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ARTICLE INFO ABSTRACT

Keywords: Microbial carbon use efficiency (CUE) is an important metric for understanding the balance between anabolic
Energy use efficiency (EUE) and catabolic metabolism, while energy use efficiency (EUE) provides insight into microbial energy re-
Calorimetric ratio (CR) quirements. They are linked by the ratio between released heat and respiration (calorespirometric ratio, CR),

Carbon use efficiency (CUE)
13C-Labeled cellulose
Fertilized and unfertilized arable soils

which can be used to describe the efficiency of microbial growth. In this study, microbial C and energy use during
the degradation of C-labeled cellulose in eight different soils was investigated experimentally and simulated
using a process-based model. Our results show close agreement between the cumulative C and energy balances
during the incubations, with a total C and energy release equal to 30-50% of the amount added as cellulose. Both
energy and C fluxes indicated that a positive priming effect of soil organic matter (SOM) increased the release of
heat and CO, by 10-32% relative to the added substrate. The CR-CUE relationship indicated that growth on
cellulose was energy limited during the early but not the later stages of the incubation, especially in soils with
high SOM content. We partly observed systematic differences between estimates for CUE based either on the *C
label or on the calorespirometric ratio. Both approaches were constrained by technical and methodological
limitations and agreed best during the phase of microbial growth in the SOM-rich soils, with CUE values between
0.4 and 0.75 indicating efficient aerobic growth. During early stages or after transition to a maintenance phase,
both estimates were less meaningful for cellulose degradation, a substrate with a lower turnover rate than
glucose. Still, the coupled heat and mass balances during cellulose degradation in combination with process-
based modeling provided additional information on growth yields as well as the contribution of SOM priming
to microbial growth compared to considering mass balances alone.

1. Introduction deduce how much C is either emitted from the soil as CO, or retained
and eventually stabilized in the SOM (Chakrawal et al., 2020). Studies

Microorganisms utilize soil organic matter (SOM) for catabolic and have highlighted the importance of substrate availability, nutrient
anabolic processes (Chakrawal et al., 2020). This C allocation or the composition, environmental conditions, and microbial community
ratio of C used for biosynthesis to C consumed is commonly referred to as composition to explain the variability in CUE (Manzoni et al., 2012;

carbon use efficiency (CUE; (Geyer et al., 2019)), from which we can Qiao et al., 2019; Domeignoz-Horta et al., 2020). What is missing are
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studies that take into account that biosynthesis is a purely
non-equilibrium process that depends not only on carbon alone but also
on the energy that can be provided by catabolism (Kastner et al., 2024).
This perspective emphasizes the quantification of energy fluxes along-
side traditional carbon-centered analyses. Currently, there are a growing
number of model-based descriptions, such as those published by Chak-
rawal et al. (2020), in which the potential application of coupled mass
and energy balance models for glucose can be used to create a gener-
alized understanding of metabolic pathways during substrate utilization
and implement physiological constraints in C-cycle models (Calabrese
et al., 2021; Endress et al., 2024a). However, there is a lack of experi-
mental data to support this theoretical notion, also with regard to more
complex molecules that better reflect the natural composition of fresh
litter in the soil, e.g. cellulose, while revealing possible technical limi-
tations in determining and combining energy and mass fluxes.

The measurement of heat production via calorimetry opens up a non-
destructive, label-free method in soil science that provide useful ther-
modynamic, kinetic and stochiometric quantities (Yang et al., 2024).
One of these is the calorespirometric ratio (CR), i.e. the quotient of the
specific heat (Qg kJ g’l) and the CO; release (R¢o,; mol CO2-C g’l).
This ratio contains valuable information about the soil microbial
metabolism, because it reflects the fact that a certain fraction of energy
contained in the substrate is released as heat during catabolic oxidation
of substrate-C to CO», while the remainder is used for reducing C during
biosynthesis. Hence, it links heat and CO, production during substrate
consumption to the efficiency with which microorganisms synthesize
new biomass from the substrate. Hansen et al. (2004) developed a
widely used quantitative model linking the CR to CUE which allows
estimating the CUE of microbial growth from the simultaneous mea-
surement of heat and CO; production. This model simplifies soil pro-
cesses by focusing on aerobic metabolic processes and a single substrate
and neglecting any interactions involving minerals or SOM (Yang et al.,
2024). Building on these findings, Chakrawal et al. (2020) expanded the
model to include both SOM utilization as well as anaerobic processes
such as ethanol and lactic acid fermentation. This extension enabled a
more comprehensive and nuanced understanding of CR-CUE relation-
ships. In particular, the authors showed how the CR-CUE relationship for
a simple microbial growth reaction differs depending on the energy
content of the substrate: if a substrate that is more oxidized than mi-
crobial biomass is consumed, the CR values decrease with increasing
CUE and are limited to values below the combustion enthalpy (=energy
content) of the biomass, whereas more reduced substrates result in CR
values that increase with increasing CUE and fall above this threshold.
The former corresponds to energy limited growth with relatively more C
than energy being released per unit substrate, while the latter corre-
sponds to C-limited growth, with relatively more energy than C being
released (Chakrawal et al., 2020). The CR-CUE relation in the complex
soil environment can, however, be influenced by many other factors that
may cause deviations from such simple predictions (Barros et al., 2016;
Herrmann and Bolscher, 2015). For instance, technical limitations may
result in alterations to the CR when attempting to carry out the com-
bined measurement of heat and CO» in parallel experiments in separate
vessels (Yang et al., 2024; Endress et al., 2024b). Other processes that
consume C and energy such as the production of extracellular enzymes
or the formation of biofilms (Bolscher et al., 2024), might also affect the
CR-CUE relation through the anabolic use of C that is not directly linked
to biomass production. Similarly, extracellular enzymes can release heat
during hydrolysis and depolymerization of complex substrates, which
could elevate measured CR values. The additional use of SOM after
substrate addition can contribute to microbial growth and, hence, to
heat production that is not directly linked to the added substrate
(Arcand et al., 2017). The intensity of priming depends, among other
factors, on the competition for energy and nutrients between microbial
groups using the fresh added substrate and other groups using SOM
(Fontaine et al., 2003). The degree to which SOM priming affects the
CR-CUE relation depends, therefore, also on the amount and energy
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content of the SOM.

The different substrate preference and growth strategies control not
only the decomposition rate but also the course of CUE (De Graaff et al.,
2010). According to Geyer et al. (2016), the beginning of substrate
utilization is characterized by a population-level CUE, which is deter-
mined by species-specific metabolic and thermodynamic constraints
and, over time, transforms into an ecosystem-level CUE reflecting the
efficiency of microbial net biomass production (growth) per unit of
ingested substrate, including recycling of microbial products (Geyer
et al., 2016). An often-used method for estimating CUE is the use of
13C-labeled substrates in conjunction with measuring the 3C-flux into
CO, and the microbial biomass. However, both methods (i.e. the
quantitative model of Hansen et al. (2004) and 13C.labeled substrates)
have their specific strengths and weaknesses and a simultaneous appli-
cation of both may provide new insights into the C and energy use of soil
microorganisms (Geyer et al., 2019). In addition, the COy and heat
release (including priming of SOM) can be related to the amount of C
and energy initially added to the soil as substrate. Such a comparison
accounts both for CO; and heat production from other sources as well as
for any incomplete decomposition of the added substrate, and is referred
to in this study as net carbon balance (CByet) and net energy use effi-
ciency (EUEpe, Fig. 1). Both might be considered as the storage effi-
ciency of the soil system (Manzoni et al., 2018) and CBye; might be seen
in a continuum following population CUE and ecosystem CUE. In this
context, a CBper and EUE ¢ > 0 indicate a net C and energy gain in the
soil system after substrate addition, while negative values indicate net C
and energy loss from the system. It is important to note, that EUE ¢
differs from (instantaneous) EUE, which is defined as the fraction of total
substrate-derived energy required for anabolism (Klemm et al., 2005;
Wang and Kuzyakov, 2023). EUEye; can, therefore, only be related to
CBpet and both are not directly relatable to the CUE estimates derived
from '3C mass balance or CR, but instead broaden the concepts of CUE
and EUE.

The research aim of this study was to investigate the C and energy
use from added cellulose in either organically fertilized or unfertilized
arable soils during a 64-days incubation. We used '3C-labeled cellulose
and isothermal calorimetry in combination with a process-based model
to provide an in-depth analysis of microbial cellulose degradation. This
approach was used to address the following objectives: 1) apply and
evaluate the concepts of CBye, EUEe;, CR and CUE to cellulose degra-
dation and 2) determine if growth on cellulose is energy limited as

CBnet = 1 - CCOZ/ CCeIIquse
EUEnet = 1-Q / AEceiuiose COz

3C-Cellulose B3C 2C

EU ECeIIquse

Heat Q

CuU ECeIIquse

Biomass

—— 18C 120

12C-SOM

Fig. 1. Schematic of major C and energy flows in soil incubation experiments.
Microorganisms consume '*C-labeled substrate added to the soil to form new
biomass, CO, and heat with a certain carbon and energy use efficiency (CUE-
Cellulose aNd EUEcepulose). Additionally, they also metabolize native (*2c-)soM.
The net storage or release of C (CB,e) and energy (EUE,.) in the soil thus
depends on the balance between the total amount of C and energy initially
added as substrate (Cceuloses AEcelulose) 0N the one hand and the total amount
of C and energy lost as CO, and heat over time (Cco,, Q) on the other hand.
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predicted based on its energy content (Chakrawal et al., 2020).
Furthermore, we want to 3) determine how priming of SOM and the
fertilizer status affects CUEs, CBpet and EUE,, and finally 4) evaluate
technical difficulties in measuring and combining heat and CO release
in the CR.

2. Materials and methods
2.1. Soil origin and sampling

The soil samples originate from four long-term field experiments,
each with an unfertilized (UF) and a fertilized (FYM) variant. The soils
included in the study had different textures: a loamy sand called “Thy-
row” (TH), a sandy loam called “Dikopshof” (DI), a loamy sand called
“Reckenholz” (RE), and a silty loam called ”QualiAgro” (QA). The soils
cover a wide range of soil properties of arable soils, which allowed us to
study the impact of background SOM and energy content on microbial
cellulose utilization. Further details on the soil properties can be found
in the published database (Lorenz et al., 2024a). Sampling was carried
out randomly with a spade from the top 20 cm after harvest. Soil sam-
pling took place in August for DI, in September for QA and RE and in
October for TH, each in 2021. Thyrow (TH) is located at 52°16'N,
13°12E in Brandenburg, Germany. The climate is characterized by an
annual mean temperature of 9.2 °C and precipitation of 510 mm. The
crop rotation, which has been implemented since 2005, consists of silage
maize and winter rye. Since 1938, fertilizer has been applied exclusively
with farmyard manure, which is applied at a rate of 20 t ha™! (Ellmer
and Baumecker, 2005; Kroschewski et al., 2023). The Dikopshof (DI)
agricultural area is located at 50°81'N, 6°95E in North
Rhine-Westphalia, Germany. The area has an average annual tempera-
ture of 10.5 °C and a precipitation of 688 mm. Since 1953, the farm has
been cultivated as part of a five-year crop rotation, with sugar beet,
winter wheat, winter rye, Persian clover and potatoes being grown.
Since 1904, farmyard manure has been applied at a rate of 60 t ha !
(Ahrends et al., 2018). The Reckenholz (RE) site is an arable field at
47°43' N, 8°52' E near Zurich, Switzerland. Reckenholz has an annual
mean temperature of 9.5 °C and a precipitation of 1050 mm. The 8-year
crop rotation includes winter wheat, maize, potatoes, winter wheat,
maize and spring barley. Since 1949, 5 t ha™! of farm manure has been
applied every second year (Cagnarini et al., 2021). QualiAgro (QA) soil
samples were collected from a field situated at 48°87' N, 1°95' E in
Ile-de-France, with an average annual temperature of 10.8 °C and 644
mm of precipitation. The crop rotation includes barley, oats, barley and
maize, with farmyard manure applied at a rate of 4 t ha™! every two
years since 2014 (Nest et al., 2016).

2.2. Experimental design

The soils were stored air-dry and pre-incubated for 10 days at a water
content corresponding to 45-50% water holding capacity
(Supplementary Table S2, Table S3) to restore and stabilize microbial
activity. After pre-incubation, the soils were incubated with 97 at% '3C-
labeled cellulose derived from maize (Zea mays; IsoLife, Wageningen,
Netherlands). The amount added corresponded to four times the C
content of the microbial biomass in each soil (Table 1).

The cellulose was frozen at —80 °C and ground in a ball mill to a fine
powder that allowed homogeneous mixing with the soil. Soils without
cellulose addition served as controls. Soil equivalent to 3.78 g dry matter
was incubated in 20 ml airtight calorimeter vials, which, together with
aeration of the vials at three time points, ensured sufficient oxygen
availability during the incubation. The experiment was run for 64 days
in three replicates, with the assumption that a significant proportion
would be utilized by that time. Additional sets of vials were sampled at
4, 8, 16 and 32 days to cover, together with the frequent respiration
measurements, the dynamic phase of cellulose utilization during the
early stages of incubation (Table 2).
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Table 1
Cellulose addition.

Soil Fertilization =~ Cp;c 400% C- Cellulose addition
(ngg™! cellulose (mg 3.8 g~ ! soil)
soil) (ng g’1 soil)

Dikopshof Fertilized 155 622 5.4

Dikopshof Unfertilized 70 280 2.4

Reckenholz  Fertilized 213 853 7.4

Reckenholz  Unfertilized 162 650 5.6

Thyrow Fertilized 106 425 3.7

Thyrow Unfertilized 31 126 1.1

QualiAgro Fertilized 227 908 7.8

QualiAgro Unfertilized 167 668 5.8

Table 2

Sampling schedule.

Analyses Sampling time

0,4,5,8,12, 16, 20, 26, 32, 43, 46, 56, and 64 d
3¢ respiration 4,8,16,32,and 64 d
3 Comic 4,8,16, 32, and 64 d

CO,, respiration

A flowchart illustrating the experimental design as well as a
nomenclature of important quantities and their units are provided in the
supplementary material (Supplementary Fig. S1, Supplementary
Table S1).

2.3. CO, measurement

Gas samples were taken from the incubation vials according to the
experiment schedule (Tabel 2) to measure CO, accumulation between
the sampling dates. In a first step, exetainers were flushed with CO,-free
air at the start of the experiment and after taking the head space samples
at each sampling date. At the sampling dates (i.e. before flushing the
vials with COo-free air), gas samples from the head space were trans-
ferred into exetainers (Labco, UK). The CO, concentration was quanti-
fied using a gas chromatograph (Agilent 7890, USA). To calibrate and
calculate the CO; concentrations, three standard gases with known CO4
concentrations were used. 13CO, was measured with a mass spectrom-
eter (Thermo Finnigan MAT, Bremen, Germany). The at% of the CO,-C
respired between the sampling dates t =i and t = i + 1 was calculated as
follows:

at% — <Ci'at0/0i — Ci+1'at0/0i+1>

(€8]
Ci—Cin

where C; and Cj,; are the COo—C concentrations and at%; and at%;. 1
the atom% of the CO,-C at the respective sampling dates. The at%
values of the evolved CO,-C were taken to calculate the proportion of
cellulose-derived C (%cellulose C) in COo—C att =1 + 1:

(2)

%CelluloseC — ( Clto/Osample - ato/oconrrol ) 100

at%celtutose — At%control

where at%;qmple is the at% content of the sample, at%congor corre-
sponds to the at% of the control soil, at%ceiiose refers to the at% of the
added cellulose. As **C and CO5 were not measured in the same interval,
the missing at% values were estimated by linear interpolation between
two time points. The respired CO5 was partitioned based on the isotopic
signature of the substrate and priming effect was calculated (Boos et al.,
2023):

PE = COZ.tatal - 13C - COZ - COZ,contrul (3)

where PE is the priming effect, COx o is the CO2 evolved from the
substrate enriched soil, CO2 control is the CO, evolved without substrate
addition and 13C — CO, is the amount of labeled CO5 evolved from the
amended soil.
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2.4. Bomb combustion calorimetry

The background energy content of the different soils was determined
by combustion calorimetry and TG-DSC measurements. Following the
methodological procedure described by Lorenz et al. (2024b), a subset of
the homogenized soil was first dried at 105 °C and stored in a desiccator
until combustion calorimetric measurements were performed. The en-
ergy content was determined as enthalpy of combustion AcH according
to DIN 51900 using an isoperibol combustion calorimeter (IKA C 200,
IKA-Analysentechnik, Heitersheim, Germany; Lorenz et al., 2024b). In
brief, 0.5 g of soil was mixed with benzoic acid in a 1:1 (w/w) ratio as an
auxiliary combustion source and placed in a quartz crucible inside the
bomb. This was done to achieve a complete combustion of SOM (Lorenz
et al., 2024b). A volume of 5 ml of distilled water (25 °C) was added to
the bomb to collect gases containing N and S from the combustion re-
action to correct for energy releases by formation of nitric and sulfuric
acid (for details see Lorenz et al., 2024b). The sealed bomb was pres-
surized with pure oxygen (purity 99.998 mol%, ALPHAGAZ) to 30 bar.
After the combustion reaction, the residual material was weighed to
account for the ash content of the analyzed sample. In case the com-
bustion failed or was incomplete (recognizable by black soot in the
sample residue), the respective measurement was discarded and
repeated. Analysis of the C content in the combustion residues using an
elemental analyzer (Vario EL cube, Elementar Analysensysteme GmbH,
Langeselbold, Germany) confirmed that SOM had been completely
burned in all samples. The combustion enthalpy is reported normalized
to the organic C content (Lorenz et al., 2024a) of the sample inkJ g~ C
to better characterize the energetic signature of SOM, which is of
particular importance for mineral soil samples.

2.5. Thermogravimetry-differential scanning calorimetry (TG-DSC)

The thermogravimetric and differential scanning calorimetric ana-
lyses were performed with STA 449 F3 Jupiter® simultaneous thermal
analyzer equipped with type-S thermocouple (Pt-Pt/Rh) DSC/TG Octo
sample carrier (Netzsch-Geratebau GmbH, Selb, Germany) and coupled
via a heated transfer line at 300 °C, untreated fused silica capillary, [ =
2.2 m, d = 75 pm (SGE Analytical Science, Ringwood, Victoria,
Australia) with the QMS 403 Aeolos® Quadro quadrupole mass spec-
trometer (Netzsch-Geratebau GmbH, Selb, Germany). Samples were
weighted in Al,O3 crucibles (d = 6.8 mm, V = 85 pL) on the Cubis® II
Ultra-Micro lab balance (Sartorius AG, Gottingen, Germany). The sam-
ple mass was approx. 30 mg. An empty Al,O3 crucible was used as a
reference. The samples were heated from 45 °C to 1000 °C at 10 °C
min~! under an oxidative atmosphere of 50 mL min~! of synthetic air
(N2/O2, 80/20 %) and 20 mL min ! of Argon as a protective gas. The
temperature and enthalpy calibration of the DSC was carried out at
regular intervals. The performance of the TG unit was regularly checked
by the thermal decomposition of calcium oxalate monohydrate. For the
TG data, a correction measurement (blank value determination) was
performed with an empty Al,O3 crucible under the same conditions to
consider the influence of buoyancy on the thermobalance. Measure-
ments were conducted in triplicates for each soil. Data evaluation was
done by the Software NETZSCH Proteus Thermal Analysis (Netzsch-
Geratebau GmbH, Selb, Germany). The mass loss of soil organic matter
mgom (in mg) in the sample was determined for the TG data. The heat of
combustion Q¢ (in J) was evaluated by combusting each replicate two
times and subtracting the corresponding DSC curves (Ferndndez et al.,
2011). A linear baseline was used to determine the Q¢ from the DSC data
according to (Barros, 2021). The combustion enthalpy of SOM in each
soil is expressed as AcHgoy (in kJ g_1 SOM) or related to the carbon
content (in kJ g’1 Q).

2.6. Calorespirometry

Heat production rate was determined using a TAM Air (TA In-
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struments, New Castle, USA) isothermal heat conduction microcalo-
rimeter with eight twin channels at an internal temperature of 20 °C.
The set of calorimeter vials sampled at 64 days (see chapter 2.2) was
used for continuous measurement of the heat production rate. The vials
were removed from the calorimeter at the three aeration events. Each
time the vials were (re-)placed in the calorimeter, a 45-min thermal
equilibration period was applied before the heat signal was considered
stable. Vials filled with water of the same heat capacity as the soil
samples were used as a reference. The specific heat production rate P(t)
per gram soil is derived from Eqn. (4) (Yang et al., 2024):

n

P(t) = > ri(t)-AH; 4

i=1

where r(t) is the rate of all i reactions (per gram soil) and their combined
reaction enthalpies A H; (Yang et al., 2024; Assael et al., 2022).
The specific heat (Q(t); kJ g_l) was determined by

Q) = /;0 P(t)dt ®)

as the integrated specific heat production rate P(t) (Yang et al., 2024).

The net energy use efficiency EUE,.; was determined by dividing the
cumulative heat production, including the utilization of cellulose and
the priming of SOM, by the energy that was initially added via the cel-
lulose and subtracting the result from 1. The EUE,, therefore, provides
a measure of how much energy the system gained or lost during the
incubation. The equation for EUE,; is as follows:

Q1)

EUE =1 ——"—
et AEz:ellulose

(6)

where Q(¢) is the specific heat per gram soil (Eqn. (5), and AE g ose is the
total combustion enthalpy (AcH) of the added cellulose per gram soil
kyg™.

The calorespirometric ratio (CR; kJ mol ! CO,—C) was calculated
from the quotient of the cumulative, metabolic heat (Q(t); kJ g*1 soil)
and the cumulative CO3 respiration (Rco, (t); mol CO2 — C g’1 soil (Yang
et al., 2024);):

Q

CR =
Rco,

@)

We also determined the enthalpy change according to Chakrawal
et al. (2020) of the growth reaction on cellulose under aerobic condi-
tions as a function of the relative degree of reduction (DR, y) of cellulose
and microbial biomass:

ArHcelluloxe = (1 - Ycelluloseﬂ) ACHcellulase (8)

Y cellulose

where A Hceose i the reaction enthalpy of the growth reaction on
cellulose and AcHcenlose is the combustion enthalpy of cellulose and
Y celluiose i the yield coefficient for biomass formation. The relative de-
gree of reduction of cellulose yeji0se and microbial biomass ypp were
calculated using

_ 4'Tlc +nyg — 2'n0 — 3’TlN
= P

©)

where ny is the number of atoms of X in the compound and CO,, NH3 and
Hy0 are assumed as the reference compounds with zero degree of
reduction (Chakrawal et al., 2020). This equation yields ycefiiose = 4 as
well as yyp = 4.284 for an empirical biomass composition of
CHj 57100.420N0.143 as recently suggested by Yang et al. (2024) for soil.

2.7. Microbial biomass (Cpic)

Microbial biomass was determined using the chloroform fumigation
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extraction method, originally introduced by Vance et al. (1987) and
further modified by Poll et al. (2010) to allow additional quantification
of 13C. To quantify the 13C content, 1.5 g of soil was fumigated (f) with
ethanol-free chloroform for 24 h and then extracted with 6 mL of 0.025
M KSO4. A non-fumigated (nf) 1.5 g control was extracted simulta-
neously. The difference in DOC concentration between the fumigated
and non-fumigated sample corresponds to the microbial biomass C
(extraction efficiency = 0.45). Since the quantification efficiency of the
infrared detector of the TOC analyzer (Multi-N/C 2100S, Analytik Jena,
Jena, Germany) decreases with increasing !3C at% content, the data
were corrected with a calibration curve ranging from 1 to 99 at%. 3Cp;c
in pg C g ! soil was determined by multiplying the total microbial
biomass with the labeled microbial biomass (% 3Cpic (Geyer et al.,
2019);):

at%f fCpic — at%nf-nfC,,,iC>
at%Cpic = (10)
" ( f Cmic - Tlf Cmic
t%;s — at%,

B3C . — atrvos c_). 11
are leC (at%Cellulose — at% o¢ ( )
13 Cmic N ato/ols Cmic

Cric = ——— (12)

100

where the organic carbon content of the fumigated and non-fumigated
samples (ug C g~ ! soil) was expressed as fCpic and nfCpy, while the
corresponding 13C atom% values were labeled as at%f and at%nf. at%s
and at%c represent the atom percent of sample treatments and the
natural abundance in the soil, respectively. at%ceimiose Tepresents the
atom percent of the cellulose.

2.8. C use and storage efficiency

The CUE was derived from the '2C mass balance, and from the cal-
orespirometric ratio.

1. CUE;;: experiment-based CUE used for labeled substances (Geyer
et al., 2016).

CUE 7136‘7"“'5 (13)
L 13Cmic+ 13CO2

where: 13Cpy is the C uptake in microbial biomass, and 13¢0, is the
cumulated mineralized cellulose-derived C.

2. CUERq: calorespirometric ratio (CR)-based CUE.

-1
406(1—%)—% 406(1—%)—&%
2 2 1
115(0xeet — Oxaun) 115(0xeet — Oxa) ©

CUEg, =

(14)

where 406 (kJ mol ! Oy) is the combustion enthalpy of cellulose, Ox -
Oxyp is the difference between the oxidation states of C in the substrate
(cellulose = 0; Saito et al. (2007)) and in the microbial biomass (—0.3;
Von Stockar and Liu (1999)) and 115 is the average energy loss (kJ) per
change in oxidation state of C during the conversion of substrate to
microbial biomass (Geyer et al., 2019; Kemp, 2000).

3. CByet: net carbon balance including C released from cellulose and
SOM:

C
CBpop =1 — (15)
Ccellulose

where Cgo, is the total cumulative CO, release (ug C ¢! soil) and
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Ceellulose 1S the total amount of carbon added to the soil in the form of
cellulose (pg C g_l). CBet thus measures the net retention (CBpet > 0) or
loss (CByet < 0) of C in the soil after substrate addition. Note that CBpe(t
= 0) = 1 and that CB,.; decreases over time.

2.9. Data analyses

All data analyses were carried out using the statistical software R
4.0.2 (R Core Team, 2020). Significant differences were tested using a
linear mixed-effects model with C13., COL® and heat production rate as
dependent variables and time, fertilizer status and experimental sites as
explanatory variables. Models were fitted to the data using the "Ime4”
package (Bates et al., 2008). For the *CO, data, we integrated the time
factor for repeated measurements by crossing it with the treatment
structure, including an interaction effect between site and site-time
point and a random effect of the individual microcosms in which the
CO, measurement took place (Piepho et al., 2004). We carried out a
three-way anova to identify significant effects (p < 0.05) and then
compared the estimated marginal means. Normal distribution and
variance homogeneity were tested by means of residual diagnostic plots.
If an interaction with time point was significant, we evaluated simple
contrasts per time point level.

2.10. Dynamic model

We simulated the coupled fluxes of carbon and energy with an or-
dinary differential equation (ODE) model of microbial growth after the
addition of '3C-labeled cellulose. The model is based on similar formu-
lations by Chakrawal et al. (2020, 2021) and Endress et al. (2024a),
which were extended to represent °C dynamics. In total, the model
features 5 major carbon pools including the concentrations of substrate
(*3C-cellulose) as well as microbial biomass and CO», each with separate
pools for 12C and 13C. In the model, microorganisms grow aerobically on
the added '3C-cellulose following Monod kinetics with a threshold
concentration, forming new '3C-biomass as well as *C-CO,. To capture
potential priming, microbes also utilize native soil 12C-SOM to form new
12G-biomass and '2G-CO, via a second aerobic growth reaction. Model
SOM is characterized by its average degree of reduction ysopm, which is
incorporated as a free parameter. Counteracting the growth reactions,
total biomass (*2C + 3C) is constantly consumed to fuel endogeneous
maintenance respiration, releasing both '2C- and '3C-CO,, and finally
gets turned over to necromass at a specific rate.

In addition to the distinction between '2C- and 13C-biomass, the
model also partitions the total biomass into an active fraction, which
performs both growth and maintenance reactions, as well as an inactive
fraction, which only performs maintenance. Changes in the activity state
are modeled via the index of physiological state framework and depend
on the availability of cellulose as the primary substrate (Panikov, 1996;
Blagodatsky and Richter, 1998). Note that this partitioning implies that
the same proportion of '2C- and 13C-biomass is considered active at any
time.

This ODE model was implemented in Python (version 3.9.18) and
numerical integration was carried out using the Radau method of the
solve_ivp function in the Scipy package (Virtanen et al., 2020). The
model was calibrated against the measured pools of total and
13C-biomass, cumulative total and IBC—COZ, as well as the heat pro-
duction rate. Parameter optimization was performed for each individual
soil, i.e., we obtained eight calibrated parameter sets in total for the
fertilized and unfertilized soils of the four field experiments. The opti-
mization was carried out numerically using the Levenberg-Marquardt
algorithm as implemented in the minimize function of the Imfit pack-
age (Newville et al., 2023). Initial conditions for substrate and biomass
concentrations were chosen according to the measured experimental
values and lower and upper bounds were provided for individual pa-
rameters. The full ODE model as well as a detailed description of the
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calibration routine is presented in the supplementary materials and
methods (SI Text). A list of all variables and parameters with units is
given in the supplementary material (Supplementary Table S4).

3. Results
3.1. 13Cpic content and 3CO, release

The 3Cpi. content began to increase after 3 days and was compa-
rable in its dynamics for all soils and fertilizer status. Averaged over the
fertilization status, since we observed no significant difference, the
maximum "3Cyy. content at day 16 ranged from 20 pg g~ ! soil at TH to
100 pg g7 ! soil at QA (Fig. 2a—d; dashed lines), i.e. there was a signifi-
cant increase from the baseline value of about 0.0017 pg g ! soil on day
0 (p < 0.05; Fig. 2a-d).

This increase corresponds to approximately 10% (TH) and 20% (QA)
of the initially added cellulose-C. After day 16, growth was counter-
balanced to some extent by continued '3C losses from the biomass pool
and fell back to baseline by day 64 (Fig. 2a-d). Microbial growth was
accompanied by an sigmoidal increase in cumulative 3CO, release,
whereby after a lag phase of about 3 days, an exponential phase
occurred until day 16, which then turned into a saturation phase
(Fig. 2e-h; dashed line). The statistical comparison of the cumulative
13C0, release at the end of incubation showed no statistical difference
between the fertilized and unfertilized treatment and ranged on average
from TH-UF with 22.5 & 11.7 to 261.2 4 131.7 pg g~ soil in RE-FYM
(Fig. 2e-h). The general increase in biomass (Cpic) and respiration
(COy) evolved at a comparable rate as the 13C content (Fig. 2; solid
lines).

3.2. Priming effect

The percentage of labeled cellulose-C in relation to the total CO;
release, corrected for the CO5 coming from the control soil, ranged from
37% (TH-UF) to 79% (RE-FYM) on day 64. After cellulose application,
we observed a positive priming effect in all soils. PE started to increase
immediately after cellulose application and was higher in the fertilized
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soils and in the soils with a higher C content (QA, RE). In the fertilized
soils, the PE ranged from 74.5 pg g~ * soil (TH) to 182.9 pg g~ * soil (QA).
At the unfertilized sites, PE ranged from 38.4 to 131.7 pg g~ " soil in the
same order. The priming effect as a percentage of C added as cellulose
showed an inverse pattern compared to the total amount of primed C,
with values ranging from 10% in the RE-FYM to 32% in the TH-UF
(Fig. 3).

3.3. Combustion enthalpy of SOM

The combustion enthalpy determined by combustion calorimetry in
the unfertilized variants tended to be higher than in the fertilized soils,
ranging from 436 + 143 kJ mol "'C in QA to 732 + 30 kJ mol~'C in TH.
In the fertilized soils, the energy content ranged from 306 + 106 in DI to
439 + 21 kJ mol™'C in TH. TH-UF was therefore the soil with the
highest SOM combustion enthalpy according to combustion calorimetry
(Supplementary Fig. S3, Table S5). Combustion enthalpy values deter-
mined by TG-DSC tended to be higher than those determined by com-
bustion calorimetry, but followed the same pattern across soils. The
energy content ranged from 397 + 12 kJ mol'C in QA to 820 =+ 181 kJ
mol~1C in TH for the unfertilized soils and from 407 + 177 kJ mol~C in
QA to 609 + 40 kJ mol~'C in TH in the fertilized soils. Thus, TH-UF was
also the soil with the highest SOM combustion enthalpy when deter-
mined via TG-DSC.

3.4. Heat production rate and specific heat

The heat production rate P; increased exponentially without any
significant lag phase, peaking after about eight days and falling back to
the initial value after about 20 days, indicating that growth took place
up to day eight (Fig. 4a; the apparent specific growth rate is included in
Supplementary Fig. S5). On fertilized sites, the maximum P; ranged from
the lowest value at DI with 7.0 + 1.7 pW g~ ! to the highest value of
21.73 + 2.2 uW g~ ! (Fig. 4a-d) at RE, which was reached after eight to
ten days. In the unfertilized soils, P; at the maximum was significantly
reduced in RE and QA (p < 0.01) and peaked at 14.73 + 1.56 pW g~
(—32.21%) and 12.50 + 1.5 pW g~ (—23.8%).

In TH and DI there was no statistically significant difference between

160 Thyrow Dikopshof Reckenholz QualiAgro
a — R?=036 | 300! b — R?=077 c —— R?=0.41 d — R2=079
140 —-= R2=0.49 —-= R2=0.93 |250 —= R2=0.84 |300 —-= R2=0091
— R7=084 | — R2=0.82 — R2=082 — R2=094
L =120 —= R2=072 —= R2=0.94 —= R2=0.92 |250 —= R2=0.96
£ 200
[92]
© 100 200
0
8 o 80
150
g (;’ o0 Total C
o3 100 otal ¢
= 40 ® (fertilized)
20 50 ° Total C
______________ (unfertilized)
oL oo oo mee Lhry °
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 A 3¢
700 700 (fertilized)
e —— R2=0.91 f —— R2=0.79 g —— R2=0.96 h —— R2=0.95 13¢
600 == R?=092 | 600 == R?=090 |600 —-= R?=0.95 600 A ili
~— — R2=0.97 — R2=10.95 —— R?=0.97 (unfertilized)
8 3 500 —-= R?2=096 |500 —-= R2=0.93 |500 -= R2=0.95 500
(4]
<~ 400 400
'g o
S0 300 300
o
g 3200 200
o= [ N [ -
100 . 100
4 et A

0 10 20 30 40 50 60 70 O0

Time (days)

10 20 30 40 50 60 70 00

10 20 30 40 50 60 70 00 10 20 30 40 50 60 70

Fig. 2. Microbial biomass content (Cp;c, a-d) and cumulative CO, release (e-h) of all soils. Dots and solid lines correspond to total C measurements and model fits,
respectively. Triangles and dashed lines correspond to 13C measurements and model fits. Results for the fertilized soils are shown in black, results for unfertilized soils
are shown in red. Data shown represent mean values and standard deviation (n = 3). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 3. Observed priming effect after cellulose addition. a Total primed C as measured by cumulative 12C—C02 release (black). Soil TOC (%) as reported by Lorenz
et al. (2024a) is shown in red (note the second y-axis). b Priming effect expressed as a percentage of C added as cellulose. Data shown represent mean values and
standard deviation (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fertilized and unfertilized soils. In these less active soils, in which we
could not observe this increase up to about 20 pW g~!, the TAM Air
operated at the detection limit (0-10 pW g}, based on the fluctuations
in the measurement of the heat production rate) even in the phase of

exponential increase between three and eight days, which is reflected in
the higher standard deviation (Fig. 4a-d). The same dependence on
fertilization status as observed for P, was also observed for the specific
heat Q, (Fig. 4e-h). After 30 days, 16.5+ 2.1 J g ' and 13.8 + 3.4 J g
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Fig. 5. Calorespirometric ratio over 35 d following cellulose amendment for all soils (black = fertilized, red = unfertilized). The dotted line is the expected calo-
respirometric ratio upon complete oxidation of cellulose (406 kJ mol~! CO,-C). Dots correspond to the measured data and respective lines represent the output of the
mechanistic model. Data shown represent mean values and standard deviation (n = 3). (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of

this article.)
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were attained in QA-FYM and RE-FYM, whereas only 11.2 4+ 1.7 (—32%j;
p <0.01)and 9.8 + 5.2J g_1 (—29%; p < 0.01) were reached at the
unfertilized sites (Fig. 4e-h). Again, due to the measurement uncertainty
of the heat production rate in TH and DI and the resulting high standard
deviation (Fig. 4e-h), no significant difference between the fertilized
and unfertilized treatments could be determined.

3.5. Calorespirometric ratio

The CR calculated from the ratio of cumulative heat production and
respiration started to increase during the exponential growth phase
(0-16 days) from about 250 to about 540 kJ mol~! at least for QA and
RE, regardless of the fertilization status (Fig. 5).

At DI and TH, this relationship between heat production and respi-
ration was more difficult to establish, due to the low general activity,
making it difficult to correctly determine the heat production. Once
more, this is reflected in a high standard deviation. Nevertheless, the
pattern of increase was still discernible, but the value of 700 kJ mol ™!
achieved in the unfertilized TH is exceptionally high (Fig. 5).

3.6. C and energy use and storage

The metrics describing C and energy use and storage in the soils were
only calculated up to 32 days, because at this point the heat production
rate approached very low levels, increasing the uncertainty of the data.
When considering the net carbon balance over time, there was a
decrease of CBp¢ from its initial value of 1 down to 0.5-0.7 (Fig. 6). The
EUE,¢t showed almost identical dynamics, also falling from around 1 on
day 0 to around 0.55 on day 32 (Fig. 6).

When the net balance measures CBpet and EUE,; were compared
with CUEL, and CUERq, CByer and EUE,e were significantly higher (p <
0.001) during the first days (day O - day three). Over time, the CUEgq
derived from the calorespriometric ratio at times exceeded the CB¢; and
EUEt, but the CUE|, was always lower than the net C and energy bal-
ance. CUERq decreased until days eight and ten down to 0.19 to 0.65 in
most of the soils. It should be noted that Eqn. (14) does not permit to
estimate the CUEgq for CR values above 406 kJ mol~!, which substan-
tially reduced the number of CUERq estimates. CUEL, was between 0.3
(DI-UF) and 0.71 (QA-FYM) on day four. As expected, the CUEL
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decreased after day 16 when the concentration of labeled biomass had
peaked on day 16 while 3CO, losses continued (Fig. 6).

In addition to analyzing CR as a function of time (Fig. 5), we describe
here the relationship between CUEL, and CR (Fig. 7).

We use CUEy, because CUEgg is directly derived from the CR and
therefore not a CR-independent measure of CUE. The two components of
the CR (heat and CO; release rates) vary to different degrees and
therefore allow conclusions to be drawn about C or energy limitation of
microbial growth. Specifically, CR values that decrease with CUE and
are limited to below the combustion enthalpy of biomass (~485 kJ
mol ~'C using our assumptions) are taken to indicate energy limitation,
whereas CR values that increase with CUE and are limited to values
above this threshold are taken to indicate C limitation of growth (Fig. 7).
CUE was found to decrease with increasing CR up to day eight across
soils. When CUE is at its maximum, about 0.5-0.75, and not much heat is
released, CR is lowest in the range of 200-300 kJ mol . On the con-
trary, when growth stops (i.e. CUE ~0.18 to 0.25 after 32 days), CR is
maximised. On the other hand, we also observed CR values around or
exceeding the combustion enthalpy of cellulose (406 kJ mol'C) and
biomass (485 kJ mol~1C), in particular during the later stages and in the
SOM rich soils of RE and QA (Fig. 5). This can be explained by the use of
an additional energy and C-source such as SOM that is more reduced
than cellulose and would correspond to C limited growth in these
instances.

3.7. Model behavior and performance

The dynamic model adequately reproduced the time series of CO,
and heat production as well as biomass growth and turnover over the
course of the incubation for all soils. In particular, the simulated com-
bination of growth reactions using either added 13C-cellulose or native
12C_.SOM as substrates properly captured the dynamics of both 12C and
13C pools (Fig. 2). Moreover, the sum of their corresponding heat con-
tributions was in good agreement with measured total heat production
rate (Fig. 4), although the experimental results showed high variance in
the SOM-poor soils (TH and DI).

This close coupling of carbon and energy release was also reflected in
the simulated CR, which was generally aligned with experimental esti-
mates, especially in the SOM-rich soils (RE and QA, Fig. 5). Overall, the
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cumulative model CR showed less temporal variation than the obser-
vations and was instead dominated by its value during the growth phase.
The two soils with the lowest SOM content, i.e., the unfertilized soils of
TH and DI, were an exception to this, with cumulative CR increasing and
decreasing from its initial value over time, respectively.

As suggested by the close model fit to the cumulative data, CBye; and
EUEpe as well as '3C-CUE; estimates obtained from simulations
resembled their experimental counterparts (Fig. 6). In addition to these
directly obtainable experimental measures, model simulations also
allowed the estimation of 2C-CUE], i.e., modeled '2Cp;. formation
relative to modeled SOM consumption, as well as total CUE,, i.e.,
modeled net Cpj. formation relative to the combined modeled con-
sumption of cellulose and SOM (Supplementary Fig. S4). These modeled
measures showed generally lower (TH, QA) or similar (DI, RE-UF)
12C — CUE relative to '3C — CUE, with the exception of RE-FYM,
where growth on SOM was modeled as more efficient. The analysis
also revealed a temporal pattern of biomass formation being first fueled
by cellulose consumption, followed by later contributions due to SOM
utilization (Supplementary Fig. S4). In terms of net growth, the exper-
imental cellulose amendment resulted in an increase in total Cy;. after
32 days in all soils except TH, where biomass levels dropped to (TH-UF)
or below (TH-FYM) their initial values within that time span (Fig. 2a—d).

In terms of the calibrated parameter sets, optimized values indicated
that specific growth rates ymqyx fueled by cellulose exceeded those fueled
by SOM in all soils (Supplementary Fig. S5), and pimax was higher in the
unfertilized soil for all sites except RE, where this trend was reversed.
Finally, the modeled degree of reduction ysop of the consumed SOM
were in good agreement with experimental measurements derived from
the average energy content of the bulk SOM determined via bomb
calorimetry and TG-DSC in most soils (Supplementary Fig. S3, Fig. S6).
QA and DI-UF presented notable exceptions, with higher (QA) and lower
(DI-UF) values compared to experimental estimates, respectively.

4. Discussion

It is established that the CUE, CR and microbial growth kinetics can
be reliably derived from calorespirometric measurements for growth on
rapidly metabolized substrates, especially under aerobic conditions
(Yang et al., 2024; Von Stockar et al., 2006; Barros et al., 2000; Chak-
rawal et al., 2020). In the following, we will discuss to what extent CR is
related to microbial growth on added cellulose as a slowly degradable
substrate compared to glucose, how a possible priming of SOM affects
CR and how the measurement accuracy of calorimetry affects CUE and

EUE,¢ estimates as well as CR compared to the determination of mi-
crobial CUE by other methods. Finally, we address technical issues that
arise when combining the energy and carbon flow in the CR framework.

4.1. The CR reflects the coupling of energy and carbon flux during
microbial growth after cellulose amendment

Across the studied soils, our observed CR values in the range of
200-540 kJ mol ! CO,—C are broadly consistent with aerobic growth on
cellulose. They are comparable to the findings of previous studies that
reported CR values during microbial growth on glucose with yields of
0.5-0.75, characteristic of highly efficient aerobic growth (Hansen et al.,
2004; Chakrawal et al., 2021). Since glucose units form the primary
structure of cellulose, the metabolic processes involved in microbial
growth on these substrates are very similar, apart from the hydrolysis
required for the extracellular depolymerization of the cellulose
(Blagodatskaya et al., 2014; Popovic et al., 2019; Sgrensen et al., 2015;
Datta et al., 2017). Given this context, the theoretical framework pro-
posed by Chakrawal et al. (2020) for the variation of the CR of different
metabolic pathways of glucose (and SOM) utilization can be applied to
our data. The principal distinction is that we measured a combustion
enthalpy of AcHcefiose = 406 kJ mol ™! C for the cellulose used in this
study, in contrast to the literature value of AcHgjycose = 469 kJ mol™! C
for glucose. If the growth reaction fueled by cellulose was the only
process contributing to observed CO5 and heat production, the range of
possible CR values would be fully determined by this combustion
enthalpy along with the microbial CUE and the degree of reduction yyp
of the newly formed microbial biomass (Eqn. (14)). Assuming a biomass
composition of C1Hj 57100.420N0.143 as suggested for soils in this context
(Yang et al.,, 2024), cellulose represents a more oxidized substrate
relative to biomass, i.e., yceltose < ¥mB, and the growth reaction is
characterized by a decrease in CR for increasing CUE (Fig. 7), with a
maximum of CR = AcH_ejiylose = 406 kJ mol~! C for pure catabolism (i.e.,
CUE = 0, Kastner et al., 2024). Minor deviations from this predicted
CR-CUE relationship may be attributed to variations in the actual
biomass composition and thus in ypp as noted by Chakrawal et al.
(2020). However, we observed CR values well above and below this
theoretical prediction (Fig. 7). Yang et al. (2024) also reported an
average CR of 577.7 kJ mol ! C obtained from cumulative heat mea-
surements and 567.6 kJ mol ™! C obtained from the corresponding heat
production rate after glucose addition to the DI-FYM soil, well above
their theoretical predictions, and pointed to additional SOM utilization
or partial anoxic conditions as potential explanations of this
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observation. Our results using labeled '3C-cellulose confirmed such
substantial SOM utilization over the course of the incubation and asso-
ciated observed deviations from the predicted CR-CUE curve. Critically,
this predicted CR-CUE relationship is only applicable to the pure growth
reaction on cellulose, and will be altered by additional contributions of
heat and CO; from the growth reaction fueled by SOM, which is char-
acterized by its own degree of reduction and yield coefficient. Following
Chakrawal et al. (2020), the simple relationship predicted for cellulose
corresponds to energy limited microbial growth, which releases rela-
tively more C than heat as efficiency increases. In our data, we observe
this pattern only during the early stages of the incubation across soils (at
least up to day eight after substrate addition). However, this pattern is
no longer evident later during the incubation, especially in the SOM-rich
soils and in TH-UF (Figs. 5 and 7). For all of these soils, our model
predicts the utilization of more reduced SOM (Supplementary Fig. S6)
that corresponds to C-limited growth in this framework, and our findings
could thus be interpreted as an increasing contribution of SOM utiliza-
tion after the cellulose addition in these soils.

In addition, we observed no net growth and lower activity for a large
fraction of the later stages of our incubations (Figs. 2 and 4). If no further
growth occurs during this time, the observed CO, and heat production
will primarily result from maintenance and turnover processes (Manzoni
et al., 2012) and thus again deviate from the CR of the growth reaction.
In our dynamic model formulation, this slow conversion of biomass to
CO, and heat due to maintenance predicts a CR of ~490 kJ mol™! C
equal to the combustion enthalpy of microbial biomass (Chakrawal
et al., 2020), which is in good agreement with the observed values
especially in the SOM-rich soils (RE and QA, Fig. 7). However, future
studies will benefit from a more nuanced consideration of the carbon
and energy flux due to maintenance and turnover during the retardation
and onset of starvation following the growth phase.

In principle, deviations of the CR from predictions for the aerobic
growth reaction may also be caused by anaerobic metabolism
(Chakrawal et al., 2020; Endress et al., 2024a; Barros et al., 2016).
However, total Oy concentration was not limiting in our vials, as the
observed CR deviations occurred in incubations that differed strongly in
the amount of added C and cumulative CO, release. Similarly, the for-
mation of substantial anoxic microsites seems unlikely given the slow
rate of cellulose decomposition in our samples, whereas such sites might
be important in the case of more labile substrates and in natural, intact
soils (e.g., Lacroix et al. (2022); Keiluweit et al. (2016)).

4.2. 13C.labeling and dynamic modeling reveal a substantial priming

effect

We observed a substantial PE after cellulose addition across soils,
which cover a wide range of SOM contents (Tables S1 and S2) as well as
total rates of C addition (Table 1) and were deliberately chosen for this
study. The release of 12C-CO,, presumably fueled by the degradation of
native SOM, accounted for a large share of total CO, emissions in all of
these soils (Fig. 3). In absolute terms, the observed PE is consistent with
the relationship described in the literature between the input of 3C-
labeled plant residues and the primed CO, — C (Blagodatskaya et al.,
2014; Perveen et al., 2019). Blagodatskaya et al. (2014) ascribed the
pronounced increase in the amount of active microbial biomass that
occurs during the intensive phase of cellulose degradation to the
elevated enzyme activity for the hydrolysis of chitin, cellulose and
hemicellulose, which are also involved in the decomposition of SOM.
While the absolute amount of primed C showed the expected relation-
ship of increasing PE with native SOM content and amount of added
cellulose across soils (Fig. 3), the PE relative to the amount of added C
showed a more variable pattern (Fig. 3), ranging from 8.7% (RE-FYM) to
31% (TH-UF). In particular, the amount of degraded SOM per added
substrate was strongly elevated in the unfertilized variants of the
SOM-poor soils at TH and DI when compared to their fertilized variants
(p < 0.05), whereas no such difference was observed in the SOM-rich
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soils. While the C content in the fertilized soils is always slightly
higher compared to the unfertilized counterparts for all sites, this is not
true for the C/N ratios (Tables S1-S2). Nevertheless, a C/N ratio of 7-9
indicates a good nutrient supply in all soils. It is conceivable that the
fertilisation effect of farmyard manure could be partly offset, as Arcand
et al. (2017) noted that the long-term application of organic material (e.
g. straw) can reduce the N availability. As a result, in addition to the
joint decomposition of soil organic matter and cellulose, additional N
mining could have been stimulated, with potential further release of CO,
and heat (Arcand et al., 2017; Chakrawal et al., 2021).

Combining the measured heat production with the carbon-based
considerations offers further insights into the nature of the degraded
SOM. Specifically, our observed CR values are consistent with substan-
tial priming, given the deviations from predictions for the simple aerobic
growth reaction fueled by cellulose. For example, an elevated CR, in
particular above >406 kJ mol ! C, would indicate heat and CO, con-
tributions from the degradation of relatively reduced, energy-rich SOM,
whereas low CR values might indicate the utilization of more oxidized
and energy-poor SOM (Chakrawal et al., 2020; Barros, 2021). We
observed both comparatively high and low CR values over the course of
the incubation experiments, potentially reflecting the varying energy
contents of SOM in the studied soils, which ranged from 305 to 732 kJ
mol ! C when determined via combustion calorimetry and from 397 to
820 kJ mol 1C when determined via TG-DSC (Supplementary Fig. $3).
More specifically, the parameter calibration of the dynamic model
suggested a degree of reduction of the SOM consumed by microbes that
is consistent with the measured energy contents of the bulk SOM (e.g., in
the RE and TH soils as well as in DI-FYM, Supplementary Fig. S6). The
TH-UF soil, which is characterized by both the lowest organic carbon
content (Supplementary Table S2, Table S3) as well as the highest SOM
energy content (Supplementary Fig. S3, Table S5) of all soils, provides a
compelling illustration, with the model suggesting an extremely high
ysom ~ 7 that is in line with our experimental results (Supplementary
Fig. S6). This soil also showed the most pronounced CR deviation,
consistent with microbial utilization of such highly reduced SOM
(Fig. 5). In contrast, we found discrepancies between the measured en-
ergy content of the bulk SOM and the modeled ysop of microbially
consumed SOM in some of the other soils. In the QA soils, the micro-
bially degraded SOM was predicted to be more reduced than measure-
ments of bulk energy contents would suggest, whereas the opposite was
true in the DI-UF soil (Supplementary Fig. S6). In both cases, these
discrepancies are consistent with observed CR deviations (Fig. 5) and
may indicate a preferential use of SOM components that differ from the
bulk SOM in terms of their average DR, although our data are insuffi-
cient to test this interpretation.

4.3. CUEs are indicative of cellulose metabolism, while CBpe; and EUE,,,
reflect the balance of C and energy after the cellulose application

Our experimental and modeling evaluation of various estimators for
the fate of substrate-derived C and energy revealed systematic differ-
ences between these approaches as well as their respective limitations.
The interpretation of CUE based on '3C-labeled substrates strongly de-
pends on the considered time scale. While the efficiency of the imme-
diate substrate use is reflected by the population CUE, the ecosystem
CUE also considers processes such as microbial recycling at a longer time
scale and is usually declining with time compared to the population CUE
(Geyer et al., 2016). Notably, the 13C-based CUE;, (Eqn. (13)), which we
consider to be the most direct estimate, consistently yielded lower effi-
ciencies than the other methods, ranging from 0.18 to roughly 0.7 and
the decrease over time and across soils reflects the transition from the
population to the ecosystem CUE. Nonetheless, these values indicate
efficient aerobic growth in all incubations, and a lower efficiency than
obtained for growth on more labile substrates such as glucose can be
expected for the more complex cellulose (Manzoni et al., 2018; Oquist
et al., 2017).
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Efficiency estimates based on CUERrq (Eqn. (14)) turned out to be
problematic. First and foremost, its derivation rests on the assumption
that the CR primarily reflects the CO, and heat production of the aerobic
growth reaction fueled by the added substrate (Hansen et al., 2004;
Geyer et al., 2019). Yang et al. (2024) recently questioned whether this
condition was met even in the case of glucose amendment, and it was
certainly not met in our experiment, where we observed substantial
SOM decomposition as well as substantial periods primarily character-
ized by maintenance and turnover processes. Accordingly, we obtained
CR values (namely, CR > 406 kJ mol™! C) that Eqn. (14) maps to
nonsensical (< 0 or > 1) CUE estimates for several time points in many
of our incubations, as did Yang et al. (2024) in their recent experiments
with glucose. Moreover, CUEg, estimates in the interval between 0 and 1
may still not reflect the actual growth efficiency due to, e.g., the impact
of SOM utilization. For example, low CR values in the range of 200 kJ
mol ! C (e.g., as seen in the TH and DI soils, Fig. 5) correspond to a
CUER, exceeding ~0.9. Such values would indicate that the C is chan-
nelled almost exclusively to anabolism (Geyer et al., 2016), which is
beyond the physiological limits imposed by the energy demands of these
reactions that need to be fueled by corresponding catabolism
(Chakrawal et al., 2020). Similarly, biosynthesis is only possible when
growth-independent energy requirements are met and a sufficient sur-
plus of C and energy is available (Ingraham et al., 1983). Overall,
maximum efficiency is limited to around 0.85 by respiration losses, even
for the most reduced and energy-rich compounds (Gommers et al.,
1988). Another example of an implausible pattern predicted by CUEgq
can be seen in the DI-UF soil, which is characterized by consistently
decreasing CR values that are mapped to increasing CUE estimates over
time by Eqn. (14), in contrast to the 13¢.based CUEL, and the growth
dynamics seen in the biomass time series (Fig. 2a-d). Overall, we
conclude that CUERq is only an appropriate estimator of growth effi-
ciency if the underlying CR values can be reasonably assumed to pri-
marily reflect the growth reaction on the added substrate. Accordingly,
we observed the best agreement of this estimate with CUE;, during the
phase of intense, cellulose-fueled growth, at least in the SOM-rich soils
(RE and QA, Fig. 6).

The susceptibility of CUERq to processes such as priming translates to
CBpet (Eqn. (15)) and EUE;e (Eqn. (6)), which can be considered as
storage efficiencies of the whole soil system (Manzoni et al., 2018) and
are purely based on the cumulative release of CO3 and heat, respectively.
They continuously decreased from their initial value of 1 over the course
of the experiment (Fig. 6), reflecting a continuous loss of C and energy.
Notably, the use of 1°C-labeled cellulose enabled us to disentangle the
contributions of substrate and SOM degradation to the loss and storage
of both C and energy over the course of a long incubation using cellulose
as a less degradable substrate. This revealed substantial priming and
preferential use of SOM (Supplementary Fig. S6), but also retention of
undecomposed cellulose across soils, highlighting the potential of
combining '3C- and energy based metrics as emphasized by Kistner et al.
(2024). Both storage metrics can parallel CUE in the case of rapidly
metabolized substrates such as glucose, which are quickly and
completely converted to microbial biomass, COy and heat (Hagerty
et al., 2018; Wang and Kuzyakov, 2023; Yang et al., 2024; Endress et al.,
2024a). For example, glucose may be taken up by microbial cells within
few minutes without being immediately metabolized (Geyer et al.,
2019). In such a case, both metrics would be close to 1 and start to
constantly decrease while the glucose is being metabolized. However, it
is important to consider that CUE focuses on the efficiency of the
anabolic use of the substrate that was taken up, while CB; focuses on
the C retention within the whole soil system. The assumption of a
complete rapid utilization of the added substrate is not applicable to our
incubations, in which considerable amounts of cellulose remained in the
soil by the end of the incubation after 64 days and considerable priming
of SOM was observed. Under such circumstances, which may be more
reflective of litter inputs in natural soils, CBpec and EUE ¢ differ from the
estimated CUE (Fig. 6) both conceptually and numerically, as evidenced
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by measured biomass increases (Fig. 2) and CUE], especially early
during the incubation and the exponential growth phase. Thus, CBpet
and EUE,; can be taken to reflect the temporal evolution of the net
carbon and energy remaining in the soil after substrate addition. From
this perspective, our results indicate a net accumulation of carbon (and
energy) in the soil after 32 days, as the combined CO; (heat) losses from
both added cellulose and native SOM do not exceed the amount of
initially added carbon (energy) within the time span of the experiment
(i.e., CBpet, EUEper > 0). While the interpretation of these value is thus
more akin to a storage efficiency (Manzoni et al., 2018), they themselves
do not reveal the nature of the carbon (energy) remaining in the soil, e.
g., as undecomposed cellulose, biomass, or necromass.

A more complex understanding of the connection between CR and
CUE beyond the simple correspondence suggested by Eqn. (14) can be
leveraged to interpret the experimental patterns. This has been
demonstrated theoretically for the case of SOM utilization and anaerobic
pathways (Chakrawal et al., 2020) as well as using process-based models
calibrated to experimental data, which explicitly considered anaerobic
and maintenance processes (Endress et al., 2024a). Likewise, the results
of our model calibration offer the most nuanced interpretation of the
efficiency and carbon-energy coupling over the course of the experi-
ments. First, CBpet, EUE¢; and CUE], estimated from model output are in
good agreement with those obtained from data, although model CUE
tended to be slightly lower than experimental values due to the inclusion
of necromass in the model carbon balance, which is missing from Eqn.
(13) (Fig. 6). The model provides a mechanistic description that shows a
plausible and consistent interpretation of the observed dynamics of all
carbon pools in combination with the total heat production, despite the
failure of a simple estimate like CUEgq in Eqn. (14). In addition, the
model offers dynamic estimates of the actual growth efficiencies, i.e., the
ratio of (cumulative) biomass formation to the (cumulative) amount of
consumed substrate, both for '2C and the combined '2C + 3C pools
(Supplementary Fig. S4). These include negative values corresponding
to net loss of (12C or total) biomass compared to initial measured values,
which is also evident from the experimental biomass time series, and
reveal periods of highly efficient growth on SOM, e.g., in the RE-FYM
soil (Supplementary Fig. S4). Overall, the model nonetheless suggests
that growth was predominantly driven by consumption of the added
cellulose in most soils, in particular early during the incubation.

While the use of a labeled substrate is essential for this kind of
detailed model calibration and greatly enhances model performance, the
calibrated model parameters (e.g., ysom) and behavior should still be
treated with caution. In particular, models of soil C cycling such as the
one employed here frequently face substantial equifinality and limited
parameter identifiability (Sierra et al., 2015; Marschmann et al., 2019).
Moreover, our model formulation relied on a simple threshold param-
eter to capture the observed levels of undecomposed cellulose remaining
in the soil, and we used a simple conversion of biomass to CO, and heat
to represent the bioenergetic coupling during maintenance, as opposed
to a more complex process like continued SOM use to fuel maintenance
requirements. The more detailed characterization of such processes as
well as a systematic analysis of model parameter identifiability in the
presence of labeled substrates will be critical next steps for the proper
representation of microbial-explicit C cycling in biogeochemical models,
which remains challenging (Wieder et al., 2015).

4.4. Technical constraints in the combination of C and heat fluxes to
dissipate the CR

Although Eqn. (14) from Hansen et al. (2004) shows a relationship
between CR and CUE, it is limited to the exponential growth phase
fueled by cellulose consumption and is therefore not applicable during
maintenance processes or in the case of simultaneous utilization of
substrates with different degrees of reduction. As stated by Yang et al.
(2024), the accuracy requirements of this model for the CR and the
actual determination errors of currently available instruments, such as
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TAM Air, imply that CUE can only be inferred from the CR in a best-case
scenario. If the heat measurement takes place in low-activity soils at
levels close to the detection limit, the stability of the baseline for
long-term experiments (e.g. over weeks) can no longer be guaranteed,
and it may even be in the negative range (Supplementary Fig. S2). For
TH and DI, a subsequent baseline correction had to be carried out in
order to obtain realistic heat production rates.

5. Conclusion

Measures of microbial CUE and EUE are frequently based on the fate
of added substrates, thus neglecting microbial use of native SOC. We
extended these concepts to the net balances of C (CByey) and energy
(EUE,¢) of the whole soil system, which also integrate additional C and
energy fluxes due to microbial SOC consumption. They thus quantify
whether the system loses or gains C and energy after substrate addition
and complement traditional measures of growth efficiency. Application
of these concepts to eight cellulose-amended fertilized and unfertilized
arable soils demonstrated a net C and energy gain in all soils after 32
days of incubation, despite substantial SOC priming in all soils as indi-
cated by 13C-labeling. The calorespirometric ratio proved to be a useful
metric to link the C and energy fluxes in the presence of priming,
showing that the initial energy limitation of microbial growth fueled by
cellulose was alleviated by SOC consumption during later stages of in-
cubation. Dynamic modeling further suggested a close connection be-
tween microbial SOC utilization and the average energy content of SOC
in the studied soils. The applied approaches are well suited for the joint
evaluation of C and energy fluxes in soils with high microbial biomass
and SOC content, but face some limitations in soils with low microbial
activity, highlighting a need for further methodological development.
Overall, we demonstrated how a combination of experimental and
modeling techniques can disentangle the complex dynamics of microbial
substrate and SOC utilization from a bioenergetic perspective.
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