, 2015; Wadsö and Hansen, 2015;
Hansen et al., 2004), hence these approaches have limited applicabil-
ity (Geyer et al., 2019). Under aerobic conditions and in non-growing
systems, a theoretical value of CR can be calculated using the degree
of reduction (DR) of the organic carbon and Thornton’s constant (heat
production per unit of consumed O2 (Hansen et al., 2004)). For exam-
ple, during complete oxidation of glucose to CO2, CR is equal to 469
kJ C-mol−1 CO2, which is equivalent to the enthalpy of combustion
of glucose. Hansen et al. (2004) also provided a relationship between
the CR and the biomass yield of soil microorganisms in aerobic growth
conditions. The assumption of aerobic growth fails to address the
large differences among observed CR values from soils (Herrmann and
Bölscher, 2015). In soil systems, these deviations have been generally
associated with metabolic processes contributing to heat or CO2 pro-
duction other than aerobic growth, such as anaerobic respiration and
fermentation pathways (Sparling, 1983; Boye et al., 2018). However,
these fermentation pathways have not been explicitly included in a
theoretical framework including both mass and energy flows.

Furthermore, growth on the high-quality substrates typically used
in calorespirometry may induce the mineralization of low quality sub-
strates (such as SOM)—the so-called priming effect. SOM priming
contributes to microbial growth thereby affecting CUE and heat ex-

changes (Arcand et al., 2017). Therefore, calorespirometry could be
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Fig. 2. Energetic model framework including three C pools: (1) added substrate (glucose, 𝐶𝑔𝑙𝑢), (2) microbial biomass (𝐶𝐵), and (3) native soil organic C (𝐶𝑆𝑂𝑀 ). Glucose is
taken up via three metabolic pathways i.e. aerobic (AE), fermentation to ethanol (F1) and fermentation to lactic acid (F2). For simplicity, we chose only aerobic metabolism
of SOM. 𝑈𝑔𝑙𝑢 and 𝑈𝑆𝑂𝑀 are the total uptake rates of glucose and SOM, respectively. 𝛼, 𝛽 and 𝜆 are the fractions of 𝑈𝑔𝑙𝑢 routed to AE, F1 and F2, respectively. The microbial
growth reaction is divided into its catabolic and anabolic components. Catabolism in AE and F1 metabolism produces CO2 and byproducts (ethanol in F1), but in F2, CO2 is
also produced from anabolism (see Appendix A for details). 𝑌𝐴𝐸 , 𝑌𝐹1 and 𝑌𝐹2 are the biomass yields of AE, F1 and F2, respectively, so that the overall biomass yield on glucose
is given by 𝑌𝑔𝑙𝑢 = 𝛼 𝑌𝐴𝐸 + 𝛽 𝑌𝐹1 + 𝜆 𝑌𝐹2. Similarly, overall CO2 yield is 𝑦CO2

= 𝛼(1 − 𝑌𝐴𝐸 ) + 𝛽
(

1 − 𝑌𝐹1 − 𝑌𝑒𝑡ℎ,𝐹1
)

+ 𝜆
(

1 − 𝑌𝐹2 − 𝑌𝑙𝑎𝑐,𝐹2
)

, where 𝑌𝑒𝑡ℎ,𝐹1 and 𝑌𝑙𝑎𝑐,𝐹2 are the yields of
ethanol and lactic acid in F1 and F2, respectively. The amount of heat released from each metabolic pathway is calculated by adding the changes in enthalpies of catabolism
and anabolism. 𝛥𝐴𝐸𝐻𝑔𝑙𝑢, 𝛥𝐹1𝐻𝑔𝑙𝑢 and 𝛥𝐹2𝐻𝑔𝑙𝑢 are respectively the enthalpies of reaction of AE, F1 and F2, resulting in a total heat released per C-mol of glucose metabolized of
𝛥𝐻𝑔𝑙𝑢 = 𝛼 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝛽 𝛥𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝐹2𝐻𝑔𝑙𝑢. 𝑅ℎ𝑒𝑎𝑡 and 𝑅CO are the total heat and CO2 production rates and their ratio is the calorespirometric ratio (CR).
2

used to quantify the priming effect (Bölscher et al., 2017), as an
alternative to the typical mass balance approaches using stable isotope
tracers (Kuzyakov, 2010; Wutzler and Reichstein, 2013; Arcand et al.,
2017). As for the fermentation pathways, also priming effects have not
been integrated into a coherent bioenergetic framework for soils.

Here, we present such a framework to link microbial traits and
metabolism to the heat and CO2 production rates, and the calorespiro-
metric ratio. We consider two sources of organic C (Fig. 1): an added
substrate (using glucose as an example) and SOM, which is important
to study priming effects. For the example of growth on glucose, we
consider aerobic and two common fermentation pathways differing
in end products and CO2 release (Fig. 2). The proposed theoretical
framework is used to answer the following questions:

1. Can a simple aerobic/fermentation energetics model assist in the
interpretation of CR data? (Section 2)

2. How do different catabolic processes and their rates affect CR
(e.g., varying degrees of aerobicity and fermentation)? (Sec-
tion 3.1)

3. Can CR be used to estimate CUE? (Section 3.2)
4. How is priming affecting the CUE–CR relation? (Section 3.2.2)
5. How does CR vary when different types of organic compounds

are decomposed? (Section 4)

2. A general mass-energy model for microbial metabolism in soils

We start by presenting a general mass-energy balance model that
describes microbial metabolism under a range of growth conditions
(Fig. 1). This model is used to interpret measured calorespirometric ra-
tios. Calorespirometric experiments are often performed in a substrate
3

induced environment that stimulates the microbial activity. The energy
dissipated in catabolism as heat and C fluxes released as CO2 from
the soils are measured as responses against the control in which the
substrate is not added. This heat and/or CO2 produced are the average
response of a multitude of metabolic reactions that may be exergonic or
endergonic and may or may not produce CO2. Moreover, the introduc-
tion of a substrate may induce priming, which can contribute additional
heat and CO2 as a result of the decomposition of SOM (Kuzyakov,
2010). By taking into account mass and energy flows from the uptake
and metabolism of the added substrate and native SOM, we build an
energetics model framework that links CR to aerobic and fermentation
metabolic rates and CUE.

In all analyses presented in the following sections, we assume
standard temperature, pressure, and pH=7. The processes involved (and
the corresponding symbolic representations) are illustrated in Fig. 2,
and all symbols and their units are defined in Table 1.

2.1. Mass balances for substrates and microbial biomass

The mass balances are set up based on the schematic in Fig. 1,
which refers to the specific case of glucose (subscript 𝑔𝑙𝑢) as a substrate
(generic subscript 𝑆). We consider three pools of carbon: (1) added
substrate (𝐶𝑆 ), (2) microbial biomass (𝐶𝐵 , generic subscript 𝐵 for
biomass), and (3) SOM (𝐶𝑆𝑂𝑀 ). Added substrates such as glucose can
be easily taken up by a range of microorganisms (at a rate 𝑈Biotic

𝑖 ),
but they can also undergo abiotic mineralization (𝐷Abiotic

𝑗 ). We dif-
ferentiate biotic processes (the degradation of substrate mediated by
microorganisms) from abiotic processes that result from the interaction
of substrates with soil minerals, such as sorption/adsorption reactions.

SOM is taken up at a rate 𝑈𝑆𝑂𝑀 , which is much slower compared to
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Table 1
List of symbols and acronyms (subscript symbols and acronyms are listed as footnote).

Symbol Description Unit

𝛼 Fraction of the overall uptake rate of glucose via aerobic pathway dimensionless
𝛽 Fraction of the overall uptake rate of glucose via F1 pathway dimensionless
𝜆 Fraction of the overall uptake rate of glucose via F2 pathway dimensionless
𝛥𝐻𝑔𝑙𝑢 Overall enthalpy change of glucose metabolism kJ C-mol−1 glu
𝛥𝑎𝑛𝑎𝐻𝐵 Enthalpy change of anabolism kJ C-mol−1 B
𝛥𝑐𝑎𝑡,𝑖𝐻𝑔𝑙𝑢 Enthalpy change of catabolism of glucose (with 𝑖 = AE, F1, and F2) kJ C-mol−1 glu
𝛥𝑖𝐻𝑔𝑙𝑢 Enthalpy of growth reaction on glucose (with 𝑖 = AE, F1, and F2) kJ C-mol−1 glu
𝛥𝐴𝐸𝐻𝑆𝑂𝑀 Enthalpy of growth reaction on SOM under aerobic conditions kJ C-mol−1 SOM
𝛥𝐻𝑇 Thornton’s constant (−469 for glucose, −455 for other organic compounds) kJ mol−1 O2
𝛾𝐵 Degree of reduction of biomass 𝑒− mol C-mol−1 B
𝛾𝑔𝑙𝑢 Degree of reduction of glucose 𝑒− mol C-mol−1 glu
𝛾𝑆 Degree of reduction of generic substrate 𝑒− mol C-mol−1 S
𝐶𝐵 Microbial biomass C C-mol g−1 soil
CR Calorespirometric ratio kJ C-mol−1 CO2
𝐶𝑆 Substrate C C-mol g−1 soil
𝐶𝑆𝑂𝑀 Soil organic matter C C-mol g−1 soil
𝐶𝑈𝐸 Carbon use efficiency C-mol B C-mol−1 S
𝐷𝐴𝑏𝑖𝑜𝑡𝑖𝑐

𝑗 Rate of degradation of substrate for 𝑗th via abiotic chemical reaction C-mol S g−1 soil h−1

DR Degree of reduction
NOSC Nominal oxidation state of C
𝑄 Rate of heat production from all the biotic and abiotic reactions kJ g−1 soil h−1

𝑟𝑝 Ratio of the rates of uptake of glucose and SOM dimensionless
𝑈𝐵𝑖𝑜𝑡𝑖𝑐

𝑖 Uptake rate of glucose for 𝑖th biotic metabolic reaction C-mol glu g−1 soil h−1

𝑈𝑔𝑙𝑢 Overall uptake rate of glucose C-mol glu g−1 soil h−1

𝑈𝑆𝑂𝑀 Uptake rate of SOM under aerobic conditions C-mol SOM g−1 soil h−1

𝑌𝑎𝑛𝑎 Stoichiometry of substrate in anabolic reaction C-mol B C-mol−1 S
𝑌𝐴𝐸 Aerobic microbial growth yield for glucose C-mol B C-mol−1 glu
𝑌CO2

Overall CO2 yield from glucose metabolism C-mol CO2 C-mol−1 glu
𝑌𝐶,𝑖 CO2 yield from 𝑖 glucose metabolism (with 𝑖 = AE, F1, and F2) C-mol CO2 C-mol−1 glu
𝑌𝐶,𝑆𝑂𝑀 CO2 yield from SOM metabolism C-mol CO2 C-mol−1 SOM
𝑌𝑔𝑙𝑢 Carbon use efficiency for microbial growth on glucose C-mol B C-mol−1 glu
𝑌𝑒𝑡ℎ,𝐹1 Ethanol yield in fermentation F1 pathway C-mol eth C-mol−1 glu
𝑌𝐹1 Microbial growth yield in fermentation F1 pathway C-mol B C-mol−1 glu
𝑌𝐹2 Microbial growth yield in fermentation F2 pathway C-mol B C-mol−1 glu
𝑌 𝑚𝑎𝑥
𝑖,𝑔𝑙𝑢 Maximum microbial yield of glucose for different metabolic pathways (with 𝑖 = AE, F1, and F2) C-mol B C-mol−1 glu

𝑌 𝑚𝑎𝑥
𝐴𝐸,𝑆 maximum microbial yield of generic substrate (S) for aerobic pathway C-mol B C-mol−1 S

𝑌𝑙𝑎𝑐,𝐹2 Lactic acid yield in fermentation F2 pathway C-mol lac C-mol−1 glu
𝑌𝑆𝑂𝑀 Aerobic microbial growth yield for SOM C-mol B C-mol−1 SOM

AE: aerobic, ana: anabolism, B: biomass, cat: catabolism, eth: ethanol, F1: fermentation of glucose to ethanol, F2: fermentation of glucose to lactic acid,
glu: glucose, lac:lactic acid, S: substrate, and SOM: native soil organic matter.
t
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that of the added substrate (mineralization time scales of SOM are in
the order of months to decades, while those of glucose are in the order
of hours). For simplicity, we consider only biotic degradation of SOM
under completely aerobic conditions; thus, 𝑈𝑆𝑂𝑀 represents the biotic
uptake rate of SOM.

Microorganisms are assumed to grow on both 𝐶𝑆 and 𝐶𝑆𝑂𝑀 , but
with different growth yields. Often calorimetric experiments last for a
few hours to days (Barros Pena, 2018), so that mortality and recycling
of dead microorganisms, which have longer turnover time (Spohn
et al., 2016), can be neglected in the microbial C balance. The mass
balance equations for the three C pools are written in terms of C moles;
e.g., glucose (C6H12O6) is written as CH2O (1 C-mol glucose), and
microbial biomass is written as CH1.8O0.5N0.2 (1 C-mol biomass) (Roels,
1980a). Thus, all C rates have units of C-mol substrate or SOM g−1

soil h−1 and growth yields are expressed in C-mol biomass C-mol−1 of
substrate or SOM. The mass balance equations for the three C pools and
CO2 can be written as (see Fig. 1),
d𝐶𝑆
d𝑡 = −

∑

𝑖
𝑈Biotic
𝑖 −

∑

𝑗
𝐷Abiotic

𝑗 , (1)

d𝐶𝐵
d𝑡 =

∑

𝑖
𝑌𝑖𝑈

Biotic
𝑖 + 𝑌𝑆𝑂𝑀𝑈𝑆𝑂𝑀 , (2)

d𝐶𝑆𝑂𝑀
d𝑡 = −𝑈𝑆𝑂𝑀 , (3)

dCO2
d𝑡 =

∑

𝑖
𝑌𝐶,𝑖𝑈

Biotic
𝑖 +

∑

𝑗
𝐷Abiotic

𝑗 + 𝑌𝐶,𝑆𝑂𝑀𝑈𝑆𝑂𝑀 , (4)

where 𝐶𝑆 , 𝐶𝐵 and 𝐶𝑆𝑂𝑀 are respectively the added substrate C (there-
after referred to as substrate), microbial C and SOM. 𝑈Biotic is the
4

𝑖 o
uptake rate of added substrate via biotic pathways, and 𝑖 refers to
various pathways (aerobic, anaerobic and fermentation); and 𝑌𝑖 and
𝑌𝐶,𝑖 represent the biomass and CO2 yields for that pathway. 𝐷Abiotic

𝑗 is
he degradation rate of the added substrate via abiotic pathways, and 𝑗

refers to various abiotic pathways. The rate of uptake of SOM is denoted
by 𝑈𝑆𝑂𝑀 and the corresponding biomass and CO2 yields by 𝑌𝑆𝑂𝑀 and
𝑌𝐶,𝑆𝑂𝑀 , respectively.

Carbon use efficiency is defined as the microbial growth rate divided
by the total C uptake rate (Manzoni et al., 2012). Because the microbial
growth rate (Eq. (2)) is supported by two C sources (added substrate
and SOM; Eqs. (1) and (3)), a general expression of CUE is given by

𝐶𝑈𝐸 =
∑

𝑖 𝑌𝑖𝑈
Biotic

𝑖 + 𝑌𝑆𝑂𝑀𝑈𝑆𝑂𝑀
∑

𝑖 𝑈
Biotic
𝑖 + 𝑈𝑆𝑂𝑀

. (5)

e will return to CUE in Section 3, where the relationship between
UE and CR is determined.

.2. Energy balance for the soil system

In an isothermal system with constant volume and no external
nputs of heat or matter, the only source of heat is from the chemical
eactions taking place inside the system (von Stockar and van der Wie-
en, 2013). Thus, the rate of heat production is given by the enthalpy
f the reaction multiplied by the rate of the reaction. The overall soil
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heat production rate 𝑄 in kJ g−1 soil h−1 is the sum of the rates of heat
produced from the individual metabolic reactions (Fig. 1),

𝑄 = −

(

∑

𝑖
𝛥𝑖𝐻

Biotic
𝑆 𝑈Biotic

𝑖 +
∑

𝑗
𝛥𝑗𝐻

Abiotic
𝑆 𝐷Abiotic

𝑗

+ 𝛥𝐴𝐸𝐻𝑆𝑂𝑀𝑈𝑆𝑂𝑀

)

, (6)

where 𝛥𝑖𝐻Biotic
𝑆 and 𝛥𝑖𝐻Abiotic

𝑆 are the enthalpies of reaction of sub-
strate uptake and degradation via biotic and abiotic pathways, re-
spectively; and 𝛥𝐻SOM is the enthalpy of reaction of SOM uptake
and metabolism. The negative sign accounts for the negative values
of the reaction enthalpies. Note that the first subscript, 𝑖, refers to
the metabolic reaction and the second subscript, 𝑆 or 𝑆𝑂𝑀 , refers
to the compound with respect to which the enthalpy of the reaction
is calculated. For example, 𝛥𝑖𝐻𝑆 indicates the enthalpy change for
substrate 𝑆 along the metabolic pathway 𝑖, and is expressed in kJ
C-mol−1 of substrate. This notation has been used throughout the text.

2.3. Definition of calorespirometric ratio

Based on these mass and energy balance equations, we can now
define the CR as the ratio of heat production rate (Eq. (6)) to CO2
production rate (Eq. (4)) as follows,

𝐶𝑅 = −

∑

𝑖 𝛥𝑖𝐻Biotic
𝑆 𝑈Biotic

𝑖 +
∑

𝑖 𝛥𝑖𝐻Abiotic
𝑆 𝐷Abiotic

𝑗 + 𝛥𝐴𝐸𝐻𝑆𝑂𝑀𝑈𝑆𝑂𝑀
∑

𝑖 𝑌𝐶,𝑖𝑈Biotic
𝑖 +

∑

𝑖 𝐷
Abiotic
𝑗 + 𝑌𝐶,𝑆𝑂𝑀𝑈𝑆𝑂𝑀

.

(7)

This general equation links CR to the rates of individual processes
nd the associated enthalpy changes. As such, it provides the theoretical
oundation to answer our first question on using a bioenergetics model
o interpret patterns in CR. To apply Eq. (7), first, the biotic processes
ccurring are specified, and then the equation is re-written for con-
enience in terms of normalized reaction rates. The biotic processes
or the added substrates are grouped according to different metabolic
athways: aerobic and two fermentation pathways (Fig. 2). We have
onsidered the example of glucose as the added substrate (subscript
= 𝑔𝑙𝑢), even though the same rationale can be adapted to other

ubstrates as well. To keep the theory tractable, we focus on two
ermentation pathways: ethanol fermentation (F1) and lactic acid (ho-
olactic) fermentation (F2). These two fermentation pathways were

hosen because they uniquely describe the role of CO2 in fermentative
etabolism of glucose. During ethanol fermentation, catabolism of 1
-mole of glucose produces in two-third C-mole of ethanol and one-
hird C-mole of CO2, while catabolism of 1-C mole of glucose in lactic
cid fermentation only produces 1-C mole of lactic acid. The chemical
eactions for the metabolism of glucose following each pathway are
escribed in Appendix A as Eqs. (A.4), (A.5), and (A.6) for aerobic,
ermentation F1, and F2 pathways, respectively.

Since the interactions of typical added substrates (e.g., glucose)
ith soil minerals produces a negligible amount of heat and CO2 (Her-

mann et al., 2014), abiotic reactions are not included in the following;
.e., 𝐷Abiotic

𝑖 = 0. For the biotic uptake of SOM, we consider only the
erobic metabolic pathway; thus, 𝛥𝐴𝐸𝐻𝑆𝑂𝑀 represents the enthalpy of
etabolic reaction on SOM under aerobic growth conditions.

To normalize the reaction rates, 𝛼, 𝛽 and 𝜆 are defined as the
ractions of the overall substrate uptake rate

(
∑

𝑖 𝑈
Biotic
𝑖

)

; i.e., 𝛼 =
𝑈𝐴𝐸

∑

𝑖 𝑈
Biotic
𝑖

, 𝛽 = 𝑈𝐹1
∑

𝑖 𝑈
Biotic
𝑖

, and 𝜆 = 𝑈𝐹2
∑

𝑖 𝑈
Biotic
𝑖

. The sum of the fractional rates
, 𝛽 and 𝜆 is unity by definition. The parameter 𝛼 is also referred to
s degree of ‘aerobicity’ in mixed metabolism (von Stockar and Birou,
989). When 𝛼 = 1, glucose is taken up completely via the aerobic
athway, whereas metabolism is completely fermentative if 𝛼 = 0. The
ractional rates 𝛽 and 𝜆 can be considered as degrees of fermentation.

e also define 𝑟 as the ratio of 𝑈 and the overall substrate uptake
5

𝑝 𝑆𝑂𝑀
rate, as a measure of priming. The equation for CR is accordingly
simplified as,

𝐶𝑅 = −
𝛼 𝛥𝐴𝐸𝐻𝑆 + 𝛽 𝛥𝐹1𝐻𝑆 + 𝜆 𝛥𝐹2𝐻𝑆 + 𝑟𝑝𝛥𝐴𝐸𝐻𝑆𝑂𝑀

𝛼𝑌𝐶,𝐴𝐸 + 𝛽𝑌𝐶,𝐹1 + 𝜆𝑌𝐶,𝐹2 + 𝑟𝑝𝑌𝐶,𝑆𝑂𝑀
. (8)

In Eq. (8), the first three terms of the numerator represent the
eat production rate from substrate metabolism, and the fourth term
epresents the heat production rate from SOM metabolism. Similarly,
n the denominator, the first three terms represent the total rate of CO2
roduction from substrate metabolism, and the fourth term is the rate
f CO2 production from SOM metabolism. The choice of the fractional
ates allows analyzing the role of different metabolic pathways on CR,
s illustrated in Section 3.1 for simple case studies.

Eq. (8) links CR to changes in enthalpy along the various metabolic
athways. In turn, these changes in enthalpy are functions of the mi-
robial growth efficiencies for those pathways, thereby establishing an
mplicit relation between CR and growth yields (and ultimately CUE).
o proceed and make this relation explicit, changes in enthalpy must
e related to the corresponding yields, as described in the following
ection.

.4. Linking the change in enthalpy for microbial growth reactions to growth
fficiencies

Changes in enthalpy in Eq. (8) are calculated based on the microbial
rowth equation for each metabolic pathway. The growth equation
an be written as the sum of catabolic and anabolic reactions (von
tockar et al., 2008; Battley, 2009; Smeaton and Van Cappellen, 2018).
atabolic reactions are either complete oxidation (under aerobic condi-
ions) or partial oxidation of the substrate (under anaerobic conditions)
hat dissipates Gibbs energy, which in turn drives the anabolic re-
ctions (Table A.1). Among the three alternative ways for writing
nabolic reactions (Table A.2), we selected the electron balance ap-
roach by Battley (2009). If the substrate is more oxidized than the
iomass (e.g., glucose), then CO2 is released. In contrast, if the substrate
s less oxidized (e.g., ethanol), then CO2 is utilized in anabolism. We
lso assume that in the fermentation pathways, products other than
iomass are produced only through catabolism. Detailed procedures for
riting the catabolic, anabolic, and growth reactions for each pathway

an be found in Appendix A.
The overall microbial growth reaction on glucose can be writ-

en as Eq. (9). Note that the following equation is only a black-box
macrochemical) representation of glucose uptake—not the actual bio-
hemical metabolic reaction. This is also true for the actual catabolic
nd anabolic reactions for each pathway in Appendix A.

H2O(𝑔𝑙𝑢) + 𝑌O2
O2

𝑈𝑔𝑙𝑢
←←←←←←←←←←←←←←←←←→ 𝑌𝑔𝑙𝑢𝐶𝐵 + 𝑌𝑒𝑡ℎCH3O0.5(𝑒𝑡ℎ) + 𝑌𝑙𝑎𝑐CH2O(𝑙𝑎𝑐)

+ 𝑌CO2
CO2 + 𝛥𝐻𝑔𝑙𝑢, (9)

where 𝑌O2
, 𝑌𝑔𝑙𝑢, 𝑌𝑒𝑡ℎ, 𝑌𝑙𝑎𝑐 and 𝑌CO2

are the stoichiometric coefficients of
oxygen, biomass, ethanol, lactic acid and CO2 on glucose, respectively.
𝛥𝐻𝑔𝑙𝑢 is the overall enthalpy of the above reaction; i.e., heat in kJ
generated per C-mol of glucose metabolized. These stoichiometric coef-
ficients can be written as a function of the fractional rates that partition
the overall glucose uptake rate (𝑈𝑔𝑙𝑢) among the different metabolic
pathways (i.e., 𝛼, 𝛽 and 𝜆), and the respective biomass growth yields
(i.e., 𝑌𝐴𝐸 , 𝑌𝐹1 and 𝑌𝐹2; see Fig. 2),

𝑌O2
= 𝛼

( 𝛾𝑔𝑙𝑢 − 𝑌𝐴𝐸𝛾𝐵
4

)

, (10)

𝑌𝑔𝑙𝑢 = 𝛼 𝑌𝐴𝐸 + 𝛽 𝑌𝐹1 + 𝜆 𝑌𝐹2, (11)

𝑌𝑒𝑡ℎ = 𝛽 𝑌𝑒𝑡ℎ,𝐹1 = 𝛽
( 𝛾𝑔𝑙𝑢 − 𝑌𝐹1𝛾𝐵

𝛾𝑒𝑡ℎ

)

, (12)

𝑌𝑙𝑎𝑐 = 𝜆 𝑌𝑙𝑎𝑐,𝐹2 = 𝜆
( 𝛾𝑔𝑙𝑢 − 𝑌𝐹2𝛾𝐵

𝛾𝑙𝑎𝑐

)

, (13)

𝑌 = 𝛼𝑌 + 𝛽𝑌 + 𝜆𝑌 , (14)
CO2 𝐶,𝐴𝐸 𝐶,𝐹1 𝐶,𝐹2
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Table 2
Thermodynamic properties of selected organic compounds; CO2, NH3, H2O are used as reference compounds with zero degree of reduction.

Substrate (1 C-mol) DRa

(e− mol C-mol−1)
NOSCb Enthalpy of combustion (kJ C-mol−1) for

aerobic reactions = 𝐷𝑅
4

𝛥𝐻𝑇

glucose CH2O(𝑔𝑙𝑢) 4 0 −469
lactic acid CH2O(𝑙𝑎𝑐) 4 0 −469
ethanol CH3O0.5 6 −2 −703.5
acetic acid CH2O(𝑎𝑐𝑒) 4 0 −469
oxalic acic CHO2 1 3 −117.3
formic acid CH2O2 2 2 −234.5
biomass CH1.8O0.5N0.2 4.2 or 4.32c −0.2 or −0.32 −492.5

aDegree of reduction, 𝐷𝑅 = 4C + H − 2O − 3N = (4 − NOSC)C
bNominal oxidation state of C, 𝑁𝑂𝑆𝐶 = 4 − 4C+H−2O−3N

C
= 4 − 𝐷𝑅

𝐶
; where C, H, O, and N are the number of carbon, hydrogen, nitrogen, and oxygen

atoms in 1 mole of substrate.
cThe DR of biomass is 4.2 and 4.32 are when 𝛥𝐻𝑇 is −469 and −455 kJ mol−1 O2, respectively.
w
T
t
b

c
o
b

b
o
(

𝐻𝑔𝑙𝑢 = 𝛼 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝛽 𝛥𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝐹2𝐻𝑔𝑙𝑢, (15)

here 𝑌𝑒𝑡ℎ,𝐹1 and 𝑌𝑙𝑎𝑐,𝐹2 are the product yields of ethanol and lactic acid
n metabolic pathways F1 and F2, respectively (Eqs. (A.7) and (A.8));
𝑔𝑙𝑢, 𝛾𝐵 , 𝛾𝑒𝑡ℎ and 𝛾𝑙𝑎𝑐 are the degrees of reduction of glucose, biomass,
thanol and lactic acid (Table 2); 𝛥𝐴𝐸𝐻𝑔𝑙𝑢, 𝛥𝐹1𝐻𝑔𝑙𝑢 and 𝛥𝐹2𝐻𝑔𝑙𝑢 are the
nthalpy changes of the microbial growth reactions for each metabolic
athway. 𝑌CO2

represents the overall yield of CO2, which is a rate
weighted yields of CO2 from each metabolic pathway, and given as
follows,

𝑌𝐶,𝐴𝐸 = 1 − 𝑌𝐴𝐸 , (16)

𝑌𝐶,𝐹1 = 1 − 𝑌𝐹1 − 𝑌𝑒𝑡ℎ,𝐹1, (17)

𝑌𝐶,𝐹2 = 1 − 𝑌𝐹2 − 𝑌𝑙𝑎𝑐,𝐹2. (18)

Appendix A explains how to obtain Eqs. (16)–(18).
For each metabolic pathway, the enthalpy changes for the aerobic

and anaerobic microbial growth reactions are obtained by adding the
enthalpies of the catabolic and anabolic reactions (Tables A.1 and A.2)
multiplied by coefficients corresponding to the uptake of 1 C-mol of
glucose (Aerobic: Eq. (A.4), F1: Eq. (A.5), and F2: Eq. (A.6)),

𝛥𝑖𝐻𝑔𝑙𝑢 = (1 − 𝑌𝑖𝑌𝑎𝑛𝑎)𝛥𝑐𝑎𝑡,𝑖𝐻𝑔𝑙𝑢 + 𝑌𝑖𝛥𝑎𝑛𝑎𝐻𝐵 , (19)

where 𝑖 can be AE, F1 or F2. 𝑌𝑎𝑛𝑎 is the stoichiometric coefficient of
the substrate in the anabolic reaction written for 1 C-mol of biomass;
e.g., for glucose 𝑌𝑎𝑛𝑎 =

𝛾𝐵
𝛾𝑔𝑙𝑢

(Table A.2). The change in enthalpy of

he anabolism, 𝛥𝑎𝑛𝑎𝐻𝐵 , is zero irrespective of the type of substrate,
when constructing the growth reaction following the electron balance
approach (Appendix A). The enthalpy change of catabolism under aer-
obic conditions can be written as a function of the DR of glucose (𝛾𝑔𝑙𝑢)
using Thornton’s rule (Appendix B): 𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑔𝑙𝑢 =

𝛾𝑔𝑙𝑢
4

𝛥𝐻𝑇 , where
𝛥𝐻𝑇 = −469 kJ mol−1 O2 is Thornton’s constant for glucose (Thornton,
1917). Since Thornton’s rule is not valid in fermentative or anaerobic
conditions, we used measured changes of enthalpies of catabolism in
fermentation pathways F1 and F2 (Tables A.1 and A.2, respectively).
Thus Eq. (19) is simplified to

𝛥𝑖𝐻𝑔𝑙𝑢 =
(

1 − 𝑌𝑖
𝛾𝐵
𝛾𝑔𝑙𝑢

)

𝛥𝑐𝑎𝑡,𝑖𝐻𝑔𝑙𝑢. (20)

Similar to glucose, a microbial growth reaction for the uptake of
SOM during aerobic metabolism can be written as,

𝐶𝑆𝑂𝑀 +
(

𝛾𝑆𝑂𝑀 − 𝑌𝑆𝑂𝑀 𝛾𝐵
4

)

O2

𝑈𝑆𝑂𝑀
←←←←←←←←←←←←←←←←←←←←←←←←←→ 𝑌𝑆𝑂𝑀𝐶𝐵 + 𝑌𝐶,𝑆𝑂𝑀CO2 + 𝛥𝐴𝐸𝐻𝑆𝑂𝑀 , (21)

where 𝑈𝑆𝑂𝑀 , 𝑌𝑆𝑂𝑀 , 𝛾𝑆𝑂𝑀 and 𝛥𝐴𝐸𝐻𝑆𝑂𝑀 are the rate of the reaction,
the biomass yield (in C-mol biomass C-mol−1 SOM), the DR of SOM, and

−1
6

the enthalpy change of the reaction (in kJ C-mol SOM), respectively.
𝑌𝐶,𝑆𝑂𝑀 is the CO2 yield, which is calculated as 𝑌𝐶,𝑆𝑂𝑀 = 1 − 𝑌𝑆𝑂𝑀 .
𝛥𝐴𝐸𝐻𝑆𝑂𝑀 can be estimated using a similar equation as Eq. (20), as

𝛥𝐴𝐸𝐻𝑆𝑂𝑀 =
(

1 − 𝑌𝑆𝑂𝑀
𝛾𝐵

𝛾𝑆𝑂𝑀

)

𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑆𝑂𝑀 , (22)

here 𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑆𝑂𝑀 = 𝛾𝑆𝑂𝑀
4 𝛥𝐻𝑇 , and 𝛥𝐻𝑇 = −455 ± 15 kJ mol−1 O2 is

hornton’s constant for organic compounds other than glucose (Thorn-
on, 1917). The DR of SOM is generally not known a priori and has to
e obtained experimentally (Boye et al., 2017).

Since Eqs. (20) and (22) use two different values of Thornton’s
onstant, we use Eq. (B.1) to define two different values of the DR
f microbial biomass to ensure the same enthalpy of combustion of
iomass in all the analyses (𝛥𝐶𝐻𝐵 = −492 kJ C-mol−1 of biomass) as

𝛾𝐵 = 4𝛥𝐶𝐻𝐵
−469 = 4.2 and 𝛾𝐵 = 4𝛥𝐶𝐻𝐵

−455 = 4.32, respectively. Therefore,
to summarize, when analyzing the metabolism of glucose, we used
𝛥𝐻𝑇 = −469 kJ mol−1 O2 with 𝛾𝐵 = 4.2, whereas for substrate other
than glucose, we used 𝛥𝐻𝑇 = −455 kJ mol−1 O2 with 𝛾𝐵 = 4.32.

Eqs. (10)–(21) describe the mass and energy balances during micro-
ial growth on glucose and SOM. The known parameters in this system
f equations are the DR of glucose, biomass, ethanol and lactic acid
𝛾𝑔𝑙𝑢, 𝛾𝐵 , 𝛾𝑒𝑡ℎ and 𝛾𝑙𝑎𝑐), and the changes of enthalpies of catabolism and

anabolism of the three metabolic pathways (𝛥𝑐𝑎𝑡,𝑖𝐻𝑔𝑙𝑢, 𝛥𝑎𝑛𝑎𝐻𝐵 = 0).
The unknown parameters are the growth yields of the purely aerobic
reaction (𝑌𝐴𝐸) and the two fermentation reactions (𝑌𝐹1 and 𝑌𝐹2), as
well as the fractional rates 𝛼 and 𝛽 (recall that 𝜆 = 1 − 𝛼 − 𝛽). If
SOM uptake is also taken into consideration, then additional unknown
parameters are 𝑈𝑆𝑂𝑀 , 𝑌𝑆𝑂𝑀 , 𝛾𝑆𝑂𝑀 , and 𝑟𝑝. In the following sections,
𝑈𝑔𝑙𝑢 and 𝑈𝑆𝑂𝑀 do not appear as model parameters because we only
use the fractional rates. Now we can let these unknown parameters
vary and study the behavior of CR as different metabolic pathways
dominate, or varying substrate type and CUE.

3. Calorespirometric ratio and carbon use efficiency during glu-
cose metabolism

3.1. Calorespirometric ratio and glucose metabolic pathways

To answer our second question, Eq. (8) is used to study how CR
varies as a function of the rates of substrate uptake and metabolism
along the different pathways when microbial growth is either negligible
(Section 3.1.1) or an important contribution to the enthalpy changes
(Section 3.1.2). We start by considering the case of large substrate
additions and negligible priming, so that 𝑈𝑆𝑂𝑀 ≈ 0 (i.e., 𝑟𝑝 ≈ 0). In
this case, the CR from Eq. (8) can be further simplified to,

𝐶𝑅 = −
𝛼 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝛽 𝛥𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝐹2𝐻𝑔𝑙𝑢

𝑌CO2

. (23)

The effect of different metabolic pathways on CR is assessed in the

following sections by varying 𝛼 and 𝛽 (recall that 𝜆 = 1 − 𝛼 − 𝛽).
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Table 3
Calorespirometric ratio in systems with negligible microbial growth.

Metabolic
pathway

Range of
fractional rates

Calorespirometric ratio Catabolic reaction

Only aerobic 𝛼 = 1, 𝛽 = 0,
𝜆 = 0

−𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑔𝑙𝑢 = −
𝛾𝑔𝑙𝑢
4

𝛥𝐻𝑇 CH2O(𝑔𝑙𝑢) + O2 → CO2

Only
fermentation F1

𝛼 = 0, 𝛽 = 1,
𝜆 = 0

−
𝛥𝑐𝑎𝑡,𝐹1𝐻𝑔𝑙𝑢

1 − 𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

CH2O(𝑔𝑙𝑢) ←→
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

CH3𝑂0.5(𝑒𝑡ℎ) +
(

1 −
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

)

CO2

Only
fermentation F2

𝛼 = 0, 𝛽 = 0,
𝜆 = 1

Infinity CH2𝑂(𝑔𝑙𝑢) → CH2O(𝑙𝑎𝑐)

Combined
fermentation

𝛼 = 0, 𝛽 < 1,
𝜆 = 1 − 𝛽

−
𝛥𝑐𝑎𝑡,𝐹1𝐻𝑔𝑙𝑢 +

𝜆
𝛽
𝛥𝑐𝑎𝑡,𝐹2𝐻𝑔𝑙𝑢

1 −
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

Catabolism of glucose to CO2,
ethanol, and lactic acid

Combined
aerobic and
fermentation

All >0 and <1 −
𝛼 𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑔𝑙𝑢 + 𝛽 𝛥𝑐𝑎𝑡,𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝑐𝑎𝑡,𝐹2𝐻𝑔𝑙𝑢

𝛼 + 𝛽
(

1 −
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

) Catabolism of glucose to CO2,
ethanol, and lactic acid
Fig. 3. Calorespirometric ratio (CR) for soils with negligible microbial growth, as a
function of the fractional rates of aerobic and fermentation pathways F1 and F2. The
degree of aerobicity 𝛼 increases on the 𝑥-axis from 0 (only fermentation) to 1 (only
aerobic metabolism on glucose; CR = 469 kJ C-mol−1 CO2). The degree of fermentation
via F1 pathway 𝛽 increases from 0 to 1 on the 𝑦-axis (only fermentation metabolism
on glucose with ethanol as the end product; CR = 50.1 kJ C-mol−1 CO2). Variation
along the diagonal represents the fractional rate of metabolism following F2 pathway
(𝜆 = 1−𝛼−𝛽), ranging from 𝜆 = 0 (only aerobic and F1 metabolism) to 1 at the origin,
where 𝛼 = 𝛽 = 0 (only F2 pathway is active and no CO2 is produced; CR approaches
infinity). Points A, B and C are explained in detail in the text, and the values in
parentheses are the values of CR in kJ C-mol−1 CO2 at these points.

3.1.1. Calorespirometric ratio in soils with negligible microbial growth

In calorimetric experiments designed to study basal microbial ac-
tivity, heat measurements are typically collected in the early lag phase
of microbial growth (Herrmann and Bölscher, 2015) or in the late
steady state phase with the assumption that substrate is only used
for maintenance and not for growth (Barros et al., 2011). Thus, in
these experiments the substrate is catabolized only to produce free
energy to overcome the maintenance requirements and growth yields
are negligible (Tijhuis et al., 1993). Setting growth yields 𝑌𝐴𝐸 , 𝑌𝐹1

and 𝑌𝐹2 to zero, calculating the enthalpy changes with Eq. (20), and
substituting in Eq. (23), the CR can be written as,

𝐶𝑅 = −
𝛼 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝛽 𝛥𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝐹2𝐻𝑔𝑙𝑢 . (24)
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𝛼 + 𝛽(1 − 𝑌𝑒𝑡ℎ,𝐹1)
Inserting the value of 𝑌𝑒𝑡ℎ,𝐹1 from Eq. (A.7) in Eq. (24), we obtain CR
as a function of fractional rates,

𝐶𝑅 = −
𝛼 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝛽 𝛥𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝐹2𝐻𝑔𝑙𝑢

𝛼 +
(

1 −
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

)

𝛽
. (25)

The effect on CR of catabolism along different pathways is explored
in Fig. 3, and the corresponding mathematical expressions are summa-
rized in Table 3. In Fig. 3, the fractional rates of aerobic, ethanol fer-
mentation and lactic acid fermentation increase from zero to one along
the 𝑥-axis, 𝑦-axis and the diagonal direction (towards the origin), re-
spectively. At a degree of aerobicity 𝛼 = 1, glucose metabolism is com-
pletely aerobic and CR is equal to the enthalpy change of catabolism
of 1 C-mol of glucose to CO2; i.e., 469 kJ C-mol−1 CO2 (Wadsö and
Hansen, 2015). Similarly, at a degree of fermentation 𝛽 = 1, only
ethanol fermentation occurs and CR is equal to the enthalpy change
of catabolism of 1 C-mol of glucose to ethanol; i.e., 50.1 kJ C-mol−1

CO2. With a degree of fermentation 𝜆 = 1, only lactic acid fermentation
occurs and CR is infinity because no CO2 is produced. These three
extreme cases are represented by the vertices of the triangle shown in
Fig. 3. Points along the edges are characterized by the co-occurrence of
two pathways. As we move from 𝛼 = 1 to 𝛼 = 0 along the 𝑥-axis soils
become more deprived of electron acceptors (either O2 or inorganic),
fermentation become dominant, and CR approaches infinity. Similarly,
as we move from 𝛽 = 1 to 𝛽 = 0 along the 𝑦-axis soils becomes
dominated by lactic-acid producing microorganism and CR approaches
infinity. All other points (colored area) represent combinations of these
three pathways.

For illustration, let us select three points in Fig. 3: A, B and C (repre-
sented by asterisks). At point A, glucose is metabolized 70% aerobically
and 30% via fermentation pathway F2, and CR = 477 kJ C-mol−1 CO2.
This value is slightly higher than that attained under completely aerobic
conditions because lactic acid fermentation F2 produces a small amount
of heat, but no CO2. At point B, glucose is metabolized 50% via F1 and
50% via F2, and CR = 105 kJ C-mol−1 CO2. This value is also higher
than in the case of only F1 fermentation because F2 fermentation does
not produce CO2. At point C, glucose metabolism proceeds through all
three pathways, with 60% aerobic, 20% F1 and 20% F2 resulting in CR
= 433 kJ C-mol−1 CO2. This analysis highlights large variations of CR
even under basal metabolism with negligible growth.

In the following section, we relax the assumption of basal metab-
olism, and analyze how the CR changes when microbial growth occurs,
as a function of fractional rates as well as microbial growth yields
associated with each metabolic pathway.

3.1.2. Calorespirometric ratio in soils with microbial growth
In contrast to basal metabolism, a growing microbial biomass par-

titions free energy obtained from catabolism to both biosynthesis and
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Table 4
Calorespirometric ratio in systems with microbial growth.

Metabolic
pathway

Range of
fractional rates

Calorespirometric ratio Growth reaction

Only aerobic 𝛼 = 1, 𝛽 = 0,
𝜆 = 0

−
𝛥𝐴𝐸𝐻𝑔𝑙𝑢

1 − 𝑌𝐴𝐸
Eq. (A.4)

Only
fermentation F1

𝛼 = 0, 𝛽 = 1,
𝜆 = 0

−
𝛥𝐹1𝐻𝑔𝑙𝑢

1 − 𝑌𝐹1 − 𝑌𝑒𝑡ℎ,𝐹1
Eq. (A.5)

Only
fermentation F2

𝛼 = 0, 𝛽 = 0,
𝜆 = 1

−
𝛥𝐹2𝐻𝑔𝑙𝑢

1 − 𝑌𝐹2 − 𝑌𝑙𝑎𝑐,𝐹2
Eq. (A.6)

Combined
fermentation

𝛼 = 0, 𝛽 < 1,
𝜆 = 1 − 𝛽

−
𝛽 𝛥𝐹1𝐻𝑔𝑙𝑢 + 𝜆 𝛥𝐹2𝐻𝑔𝑙𝑢

𝛽
(

1 − 𝑌𝐹1 − 𝑌𝑒𝑡ℎ,𝐹1
)

+𝜆
(

1 − 𝑌𝐹2 − 𝑌𝑙𝑎𝑐,𝐹2
) Catabolism of glucose to CO2,

ethanol, as well as lactic acid

Combined
aerobic and
fermentation

All >0 and <1 Eq. (23) Catabolism of glucose to CO2,
ethanol, as well as lactic acid
Fig. 4. Calorespirometric ratio (CR) for soils with microbial growth, as a function of fractional rates of aerobic (𝛼) and fermentation pathways F1 (𝛽) and F2 (𝜆). Panels on the
left refer to microbial growth with low yield values, and panels on the right refer to high yield values. The three rows show the effect of microbial growth in mixed metabolisms
on CR: aerobic growth (a, b), aerobic + F1 growth (c, d) and aerobic + F1 + F2 growth (e, f). Note that all three metabolic pathways are active in all panels, but biomass is
growing using a given pathway only if the corresponding yield value is larger than zero (indicated on the right of each panel). Values in parentheses are the values of CR in kJ
C-mol−1 CO2 for specific points described in the text.
8
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Fig. 5. Variations of CUE with CO2 yield (a,d and g), enthalpy change during microbial growth (expressed in absolute value; b,e, and h), and CR (c,f, and i) for AE, F1 and F2
athways under scenario one in Section 3.1.2. In each panel, the growth yield corresponding to the different metabolic pathways is varied (decreasing) according to the arrow.
aintenance, assuming there is no overflow respiration or other losses
f substrate. In this case, CR depends not only on the rates along the dif-
erent metabolic pathways, but also on the individual growth yields for
ach of these pathways. Thus, parameters 𝛼, 𝛽, 𝛾, and yields 𝑌𝐴𝐸 , 𝑌𝐹1,

and 𝑌𝐹2 can vary independently and simultaneously. These yields do
not appear explicitly in Eq. (23), but they affect the enthalpy changes
via Eq. (20). As in Section 3.1.1, for completely aerobic metabolism,
CR is obtained by evaluating Eq. (23) for values of 𝛼 = 1, 𝛽 = 0
and 𝜆 = 0. Similarly, when only fermentation F1 or F2 occur, CR can
be evaluated using values of (𝛼, 𝛽, 𝜆) equal to (0, 1, 0) or (0, 0, 1),
respectively. In the case of combined fermentation pathways, F1 and
F2 occur simultaneously and CR is given by Eq. (23) for 𝛼 = 0 and
𝛽 + 𝜆 = 1. In this case, either 𝛽 or 𝜆 is enough to calculate CR. The
resulting expressions are summarized in Table 4, and variations in CR
for different combinations of these pathways are illustrated in Fig. 4.

Fig. 4 is similar to Fig. 3, except that here CR is shown as a function
of both fractional rates and growth yields of the different metabolic
pathways because now microbial growth cannot be neglected. The two
columns, characterized by low growth yield (left) and high growth yield
(right), show the variation of CR with 𝛼 and 𝛽 for the three metabolic
pathways: only aerobic (Fig. 4a and b), aerobic and F1 (Fig. 4c and d),
and aerobic, F1 and F2 (Fig. 4e and f). For example, for only aerobic or
only fermentative (F1 or F2) pathways, CR = 445.5, 47.2, and 837 kJ
C-mol−1 CO2, respectively (assuming yield values as given in Fig. 4f;
i.e., 𝑌𝐴𝐸 = 0.5, 𝑌𝐹1 = 0.3, and 𝑌𝐹2 = 0.3).

CR values do not vary significantly when aerobic and fermentation
pathways are combined. This becomes clear by comparing the CR
values in the low growth yield column (see star symbols A, C, and E
in Fig. 4a, c, and e) and in the high growth yield column (star symbols
B, D, and F in Fig. 4b, d, and f). Combining fermentation with aerobic
metabolism (Fig. 4a vs. c and e; and Fig. 4b vs. d and f) has minor
9

effects on CR because the catabolism of glucose in fermentation releases
much less heat and CO2 compared to the aerobic pathway (Table A.1).
However, as fermentation F2 metabolism becomes dominant, CR val-
ues increase rapidly because negligible amounts of CO2 are produced
during lactic acid metabolism, resulting in a very high CR. In contrast,
variations in growth yield have a larger impact on the CR (compare
Fig. 4a vs. 4b; 4c vs. 4d; and 4e vs. 4f).

To further illustrate the effects of varying growth metabolic path-
ways (as done in Fig. 3), we select three points B, D, and F in Fig. 4b,
d, and f, respectively. At point B, microorganisms are growing only via
the aerobic pathway; however, catabolism of glucose via F1 and F2 also
occurs, but it does not result in growth because we assumed that 𝑌𝐹1
and 𝑌𝐹2 are zero. Under these conditions, CR = 385 kJ C-mol−1 CO2. At
point D, microorganisms are growing aerobically as well as via the F1
pathway. Also, in this case, catabolism of glucose via the F2 pathway
occurs, but we assumed that it does not result in growth. CR at point
D is 401 kJ C-mol−1 CO2. At point F, microorganisms grow using all
three metabolic pathways and CR = 395 kJ C-mol−1 CO2.

3.2. Calorespirometric ratio and carbon use efficiency

In this section, we address questions 3 and 4 presented in the
introduction, namely, (i) on the relationship between the CR and CUE
3.2.1 and (ii) on the effect of priming on this relationship 3.2.2. To do
this, we need a generalized expression linking CR to CUE, instead of
the growth yields of the individual pathways. For CR, we have already
derived an expression in Section 3.1 given by Eq. (23), and now we
formulate a general expression for CUE from Eqs. (5), (11) and (21) as
follows,

𝐶𝑈𝐸 =
𝑌𝑔𝑙𝑢𝑈𝑔𝑙𝑢 + 𝑌𝑆𝑂𝑀𝑈𝑆𝑂𝑀 , (26)
𝑈𝑔𝑙𝑢 + 𝑈𝑆𝑂𝑀
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Fig. 6. Carbon use efficiency (CUE) as a function of calorespirometric ratio (CR) for different glucose metabolic pathways; curves are obtained by plotting CUE and CR as one
rowth yield is varied as indicated: (a) only one metabolic pathway is active: AE (𝛼 = 1, 𝛽 = 0, and 𝜆 = 0), F1 (𝛼 = 0, 𝛽 = 1, and 𝜆 = 0) or F2 (𝛼 = 0, 𝛽 = 0, and 𝜆 = 1), (b) only

fermentation F1 and F2 pathways (𝛼 = 0, 𝛽 = 0.5, and 𝜆 = 0.5), (c) aerobic with F1 (𝛼 = 0.5, 𝛽 = 0.5, and 𝜆 = 0) and aerobic with F2 (𝛼 = 0.5, 𝛽 = 0, and 𝜆 = 0.5) pathways, and (d)
ll three pathways (𝛼 = 0.5, 𝛽 = 0.25, and 𝜆 = 0.25). In each panel, one of the growth yields (as indicated by the legend) is varied (decreasing) according to the arrow.
here we set 𝑈𝑆𝑂𝑀 = 0 because here we only consider the metabolism
f glucose, and 𝑌𝑔𝑙𝑢 is given by Eq. (11). Therefore, CUE is given by

𝑈𝐸 = 𝑌𝑔𝑙𝑢 = 𝛼 𝑌𝐴𝐸 + 𝛽 𝑌𝐹1 + 𝜆 𝑌𝐹2. (27)

oth Eqs. (26) and (27) essentially define CUE as weighted averages
f the growth yields for all reactions leading to microbial growth. The
𝑔𝑙𝑢 is constrained by the energy available for anabolism (i.e., the DR
f the substrate). Accordingly, the maximum 𝑌𝑔𝑙𝑢 (denoted as 𝑌 𝑚𝑎𝑥

𝑔𝑙𝑢 ) is
calculated based on the thermodynamic limit for the growth yields of
each metabolic pathway (𝑌 𝑚𝑎𝑥

𝑖,𝑔𝑙𝑢 = 0.95 C-mol B C-mol−1 glu with 𝑖 = AE,
F1, F2; see Appendix C). The 𝑌 𝑚𝑎𝑥

𝑔𝑙𝑢 set limits to the thermodynamically
feasible range of variation in the CUE–CR relations presented in the
following sections. It should be noted that for each pathway, the
maximum yields are theoretical values that in reality are not achieved.
For example, under aerobic conditions, growth yields are often found in
the range of 0.4–0.8, and values lower than 0.4 generally suggest that
microorganisms are under stress (Smeaton and Van Cappellen, 2018)
or under nutrient limitation (Manzoni et al., 2017). Similarly, under
anaerobic conditions, growth yields are in the range of 0–0.3 (Smeaton
and Van Cappellen, 2018).

3.2.1. CUE Vs. CR under different glucose metabolic pathways
After analyzing CR as a function of the uptake rates in different

pathways for given growth yields (Fig. 4), here we describe the re-
lationship between CUE (Eq. (27)) and CR (Eq. (23)), when growth
yields in different metabolic pathways are varied for given uptake rates.
Because interpreting the relation between CUE and CR is complicated
by the numerous concurrent processes controlling this connection, we
start by illustrating how the two components of CR (heat and CO2
exchange rates) vary with CUE in individual metabolic pathways for
microbial growth (Fig. 5). This analysis allows us explaining CUE–CR
relations in four scenarios characterized by different combinations of
metabolic pathways (Fig. 6): (1) only one pathway (i.e., either AE, F1
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or F2; Fig. 6a), (2) both fermentation pathways (F1 and F2; Fig. 6b),
(3) aerobic and one of the fermentation pathways (AE and F1 or F2;
Fig. 6c), and (4) all pathways combined (AE, F1, and F2; Fig. 6d).

Fig. 5 shows the variation of CUE with the amount of CO2 (left
panels) and heat released (middle panels), and with CR (right panels)
during metabolism of glucose via the aerobic pathway (solid black
line; top panels), the fermentation F1 (dashed line, middle panels),
and the fermentation F2 (dotted–dashed line, bottom panels) path-
ways. Because a single metabolic pathway is considered in each set
of panels, the CUE values are the same as the growth yields for each
pathway; i.e., 𝑌𝐴𝐸 , 𝑌𝐹1, or 𝑌𝐹2. The analytical expressions of CUE–
CR relationships for all three pathways are reported in Table 4. In
the AE and F1 pathways, the amount of CO2 (panels a, d, and g)
produced increases with decreasing CUE, whereas in the F2 pathway
it decreases because CO2 is produced from the anabolic reaction. The
amount of heat released (panels b, e, and h) and CR (panels c, f,
and i) increases with decreasing CUE in all three pathways. At the
maximum value of CUE, CR is equal to zero because the enthalpy
content of glucose is completely transferred to biomass. When that
happens, 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 = 𝛥𝐹1𝐻𝑔𝑙𝑢 = 𝛥𝐹2𝐻𝑔𝑙𝑢 = 0 and no heat is released,
causing CR to become zero. In this case, the maximum value of CUE
is 0.95, as calculated in Appendix C. It should be noted that the value
of zero CR at the maximum values of CUE is theoretically valid, but it
would be physiologically impossible for microorganisms because they
need to respire CO2 in order to grow.

In all three pathways, as CUE decreases, CR increases because
the heat dissipation increases faster than CO2 production rate. When
growth stops (i.e., CUE = 0), the CR is maximized, and glucose is
metabolized only for maintenance purposes. In the F1 pathway, the
range of variation of CR (Fig. 5f) is relatively small for a large variation
of CUE compared to the AE pathway (Fig. 5e). This difference is due
to the lower heat dissipation of the F1 pathway (Fig. 5b and e) and

similar production of CO2 (Fig. 5a and d) compared to the AE pathway.
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Fig. 7. Carbon use efficiency (CUE) as a function of calorespirometric ratio (CR) when
ptake of both the added substrate (glucose) and SOM are considered. Solid lines
epresent a more reduced SOM and dashed lines a less reduced SOM as compared
o biomass. The thickness of the lines represents an increasing degree of priming
s measured by the ratio of the rates of uptake of SOM and glucose under aerobic
onditions (𝑟𝑝). The thin dashed line shows CUE variations in systems with no priming
𝑟𝑝 = 0), equivalent to the aerobic metabolism of glucose (same as in the solid black line
n Fig. 6a and 9). The thick dashed and solid lines with the annotation ‘SOM dominated’
how CUE variations when SOM is the only C source. Priming occurs for intermediate
alues of 𝑟𝑝; e.g., 𝑟𝑝 = 0.1, 0.3 or 1. Open symbols represent observed values of
R and growth yields estimated in four soils amended with different compounds
Table A.4) (Bölscher et al., 2016). The red lines illustrate that priming can explain
he observed CUE and CR from Bölscher et al. (2016).

n the case of the F2 pathway, CR varies from zero at maximum CUE to
nfinity at minimum CUE even though the variation of heat dissipated is
imilar to the F1 pathway (Fig. 5h). In the F2 pathway, at the maximum
alue of CUE, the CO2 yield is a finite value (0.05 C mol CO2

−1 C mol
lu) and heat dissipation is zero, so CR is also zero. As CUE decreases,
he CO2 yield decreases because more and more glucose is catabolized
o lactic acid instead of CO2. As a result, more heat is released per unit
O2 produced, until CR approaches infinity when CUE approaches zero.

Fig. 6a compares the CUE–CR relation for the first scenario, by
ombining information from panels e, f and i in Fig. 5. Fig. 6b shows
he CUE–CR relation for the second scenario; i.e., the combined fermen-
ation F1 and F2. The CUE and CR in this scenario change because the
rowth yields of F1 and F2 pathways vary, for given fractional rate 𝛽

(𝛼 = 0 and 𝜆 = 1 − 𝛽). By setting 𝛽 = 0.5 and using either 𝑌𝐹1 or 𝑌𝐹2 as
a free parameter, we divide this scenario further into two cases. In the
first case, CUE is calculated by fixing 𝑌𝐹1 = 0.3 and varying 𝑌𝐹2 from
zero to its maximum value 0.95 (indicated by the solid line in Fig. 6b).
Thus, glucose is metabolized at a fixed F1 yield and a variable F2 yield,
resulting in CUE decreasing with increasing CR. This behavior is similar
to the dotted–dashed line in Fig. 6a, and the only difference here is
that there is a constant supply of heat and CO2 from the F1 pathway
at fixed 𝑌𝐹1 = 0.3. As 𝑌𝐹2 decreases (in the direction of the arrow), the
CUE decreases, and the total heat (Eq. (15)) is produced at a faster rate
compared to total CO2 (Eq. (14)), that results in increasing CR, despite
the supply of heat and CO2 from F1. Moreover, at the minimum value
of CUE (= 𝛽 × 𝑌𝐹1 + 𝛾 × 0 = 0.15), CR is a finite value as opposed
to infinity in Fig. 6a. In the second case, CUE is calculated by fixing
𝑌𝐹2 = 0.3 and varying 𝑌𝐹1 (indicated by the dashed line). In contrast to
the first case, in the second case, the fermentation F2 pathway provides
a constant source of heat and CO2 because 𝑌𝐹2 is fixed, which causes
CUE to increase with increasing CR. The variation of CUE with the
amount of CO2 and heat released, CR, and 𝛽 are shown in Appendix D
for both cases.

Fig. 6c shows the CUE–CR relation for the third scenario; i.e., the
aerobic pathway combined with either fermentation F1 or F2. The CUE
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and CR in this scenario depend on the growth yields of AE and either F1
or F2 pathways. By fixing 𝛼 = 0.5 and using 𝑌𝐴𝐸 as a free parameter,
we divide this scenario further into two cases. In the first case (solid
line), we consider the metabolism of glucose from both the AE and F1
pathways for 𝛽 = 0.5, 𝜆 = 0, and 𝑌𝐹1 = 0.3 (letting 𝑌𝐴𝐸 vary), while in
the second case (dashed line), we consider the AE and F2 pathways
for 𝛽 = 0, 𝜆 = 0.5, and 𝑌𝐹2 = 0.3 (letting 𝑌𝐴𝐸 vary). In both the
cases, CUE decreases as CR increases, as when glucose is metabolized
aerobically (solid line, Fig. 6a). This is because the amount of heat and
CO2 produced from the AE pathway dominates over the signal from
the F1 or F2 pathway. However, the ranges of variability of CUE and
CR are different in the third scenario compared to the first because of
different values of the fractional rates.

Fig. 6d shows the CUE–CR relation for the fourth scenario; i.e., the
aerobic pathway combined with both fermentation F1 and F2. The CUE
and CR in this scenario are functions of growth yields and fractional
rates in all pathways. For illustration, we fix the fractional rates 𝛼 = 0.5,
𝛽 = 0.25, and 𝜆 = 0.25, and the growth yields 𝑌𝐹2 = 𝑌𝐹1 = 0.3, using
𝑌𝐴𝐸 as a free parameter to calculate CUE and CR. Similar to Fig. 6c,
in this scenario CUE decreases as CR increase. This inverse relationship
can be explained using the same argument as in Fig. 6c.

3.2.2. CUE Vs. CR under the effect of priming
In this section, we study the effect of priming on the relationship

between CUE and CR under aerobic conditions, thus answering our
fourth question. From Eqs. (8), (16), (21), and (26) with 𝛼 = 1, 𝛽 = 0,
and 𝜆 = 0, we obtain

𝐶𝑅 = −
𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝑟𝑝𝛥𝐴𝐸𝐻𝑆𝑂𝑀

1 − 𝑌𝐴𝐸 + 𝑟𝑝(1 − 𝑌𝑆𝑂𝑀 )
, (28)

𝐶𝑈𝐸 =
𝑌𝐴𝐸 + 𝑟𝑝𝑌𝑆𝑂𝑀

1 + 𝑟𝑝
, (29)

where 𝑟𝑝 had been defined earlier as the ratio between the uptake rates
of SOM and glucose. Small (respectively large) values of 𝑟𝑝 represent
a low (respectively high) rate of uptake of SOM, and thus small (re-
spectively large) priming. When the sources of variation in CUE and
CR are the yields 𝑌𝐴𝐸 and 𝑌𝑆𝑂𝑀 , we can solve Eqs. (28) and (29) by
eliminating 𝑌𝐴𝐸 + 𝑌𝑆𝑂𝑀 𝑟𝑝, thus obtaining CUE as a function of CR as,

𝐶𝑈𝐸 = 1 + 1
𝐶𝑅

(𝛥𝐴𝐸𝐻𝑔𝑙𝑢 + 𝑟𝑝𝛥𝐴𝐸𝐻𝑆𝑂𝑀

1 + 𝑟𝑝

)

. (30)

Eq. (30) is still implicit in CUE because 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 and 𝛥𝐴𝐸𝐻𝑆𝑂𝑀 on
the right hand side of the equation are functions of 𝑌𝐴𝐸 and 𝑌𝑆𝑂𝑀 ,
respectively (Eq. (20) and (22)). An explicit form of CUE as a function
of CR and the degrees of reduction of glucose and SOM can be found
by substituting 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 from Eq. (20) and 𝛥𝐴𝐸𝐻𝑆𝑂𝑀 from Eq. (22),
and using again Eq. (29),

𝐶𝑈𝐸 =
𝐶𝑅 +

( 𝛾𝑔𝑙𝑢 + 𝑟𝑝𝛾𝑆𝑂𝑀

1 + 𝑟𝑝

)

𝛥𝐻𝑇
4

𝐶𝑅 +
𝛾𝐵𝛥𝐻𝑇

4

. (31)

Note that if 𝑟𝑝 = 0, then Eq. (31) reduces to Eq. (34), as discussed in
Section 4.2.

Fig. 7 shows the CUE–CR relationships at varying degrees of priming
for two different types of SOM—one is less reduced than biomass
(𝛾𝑆𝑂𝑀 = 2, dashed line) and the other is more reduced (𝛾𝑆𝑂𝑀 = 6,
solid line). For SOM with lower DR than biomass, CUE decreases with
increasing CR like for glucose (compare to the solid curve in Fig. 6a),
whereas SOM with higher DR than biomass causes CUE to increase with
CR, like for ethanol (as discussed in Section 4). The anabolism of 1 C-
mol of biomass requires 1 C-mol of SOM based on carbon stoichiometry;
however, in the first case, 1 C-mol of SOM with 𝛾𝑆𝑂𝑀 < 𝛾𝐵 does
not have enough electrons that are required in the anabolic reaction.
In other words, growth is energy limited (see Appendix C). Thus, to
increase their growth yield, microorganisms need to catabolize more
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a

Fig. 8. Calorespirometric ratio (CR) as function of substrate degree of reduction (DR= 𝛾𝑆 ) in aerobic conditions at different levels of 𝑌𝐴𝐸 , as indicated by solid lines of increasing
thickness with increasing growth yields. Cross symbols of different colors are the DR of selected organic compounds; e.g., 𝛾𝑔𝑙𝑢 = 4 (black), 𝛾𝑒𝑡ℎ = 6 (blue), and 𝛾𝐵 = 4.2 (purple). The
dditional x-axes show the corresponding values of the nominal oxidation state of C (NOSC = 4− 𝐷𝑅

𝐶
, where C is the number of carbon atoms in the substrate) and the enthalpy of

combustion corresponding to each 𝛾𝑆 . The enthalpy of combustion is calculated using Thornton’s rule, 𝛥𝐶𝐻𝑔𝑙𝑢 =
𝛾𝑆
4
𝛥𝐻𝑇 where 𝛥𝐻𝑇 = 469 kJ mol−1 O2 is the Thornton’s constant.

The growth yield for a given substrate DR, 𝑌𝐴𝐸 , is constrained by 0 ≤ 𝑌𝐴𝐸 ≤ min
(

𝛾𝑆
𝛾𝐵

, 1
)

, this is why not all black lines start from the origin (see Appendix C).
Fig. 9. Growth yield (𝑌𝐴𝐸 ) as a function of calorespirometric ratio (CR) for different substrates (see legend) in aerobic conditions. For substrates that are less reduced than biomass
(e.g., glucose), 𝑌𝐴𝐸 decreases with increasing CR, whereas for substrates that are more reduced than biomass (e.g., ethanol), 𝑌𝐴𝐸 increases with increasing CR. Solid symbols
represent the aerobic growth yields estimated from culture studies for which the corresponding CR is calculated using Eq. (32) (Table A.3). Solid diamonds represent aerobic
growth on lactic acid (DR = 4) and solid squares refer to aerobic growth on glucose, but with acetate as an additional product of catabolism. The dashed red box is enlarged in
the bottom right. Open symbols are the same as in Fig. 7.
SOM to meet the energy demand for anabolism, so that less energy
and less C are available to be released as heat and CO2. However,
the heat is released more slowly compared to CO2, which results in a
decrease in CR with increasing CUE. In the second case, 1 C-mol of SOM
with 𝛾𝑆𝑂𝑀 > 𝛾𝐵 can provide more electrons that are required in the
anabolic reaction, implying that energetic requirements for anabolism
are always met, and the growth yield is limited by the C content of
SOM (see Appendix C). Similar to the first case, to increase their growth
yield, microorganisms need to catabolize more SOM; however, anabolic
energy requirements are already met, so that more energy is dissipated
12
as heat, but the same amount of C is released as in the first case, thereby
increasing the CR.

These general patterns, driven by changes in the DR of SOM,
are compounded with changes in the relative proportion of SOM
metabolism compared to glucose metabolism. The thickness of the lines
in Fig. 7 represents this proportion, with the thickest dashed or solid
lines indicating growth only on SOM (i.e., 𝑟𝑝 ≫ 1) and the thin dashed
line indicating growth only on glucose without any priming (i.e., 𝑟𝑝 =
0). In the case of no priming, microorganisms grow on glucose, and the
growth yield is limited by the enthalpy content of glucose (Fig. C.1).
At intermediate values of 𝑟 ≈ 1, glucose and SOM are taken up at
𝑝
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comparable rates, and the CUE–CR relation shifts from being direct
to inverse, depending upon the DR of SOM (solid and dashed lines
of intermediate thickness). When SOM uptake is the dominant process
(𝑟𝑝 ≫ 1), the effect of the DR of SOM is maximized, leading to the
lowest CUE values for a given CR (thickest solid and dashed lines).

The potential effect of priming on the interpretation of CR data is
explored in Fig. 7 by comparing CR and CUE from Bölscher et al. (2016)
(Table A.4) to theoretical predictions using Eq. (31). CR and CUE data
are presented as open triangles and circles, where the four points for
each symbol category (circles and triangles) represent four different soil
types. The data from soils amended with glucose (open circles) are close
to the theoretically predicted black line. The data from experiments
where L-Alanine and glycogen were added as substrates (upwards and
downwards triangles) are also clustered around the black line because
these compounds have DR = 4, like glucose. However, there are large
deviations that might stem either from the different metabolism of L-
Alanine and glycogen (which could cause larger heat production or
lower CO2 production than glucose, thereby increasing CR), or from
priming. In fact, the data points overlap with the CUE–CR curves under
different levels of priming (two red lines for 𝑟𝑝 = 0.1 and 0.3 in Fig. 7),
howing that priming could explain the observed CR and CUE values.
hile we do not have data on the rate of uptake of SOM to confirm

his result, we can conclude that priming is a potential candidate to
xplain deviations in the relationship between CUE and CR. This effect
omplicates the estimation of CUE from CR data because, in general, 𝑟𝑝

is not known.

4. Calorespirometric ratio for metabolism of other substrates un-
der aerobic condition

4.1. Calorespirometric ratio as a function of substrate degree of reduction

In this section, we describe the relationship between CR and CUE
for different substrates and ignore the effect of priming. We consider
a simple case with microbial growth under aerobic conditions, thus
CUE = 𝑌𝐴𝐸 , and CR can be obtained from Eqs. (8) and (16) for 𝛼 =
1, 𝛽 = 0, 𝜆 = 0 and 𝑟𝑝 = 0. This results in an expression describing CR
as a function of aerobic growth yield 𝑌𝐴𝐸 ,

𝐶𝑅 = −
𝛥𝐴𝐸𝐻𝑆
1 − 𝑌𝐴𝐸

, (32)

where 𝛥𝐴𝐸𝐻𝑆 =
(

1 − 𝑌𝐴𝐸
𝛾𝐵
𝛾𝑆

)

𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑆 is given by Eq. (20). In turn,
the enthalpy change of catabolism can be written as a function of
the DR of substrate using Thornton’s rule, 𝛥𝑐𝑎𝑡,𝐴𝐸𝐻𝑆 = 𝛾𝑆

4 𝛥𝐻𝑇 (Ap-
pendix B). CR is thus obtained as a function of the DR of the substrate
and the growth yield (Fig. 8),

𝐶𝑅 = −

(

1 − 𝑌𝐴𝐸
𝛾𝐵
𝛾𝑆

)

𝛾𝑆
4
𝛥𝐻𝑇

1 − 𝑌𝐴𝐸
. (33)

ncreasing the DR of the substrate increases its enthalpy content, which
eans more energy is available to dissipate, causing a linear increase

n CR (moving left to right in Fig. 8). This increase in CR with DR is
bserved irrespective of growing or non-growing conditions. In other
ords, either full or partial oxidation of 1 C-mol of methane (DR = 8)
ould produce more heat compared to oxalic acid (DR = 1), so that
R for methane is higher assuming the amount of CO2 produced is
ot drastically different (Leak and Dalton, 1986; Rutgers et al., 1989).
ifferent black lines show how CR varies as a function of growth
ield—the thicker line the more efficient is microbial growth. In a
rowing system with 𝑌𝐴𝐸 > 0, microbial growth only occurs when
ubstrates contain enough energy; i.e., 𝛾𝑆 ≥ 𝑌𝐴𝐸 𝛾𝐵 (Heijnen and Roels,
981). This constraint keeps 𝐶𝑅 > 0 and causes the black lines to start
rom 𝐷𝑅 = 𝛾𝑆 = 𝑌𝐴𝐸𝛾𝐵 in Fig. 8. For example, in the case of 𝑌𝐴𝐸 = 0.4
-mol B C-mol−1 S, microbial growth can only occur when the DR of
he substrate is greater than 0.4 × 𝛾 = 1.68.
13

𝐵

4.2. CUE as a function of CR For different substrate degrees of reduction

Eq. (33) can also be used to estimate 𝑌𝐴𝐸 from measured CR and 𝛾𝑆
(Fig. 9),

𝑌𝐴𝐸 =
𝐶𝑅 +

𝛾𝑆
4
𝛥𝐻𝑇

𝐶𝑅 +
𝛾𝐵
4
𝛥𝐻𝑇

. (34)

This expression is analytically equivalent to the result by Hansen et al.
(2004) and Wadsö and Hansen (2015), and can be applied to any
substrate taken up in aerobic conditions to estimate 𝑌𝐴𝐸 from the
experimentally measured CR and substrate DR.

Increasing the growth yield decreases CR when the substrate is
more oxidized than biomass and 𝛾𝑆 < 𝛾𝐵 (e.g., glucose, black line in
Fig. 9). In contrast, when the substrate is more reduced than biomass
and 𝛾𝑆 > 𝛾𝐵 (e.g., ethanol, blue line), increasing the growth yield
increases CR. To explain this pattern, let us consider the examples of
glucose and ethanol. For glucose as a substrate, the CUE–CR relation
is the same as the solid line in Fig. 6a, and the explanation provided
in Section 3.2.1 is valid here as well. For ethanol as substrate, 𝑌𝐴𝐸 is
maximum (i.e., 𝑌𝐴𝐸 = 0.95; Appendix C) when CR approaches infinity
because all the C content of the substrate is completely transferred to
biomass and no CO2 is produced. As 𝑌𝐴𝐸 decreases, CO2 production
occurs at a faster rate compared to the rate at which heat is dissipated,
which results in decreasing CR. The CR is minimized when growth
stops, and ethanol is catabolized only for maintenance purposes. Vari-
ation of yield with CR for other substrates in Fig. 9 can be explained
similarly.

To illustrate how 𝑌𝐴𝐸 and CR could be related in hypothetical ex-
periments, we used Eq. (32) to calculate the CR from the growth yields
compiled by Smeaton and Van Cappellen (2018) for several organic
compounds under aerobic conditions (Table A.3). The obtained pairs
of 𝑌𝐴𝐸 and CR are shown in Fig. 9 as solid circles. Solid squares denote
the growth on glucose with acetate production, and solid diamonds
denote the growth on lactic acid (DR = 4) with acetate production. It
is noteworthy to see that product formation reduces the biomass yield,
and this deviation can, in principle, be captured by CR measurements
(enlarged inset). For example, the diamond symbols in the enlarged
inset represent the CUE–CR values when glucose is catabolized to CO2
and acetate, resulting in decreased CUE and CR because a fraction of
glucose and enthalpy of glucose is transferred to acetate formation.

5. Discussion

Simultaneous measurements of heat and CO2 from soils have been
used to estimate CR (Barros et al., 2010; Herrmann and Bölscher,
2015; Geyer et al., 2019), but the current theoretical approaches to
explain the observed variability of CR in soils are limited to simple
cases (Hansen et al., 2004; Wadsö and Hansen, 2015). Here we present
an extension, validation, and application of previous theories on the
thermodynamics of microbial growth (Roels, 1983; Hansen et al., 2004;
Von Stockar et al., 2006) to explain CR patterns in soils. Building
on these previous contributions, we couple C and energy flows in a
general framework that links CR to uptake and metabolism of added
substrates and native organic matter, and microbial growth in soils.
We use this framework to analyze the effects of different metabolic
pathways (their rates and pathway-specific growth efficiencies; Figs. 3,
4, and 6), priming of SOM (Fig. 7), and substrate quality (Figs. 8
and 9), on CR and CUE. We emphasize that theories on microbial
growths using thermodynamics are well established (Battley, 1960a;
Westerhoff et al., 1982; Von Stockar et al., 2006), but the adoption
of these thermodynamic theories is complex systems such as soils
is in its infancy. Moreover, the modeling framework presented here
allows for recovering numerous previous results by imposing specific
assumptions. Therefore, some of our findings are not entirely new,
but they are now placed into a general synthesis that is relevant to
soils. However, linking CR to fermentation pathways and priming effect
in soils has not been attempted before and thus represents a novel

development.
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5.1. General model behavior and its limitations

In systems where microbial growth can be neglected, CR depends
only on the rates of the different metabolic pathways (Fig. 3); in
contrast, in systems exhibiting microbial growth, CR is a function of
rates as well as growth yields for each metabolic pathway (Fig. 4). In
fact, substrate quality controls the energy availability for microbes via
its enthalpy content (expressed by the DR) (Erickson, 1987; Amenabar
et al., 2017; Boye et al., 2017), which in turn affects CUE and respi-
ration rates (Gommers et al., 1988; Manzoni et al., 2012). The effect
of substrate DR on heat dissipation is well-known (Roels, 1980a; Von
Stockar et al., 2006), and hence it is not surprising that DR ultimately
determines the CR (Fig. 8). All these parameters (CR, CUE, rates) are
thus related, as shown in earlier studies (Hansen et al., 2004). The use
of the coupled mass and energy balance model allowed us to express
these relations mathematically, formulate CUE as a rate-weighted sum
of growth yields for different metabolic pathways (Eqs. (5), (11), and
(29)), and analytically link it to CR. Under aerobic conditions, the
CUE–CR relationship (Eq. (34)) simplifies to a function that depends
only on the substrate DR, which is analytically similar to that given
by Hansen et al. (2004) and Wadsö and Hansen (2015). Here we have
extended these previously proposed CUE–CR relationships by including
metabolic pathways other than aerobic growth; i.e., the fermentation
F1 and F2 pathways in systems with either negligible or significant
microbial growth (Fig. 6) as well as the effects of priming (Fig. 7).

Besides the theoretical insights, this framework was tested by com-
paring the CR estimated by our model with the observed CR calculated
from measured heat, biomass, CO2, and ethanol yields in a culture
study under varying oxygen concentrations, where both aerobic and
fermentation respiration occurred (von Stockar and Birou, 1989). The
predicted CR values are close to the observations (Table C.1 and
Fig. C.1), suggesting that our modeling framework is sufficiently de-
tailed to capture variations in CR even in systems with combined
metabolism. To keep the theory tractable, we have not considered
the functional form of the uptake kinetics and its dependence on soil
moisture and temperature conditions (Moyano et al., 2013; Keiluweit
et al., 2017). For example, the effect of non-standard temperature could
be accounted for while estimating the enthalpy change of microbial
growth reactions. These unaccounted environmental factors may affect
heat production and respiration rates in different proportions, thus
influencing CR (Barros et al., 2016a). These factors will also affect the
relationship between CR and CUE when they alter the relative impor-
tance of certain processes—e.g., in saturated soils metabolism will shift
from aerobic to anaerobic, leading to different CUE–CR relations.

5.2. Variation in calorespirometric ratio due to combined metabolic path-
ways and priming

Previous work suggests that CR should vary in the range 200–430 kJ
C-mol−1 CO2 for microbial growth on glucose under purely aerobic con-
ditions when the growth yield varies between 0.5–0.85 (Hansen et al.,
2004). Note that higher values of CUE correspond to the lower value
of CR because of the inverse CUE–CR relation for glucose in aerobic
conditions (Fig. 6a). We found similar values: CR varies between 200–
430 kJ C-mol−1 CO2 for 𝑌𝐴𝐸 0.52–0.92 (Fig. 6a solid line), which can be
attributed to a small disparity in the DR of microbial biomass, assumed
to be 4.25 in (Hansen et al., 2004) and 4.2 here. Moreover, a practical
range of variation of CR under completely aerobic conditions would
be in the range 364–440 kJ C-mol−1 CO2 corresponding to aerobic

UE of 0.4–0.8. Values of CR outside this range are caused either by
he occurrence of anaerobic metabolism or as a consequence of the
atabolism of a substrate more reduced than glucose (Herrmann and
ölscher, 2015; Barros et al., 2011; Hansen et al., 2004). Both explana-
ions are plausible based on our framework, but before discussing how
ur framework supports both of them, let us ask whether the CR range

−1
14

64–440 kJ C-mol CO2 implies perfect aerobic conditions for glucose b
metabolism. If conditions are aerobic, then the CR would vary within
this range; however, the opposite is not true because CR can vary within
a similar range if fermentation of glucose also occurs (Fig. 6c and d).
Therefore, the measurement of CUE together with CR could be useful
to identify hidden metabolic pathways (see Section 5.3).

As hinted at above, our framework can help explain the variation
of CR outside the range of perfect aerobic conditions. First, anaerobic
metabolism (fermentation F1 or F2) increases CR values if fermentation
F2 pathway is active (Figs. 3 and 4) because glucose is catabolized
to lactic acid without any CO2 production. However, the presence
of fermentation F1 (i.e., glucose is catabolized to ethanol and CO2)
decreases the CR compared to values attained under purely aerobic
metabolism. The contributions from the glucose fermentation pathways
are minor and could be neglected when considering well aerated soils.
This is evident from Fig. 3 and 4, where the CR values are stable at high
degrees of aerobicity. In contrast, for soils that are not well aerated,
fermentation processes would have a larger impact on CR, as indicated
by the blue shaded areas of Fig. 3 and 4. While here we have only con-
sidered fermentation F1 and F2 as anaerobic processes, depending upon
the available electron acceptor or the microbial community structure,
other anaerobic processes could also be active thereby affecting CR.
For example, Boye et al. (2018) reported values of CR in soil samples
amended with glucose from paddy fields, and the high CR values were
attributed to the presence of anaerobic metabolism that resulted in heat
production without proportional CO2 release, as confirmed from the
observed utilization of Fe3+ and SO2−

4 as electron acceptors. Since our
ramework does not include inorganic compounds as terminal electron
cceptors, it cannot be used to interpret the data from Boye et al.
2018). Nonetheless, it can be used to derive expressions similar to Eq.
23) or (25) for anaerobic metabolism with other inorganic electron
cceptors such as NO−

3 , Fe(OH)3, SO2−
4 , etc.

Second, CR values change when C sources other than the added
ubstrate are metabolized aerobically either as a result of priming of
OM or another substrate (such as diauxic growth, la Cecilia et al.
2019)), as shown in Fig. 7. A higher value of CR is expected compared
o growth only on glucose if the alternative C source is more reduced
han glucose, and vice versa a lower CR value is expected for less
educed additional C sources. Being CR a ratio between rates, it is a
ighly sensitive metric. Therefore, to accurately interpret observed CR
rom soils, all the sources of C and energy that affect its value should
e accounted for. The relations developed here provide a theoretical
ramework to assess the sensitivity of CR to all these contributions.

.3. Predicting C-use efficiency from calorespirometric ratio

Building on previous work, we have shown that estimating CUE
rom CR is possible, provided that the dominant processes contribut-
ng to heat and CO2 production are accounted for. However, this
s not always possible, making an unambiguous estimation of CUE
rom CR alone difficult. The problems lie in the fact that different
ombinations of metabolic pathways can result in the same values of
R and CUE. This can be problematic when trying to estimate CUE or
ther parameters from measured CR because the same CR value can
e caused by different processes. Our analysis shows that when the
bserved CR is supplemented by measurements of end-product yields, it
s possible to identify the underlying metabolic pathways. For example,
ith reference to Fig. 6b, a CUE value of 0.15 and the corresponding CR
84.19 and 122.5 kJ C-mol−1 CO2 can be achieved from two metabolic

athways, as indicated by points 𝑋 and 𝑌 . The first combination
s characterized by microorganisms growing via the fermentation F2
athway with efficiency 𝑌𝐹2 = 0.3 and using the fermentation F1
athway only for catabolism (𝑋 in Fig. 6b). The second combination is
haracterized by microorganisms growing via fermentation F1 pathway
ith efficiency 𝑌𝐹1 = 0.3 and using fermentation F2 pathway only for

atabolism (𝑌 in Fig. 6b). Experimentally, these combinations should

e easy to identify because of the different product yields; in the first
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Table A.1
Catabolic reactions of glucose for aerobic and fermentation pathways. 𝛥𝑐𝑎𝑡𝐻𝑔𝑙𝑢 is the enthalpy change of catabolism and 𝛾𝑆𝑂𝑀 is the degree of
reduction of SOM. Hydrogen can be balance by adding H2O to the product side.

Metabolic pathway Catabolism on glucose 𝛥𝑐𝑎𝑡𝐻𝑔𝑙𝑢
(kJ C-mol−1 S)

Source

AE: Aerobic catabolism
of glucose

CH2O(𝑔𝑙𝑢) + O2 ←→ 𝐶𝑂2
𝛾𝑔𝑙𝑢
4

𝛥𝐻𝑇 (Thornton, 1917)

F1: Fermentation of
glucose to ethanol

CH2O(𝑔𝑙𝑢) ←→
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

CH3O0.5(𝑒𝑡ℎ) +
(

1 −
𝛾𝑔𝑙𝑢
𝛾𝑒𝑡ℎ

)

CO2 -16.7 (Forrest et al., 1961)

F2: Fermentation of
glucose to lactic acid

CH2O(𝑔𝑙𝑢) ←→ CH2O(𝑙𝑎𝑐) -18.33 (Forrest et al., 1961)

SOM: Aerobic
catabolism of SOM

𝐶𝑆𝑂𝑀 +
𝛾𝑆𝑂𝑀

4
O2 ←→ CO2

𝛾𝑆𝑂𝑀

4
𝛥𝐻𝑇 (Thornton, 1917)
Table A.2
Alternative formulations for the anabolic reactions for microbial growth (von Stockar et al., 2008; Battley, 2009). 𝛥𝑎𝑛𝑎𝐻𝐵 is the enthalpy change of
anabolism calculated using the degree of reduction balance. 𝛾𝑔𝑙𝑢, 𝛾𝐵 and 𝛾𝑆𝑂𝑀 are the degrees of reduction of glucose, biomass and SOM. The elemental
formula of microbial biomass (CH1.8O0.5N0.2) is from Roels (1980a). NH3 is assumed to be the source of nitrogen in biomass. Hydrogen can be balance
by adding H2O to either side.

Alternative
formulations

Anabolism on glucose 𝛥𝑎𝑛𝑎𝐻𝐵
(kJ C-mol−1 B)

Electron balance
𝛾𝐵
𝛾𝑔𝑙𝑢

CH2O(𝑔𝑙𝑢) ←→ CH1.8O0.5N0.2 +
(

𝛾𝐵
𝛾𝑔𝑙𝑢

− 1
)

CO2 0

Carbon balance CH2O(𝑔𝑙𝑢) ←→ CH1.8O0.5N0.2 +
(

𝛾𝐵
𝛾𝑔𝑙𝑢

− 1
)

O2
𝛾𝑔𝑙𝑢 − 𝛾𝐵

4
𝛥𝐻𝑇

Biomass from products
of catabolism

CO2 ←→ CH1.8O0.5N0.2 +
𝛾𝐵
4
O2 −

𝛾𝐵
4
𝛥𝐻𝑇
option 𝑌𝑙𝑎𝑐,𝐹2 = 0.34 and 𝑌𝑒𝑡ℎ,𝐹1 = 0.33; and in the second option
𝑌𝑙𝑎𝑐,𝐹2 = 0.5 and 𝑌𝑒𝑡ℎ,𝐹1 = 0.28 (calculated using Eqs. (12) and (13)).
Similarly, a unique CUE value can be found for two different values
of CR in Fig. 6c. Thus, complementing measurements of CR with
measurements of the end products of substrate metabolism other than
CO2, such as organic acids and alcohols, it could be possible to identify
the underlying metabolic pathways, and estimate CUE.

6. Conclusion

The calorespirometric ratio is defined as the ratio of heat dissipation
ate to respiration rate. To interpret the observed variability of CR
n soils, we formulated a modeling framework based on previously
xisting bioenergetic theories (Roels, 1980a; Hansen et al., 2004; Von
tockar et al., 2006). Specifically, we provide mass and energy balances
y taking into account three metabolic pathways and the effect of
riming. Our framework shows that combined aerobic and fermenta-
ion pathways for substrate metabolism can contribute to the observed
ariation in CR from soils. Further, it shows that the presence of
ermentation pathways can alter the CR values depending upon their
ates (i.e., the degrees of aerobicity and fermentation) and associated
rowth yields. We have also developed a generalized relation between
R, CUE, and the rates and growth yields of aerobic and fermentative
etabolic pathways. This relation can be used to estimate CUE from
easured values of CR for various active metabolic pathways and to

xplain the variability of CUE that cannot be explained on the basis
f the C balance alone. Furthermore, we provide a theoretical basis on
ow to use CR to identify and quantify the priming effect. Lastly, we
nalyzed the variability of CR and CUE with substrate quality, finding
as in previous works) that CR increases with increasing degree of
eduction of the substrate, and it increases (respectively decreases) with
UE when the degree of reduction of the substrate is higher (lower)
han biomass.

To summarize, the following must be considered when interpreting
15

R data: (1) possibility of metabolic pathways other than aerobic
Fig. C.1. Thermodynamic limits on the aerobic growth yield (𝑌 𝑚𝑎𝑥
𝐴𝐸,𝑆 ) as a function of

the degree of reduction (DR = 𝛾𝑆 ) of the substrate. The vertical red line represents the
DR of microbial biomass (𝛾𝐵 = 4.2).

growth by looking for common fermentation products such as ethanol
or lactic acid; and identifying other electron acceptors that might favor
anaerobic metabolism, (2) possibility that priming of SOM is signifi-
cant, and (3) the non-uniqueness of CUE–CR relationship when using
CR to estimate CUE. Therefore, we conclude that the calorespirometric
ratio can emerge as a unifying metric containing information on both
the energy and the mass fluxes exchanged by soil systems, but it
requires complementary information on the dominant C flow pathways
when used to estimate microbial CUE.
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Table A.3
Aerobic growth yield (𝑌𝐴𝐸 ) compiled from Smeaton and Van Cappellen (2018) for various organic compounds and corresponding CR values calculated
using Eq. (32) with a minor modification that 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 is replaced by the enthalpy of the growth reaction for a given substrate.

Substrate Degree of reduction Calorespirometric ratio
(CR) (kJ/ C-mol CO2)

Growth yield (𝑌𝐴𝐸 ) (C-mol
biomass C-mol−1 S)

Catabolic product

glucose 4 423 0.66 CO2
glucose 4 449 0.46 CO2
glucose 4 436 0.48 acetate
glucose 4 432 0.51 acetate
glucose 4 443 0.42 acetate

lactic acid 4 435 0.32 acetate
lactic acid 4 417 0.42 acetate
lactic acid 4 423 0.39 acetate

ethanol 6 972 0.56 CO2

oxalate 1 80 0.09 CO2
oxalate 1 89 0.07 CO2

formate 2 139 0.27 CO2
formate 2 178 0.18 CO2
formate 2 196 0.13 CO2
formate 2 196 0.13 CO2
formate 2 185 0.16 CO2
formate 2 174 0.19 CO2
formate 2 153 0.24 CO2
formate 2 144 0.26 CO2
Table A.4

Calorespirometric ratio (CR) and carbon use efficiency (CUE) from different soils treatments amended with glucose, compiled from
Bölscher et al. (2016).
Substrate Soil treatment CR (kJ C-mol−1 CO2) CUE (C-mol biomass

C-mol−1 S)

D-Glucose

Arable land 441 0.77
Ley farming 398 0.73
Grassland 377 0.75
Forest 377 0.81

L-Alanine

Arable land 473 0.72
Ley farming 586 0.72
Grassland 639 0.72
Forest 291 0.7

Glycogen

Arable land 523 0.86
Ley farming 588 0.86
Grassland 442 0.88

Forest 318 0.88
Table C.1
Observed values of microbial growth yield (𝑌 in C-mol bio/C-mol S), CO2 yield (𝑌𝐶 in C-mol CO2/C-mol S), product yield (𝑌𝑃 in C-mol P/C-mol S),
and heat yield (𝑌𝑄 in kJ∕C-mol bio) data from von Stockar and Birou (1989).

𝑌 𝑌𝐶 𝑌𝑃 𝑌𝑄 CR (from data) CR (our model)

(A) Fully aerobic (𝛼 = 1) 0.57 0.41 328 458 438
(B) Complete fermentation (𝛼 = 0) 0.13 0.28 0.5 119 54 49
(C) Mixed metabolism (𝛼 = 0.5) 0.35 0.32 0.22 242 261 280
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Appendix A. Derivation of the growth reactions

The microbial growth equation for each metabolic reaction (i.e. AE,
F1 and F2) can be written by considering the sum of individual
catabolic and anabolic reactions (Battley, 1960b). The chemical equa-
tions of each catabolic pathway for 1 C-mol of glucose and SOM are
given in Table A.1. The anabolic reaction can be expressed in three
different ways (von Stockar et al., 2008; Battley, 2009). The first is
based on metabolizing the substrate following an electron (𝑒−) balance,
the second is based on metabolizing the substrate following a carbon
balance and, the third is based on the formation of biomass from the
products of catabolism. These three options are described in Table A.2.
Details on how to write these alternative forms of anabolic reactions
can be found elsewhere (von Stockar et al., 2008; Battley, 2009). We
follow the first option for the anabolic reaction which is based on
the assumption of equivalency of 𝑒− availability in substrate and cell
biomass (or product). Therefore, 𝑒− acceptors are not involved and
the enthalpy of the anabolic reaction is zero ( Table A.2). A more

detailed explanation of this argument can be found in Battley (2009)
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and Kleerebezem and Van Loosdrecht (2010), and in the supplementary
materials of Smeaton and Van Cappellen (2018).

It is worth noting that both catabolic and anabolic reactions are
only a representation of complex biochemical reactions taking place
within microbial cells. For example, catabolism of carbohydrates in-
volves glycolysis, tricarboxylic acid cycle, and oxidative phosphoryla-
tion; however, when taking a systems perspective, all these processes
are lumped, and we focus only on the input and output of the system.
The growth equation is written for microorganisms growing on 1-C
mol of substrate with specified growth efficiencies for each metabolic
pathway. For example, the aerobic growth equation on glucose can
be obtained by adding catabolic and anabolic reactions in such a way
that results in the consumption of 1-C mole of glucose and production
of 𝑌𝐴𝐸 C-mol of biomass. The catabolic reaction of glucose in aerobic
onditions is

H2O(𝑔𝑙𝑢) + O2 ←←→ CO2 + H2O, (A.1)

and the corresponding anabolic reaction is
𝛾𝐵
𝛾𝑔𝑙𝑢

CH2O(𝑔𝑙𝑢) ←←→ CH1.8O0.5N0.2 +
(

𝛾𝐵
𝛾𝑔𝑙𝑢

− 1
)

CO2, (A.2)

here the coefficient 𝛾𝐵
𝛾𝑔𝑙𝑢

accounts for the lower DR of glucose com-
pared to biomass. The enthalpy change of anabolism is calculated by
writing the enthalpy balance of Eq. (A.2) using combustion enthalpy as
reference,

𝛥𝑎𝑛𝑎𝐻𝐵 =
𝛾𝐵
𝛾𝑔𝑙𝑢

𝛥𝐶𝐻𝑔𝑙𝑢 − 𝛥𝐶𝐻𝐵 , (A.3)

where 𝛥𝐶𝐻𝑔𝑙𝑢 and 𝛥𝐶𝐻𝐵 are the standard enthalpies of combustion
of glucose and microbial biomass, respectively. Note that inserting the
values 𝛥𝐶𝐻𝑔𝑙𝑢 and 𝛥𝐶𝐻𝐵 using Thorton’s rule (Eq. (B.1)) results in
𝛥𝑎𝑛𝑎𝐻𝐵 = 0 irrespective of the type of substrate.

Because we aim to write the growth reaction for the consump-
tion of 1 C-mol of glucose, we need to combine the catabolic and
anabolic reactions and re-scale them accordingly. To do that, we mul-
tiply the catabolic (Eq. (A.1)) and anabolic (Eq. (A.2)) reactions by
(

1 − 𝑌𝐴𝐸
𝛾𝐵
𝛾𝑔𝑙𝑢

)

and 𝑌𝐴𝐸 , respectively, and sum them up to obtain the
overall aerobic growth equation on glucose,

CH2O(𝑔𝑙𝑢) +
( 𝛾𝑔𝑙𝑢 − 𝑌𝐴𝐸𝛾𝐵

4

)

O2

𝑈𝐴𝐸
←←←←←←←←←←←←←←←←←←→ 𝑌𝐴𝐸CH1.8O0.5N0.2 + (1 − 𝑌𝐴𝐸 )CO2 + 𝛥𝐴𝐸𝐻𝑔𝑙𝑢, (A.4)

here 𝑌𝐴𝐸 , 𝛥𝐴𝐸𝐻𝑔𝑙𝑢 and 𝑈𝐴𝐸 = 𝛼𝑈𝑔𝑙𝑢 are the growth yield, and
nthalpy and rate of the reaction, respectively.

The microbial growth equations for the fermentation and SOM
ptake pathways can be written in a similar way.

Fermentation of glucose to ethanol:

H2O(𝑔𝑙𝑢)
𝑈𝐹1
←←←←←←←←←←←←←←←←←→ 𝑌𝐹1 CH1.8O0.5N0.2 + 𝑌𝑒𝑡ℎ,𝐹1 CH3O0.5(𝑒𝑡ℎ)

+
(

1 − 𝑌𝐹1 − 𝑌𝑒𝑡ℎ,𝐹1
)

CO2 + 𝛥𝐹1𝐻𝑔𝑙𝑢. (A.5)

Fermentation of glucose to lactic acid:

CH2O(𝑔𝑙𝑢)
𝑈𝐹2
←←←←←←←←←←←←←←←←←→ 𝑌𝐹2 CH1.8O0.5N0.2 + 𝑌𝑙𝑎𝑐,𝐹2 CH2O(𝑙𝑎𝑐)

+
(

1 − 𝑌𝐹2 − 𝑌𝑙𝑎𝑐,𝐹2
)

CO2 + 𝛥𝐹2𝐻𝑔𝑙𝑢, (A.6)

where 𝑌𝐹1 and 𝑌𝐹2 are the growth yields in (C-mol biomass C-mol−1

substrate); 𝛥𝐹1𝐻𝑔𝑙𝑢 and 𝛥𝐹2𝐻𝑔𝑙𝑢 are the enthalpies of reaction (kJ C-
mol−1 glu); and 𝑈𝐹1 = 𝛽𝑈𝑔𝑙𝑢 and 𝑈𝐹2 = 𝜆𝑈𝑔𝑙𝑢 are the rates of the
reactions in C-mol substrate/h for Eqs. (A.5) and (A.6), respectively.
𝑌𝑒𝑡ℎ,𝐹1 and 𝑌𝑙𝑎𝑐,𝐹2 can be calculated using the degree of reduction
balance of Eq. (A.5) and (A.6), respectively,

𝑌𝑒𝑡ℎ,𝐹1 =
𝛾𝑔𝑙𝑢 − 𝑌𝐹1𝛾𝐵

𝛾𝑒𝑡ℎ
, (A.7)

𝑌𝑙𝑎𝑐,𝐹2 =
𝛾𝑔𝑙𝑢 − 𝑌𝐹2𝛾𝐵

𝛾𝑙𝑎𝑐
. (A.8)
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Appendix B. Thornton’s rule

According to Thornton (1917), the enthalpy change during the
aerobic mineralization of an organic compound can be approximately
given by the moles of oxygen utilized in the complete combustion
reaction multiplied by Thornton’s coefficient (𝛥𝐻𝑇 ). We use the value
of 𝛥𝐻𝑇 = −455 ± 15 kJ mol−1 O2 for a generic organic compound and
−469 kJ mol−1 O2 for glucose. For a generic organic compound, 𝐶𝑆 ,
with degree of reduction 𝛾𝑆 ; the enthalpy of combustion (𝛥𝐶𝐻𝑆 ) can
be written as,

𝛥𝐶𝐻𝑆 =
𝛾𝑆
4
𝛥𝐻𝑇 (B.1)

where subscripts 𝐶 and 𝑆 in 𝛥𝐶𝐻𝑆 refer to ‘combustion’ and ‘organic
substrate’, respectively. A discussion on the limitations of Thornton’s
rule can be found in Wadsö and Hansen (2015). By convention, 𝛥𝐶𝐻𝑆
is a negative quantity for exothermic reactions but for the purpose of
estimating heat released, we consider only its magnitude.

Appendix C. Thermodynamic limits to the growth yields

CUE is a function of both rates and yield values of individual
metabolic growth pathways (Eq. (27)). The uptake rates are constrained
by the kinetics of microbial growth; however, the maximum possible
yields are constrained by thermodynamic principles (Von Stockar et al.,
2006; Roels, 1980a). According to the second law of thermodynamics,
growth yield is maximum when Gibbs energy obtained from catabolism
is completely used by anabolism, leading to an equilibrium growth at
infinitesimally slow rate (Von Stockar et al., 2006). A similar constraint
based on the enthalpy of the growth reaction can be used; i.e., the
maximum growth yield is theoretically achieved when the enthalpy of
the growth reaction is zero, indicating that catabolism provides exactly
the amount of enthalpy required by anabolism. Thus, setting the overall
enthalpy change in Eq. (20) to zero, we obtain the maximum possible
yield (here specifically for glucose metabolism),

𝑌 𝑚𝑎𝑥
𝑖,𝑔𝑙𝑢 =

𝛥𝑐𝑎𝑡,𝑖𝐻𝑔𝑙𝑢

𝑌𝑎𝑛𝑎𝛥𝑐𝑎𝑡,𝑖𝐻𝑔𝑙𝑢 − 𝛥𝑎𝑛𝑎𝐻𝐵
, (C.1)

here subscript 𝑖 represents different glucose metabolic pathways,
.e., AE, F1, or F2. Since 𝛥𝑎𝑛𝑎𝐻𝐵 = 0 (due to the selected formulation
or the anabolic reaction, Appendix A), the maximum yield is found as,

𝑚𝑎𝑥
𝑖,𝑔𝑙𝑢 = 1

𝑌𝑎𝑛𝑎
=

𝛾𝑔𝑙𝑢
𝛾𝐵

= 4
4.2

= 0.95. (C.2)

Therefore, the maximum limits of 𝑌𝐴𝐸 , 𝑌𝐹1 and 𝑌𝐹2 are all equal
to 0.95. It should be noted that for the fermentation pathways, the
maximum yield values are theoretical maximum and in reality, these
values are never achieved because at these theoretical maximum val-
ues the product yields (𝑌𝑒𝑡ℎ,𝐹1 and 𝑌𝑙𝑎𝑐,𝐹2) would be zero, which is
biochemically/biologically impossible. Using these maximum growth
yields, we can calculate the maximum limit of CUE in the case of
combined metabolism that is also equal to 0.95.

These enthalpy based thermodynamic limit for yield can be gener-
alized to any substrate. For example, under aerobic growth conditions,
the thermodynamically feasible range of yield 𝑌 𝑚𝑎𝑥

𝐴𝐸,𝑆 (subscript 𝐴𝐸 for
aerobic and 𝑆 for substrate) is calculated as a function of the degree of
reduction of the substrate 𝛾𝑆 Heijnen and Roels (1981) as,

0 ≤ 𝑌 𝑚𝑎𝑥
𝐴𝐸,𝑆 ≤ min

(

𝛾𝑆
𝛾𝐵

, 1
)

(C.3)

Fig. C.1 shows the theoretical limit of the growth yield for vary-
ing DR of organic substrates. Substrates with DR lower than biomass
(e.g., glucose) are more oxidized than biomass, and substrates with DR
higher than biomass (e.g., ethanol) are more reduced than biomass.
The anabolism of 1 C-mol of biomass requires 1 C-mol of substrate
based on carbon stoichiometry; however, 1 C-mol of a substrate with
𝛾 < 𝛾 does not have enough electrons needed in the anabolic
𝑆 𝐵
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Fig. C.2. (a) Variation of CR as a function of fractional rates of aerobic (𝛼) and fermentation pathways F1 (𝛽) and F2 (𝜆) are shown under the combined aerobic + F1 growth
conditions. Contour lines of CR are calculated from taking the growth yield values from Heijnen and Roels (1981). Experimentally observed values of CR recalculated from Heijnen
and Roels (1981) are shown in parentheses at the star symbol. (b) Observed and modeled CR value against 1:1 line. Note that all three metabolic pathways are active but biomass
is growing only if yield values are non zero.
Fig. D.1. Scenario 2 Section 3.2.1 for 𝑌𝐹1 and 𝑌𝐹2 = 0: Variation of CUE with CO2 yield (a and d), enthalpy dissipated as heat (b and e), and the CR (c and f) for varying degrees
of 𝛽 for AE, F1 and F2 pathways. In each panel, one of the growth yields (as indicated on the y-axis) is varied (decreasing) according to the arrow.
reaction. Therefore, growth is energy limited and the theoretical 𝑌 𝑚𝑎𝑥
𝐴𝐸,𝑆

can never approach 1. In contrast, 1 C-mol of substrate with 𝛾𝑆 > 𝛾𝐵
can provide more electrons that are needed by the anabolic reaction, so
that anabolism is carbon limited because the number of carbon moles
of biomass would be constraint by the number of carbon moles of
substrate available. This leads to a theoretical yield of 1 for reduced
substrates. However, it should be noted that this is a thermodynamic
limit, and the actual growth yields on reduced substrates are less than
1 (Roels, 1980b) (see Fig. C.1).
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Appendix D. Variation of CUE with amount of CO2, heat, and CR
for glucose metabolism

In this Appendix, we provide additional figures (Figs. D.1–D.3)
showing the variation of CUE with the amount of CO2 and heat re-
leased, and with CR, during uptake and metabolism of glucose via
combinations of two fermentation pathways. These figures explain the
contributions of CO and heat exchanges to CR in scenario two in
2
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Fig. D.2. Scenario 2 Section 3.2.1 for 𝑌𝐹1 and 𝑌𝐹2 = 0.3: Variation of CUE with CO2 yield (a and d), enthalpy dissipated as heat (b and e), and the CR (c and f) for varying
degrees of 𝛽 for AE, F1 and F2 pathways. In each panel, one of the growth yields (as indicated on the y-axis) is varied (decreasing) according to the arrow.

Fig. D.3. Scenario 2 Section 3.2.1 for 𝑌𝐹1 and 𝑌𝐹2 = 0.9: Variation of CUE with CO2 yield (a and d), enthalpy dissipated as heat (b and e), and the CR (c and f) for varying
degrees of 𝛽 for AE, F1 and F2 pathways. In each panel, one of the growth yields (as indicated on the y-axis) is varied (decreasing) according to the arrow.
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Section 3.2.1 (i.e., Fig. 6b). CR effects on CUE depend on the chosen
values of 𝑌𝐹1, 𝑌𝐹2, and 𝛽, which are allowed to vary in Figs. D.1–D.3.

Fig. D.1 shows how CUE varies with CO2, heat released, and CR,
when the fractional rate 𝛽 is increased from 0 (F2 only) to 1 (F1 only;
lines with different color). In the top panels (solid lines), glucose is
metabolized at a fixed 𝑌𝐹1 = 0 and a variable F2 yield. Decreasing
the F2 yield causes CUE and CO2 to also decrease, while heat release
is increased. As a result, CUE decreases with increasing CR for any
value of 𝛽. In the bottom panels (dashed lines) 𝑌𝐹2 = 0 and F1 yield is
variable. Here, decreasing F1 yield causes a decrease in CUE, while CO2
and heat release increase. As a result, CUE decreases with increasing
CR only at high 𝛽 values, and increases at low 𝛽. As 𝛽 approaches zero
(𝛾 → 1), only the F2 pathway remains active, so that the solid lines
in Fig. D.1c converge towards the dotted–dashed line in Fig. 6a; and
the dashed lines in Fig. D.1f tend to infinity. Similarly, as 𝛽 approaches
one (𝛾 → 0) and only the F1 pathway remains active, the solid lines in
Fig. D.1c converge to the red dot (the value of CR without microbial
growth), and the dashed lines in Fig. D.1f converge towards the dashed
line in Fig. 6a. Unlike the first case (top panel), in the second case
(bottom panel) CUE–CR is highly sensitive to the selected 𝛽 and 𝑌𝐹2
values, and CUE–CR switches from a direct to an inverse relationship.
Figs. D.2 and D.3 can be explained similar to Fig. D.1, but now the
yields that are kept fixed are higher than zero.
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